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Fig. 3. Root-mediated yield comparison between F, hybrids and parental inbreds in the HDA20 grafted rootstock yield trial. (A) Irrigated eld. (B) Dry

eld.
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Fig. 4. Partition of yield of hybrids to parental and heterotic components. (A, B) Yield of the 190 HDA20 hybrids in the irrigated and dry elds, presented
by its components: blue bars are the best-parent (BP) yield for each hybrid group, and orange bars represent the deviation of hybrid from best-parent
(best-parent heterosis; BPH). Hybrids are ordered in an ascending manner by their yield. Negative orange bars re ect hybrids that are lower than their
best-parent. (C, D) Correlations between root-mediated yield of best-parent and F, hybrids across 190 HDAZ20 triads. Dashed diagonal is x=y (BP=F,).
Horizontal dashed blue lines are the yield of self-grafted Glory , the common scion variety.

Using the triads design, we could also test the broad re- 4C, D). This absence of correlation supports the observa-
lationship between parental and hybrid root-mediated yield tion that hybrid rootstock-mediated yield is independent of
performance across the diallel population.We show that there  parental breeding value. It is apparent from these results that
is no correlation between best-parents and hybrids root- (over)-dominant deviation, a non-additive genetic compo-
mediated yield across the 190 hybrid triads in the irrigated nent, is the major contributor to the root-mediated hybrid
and dry experiments (R=0.08 and R=0.09, respectively; Fig. yield variation.
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Mode-of-inheritance of root-mediated yield compared
with other melon traits

It was previously shown that heterosis is more prevalent in

tness-related, reproductive traits (Lu et al., 2003; Rocha et al.,
2004; Semel et al., 2006; Flint-Garcia et al., 2009).We therefore
collected data on additional traits in a non-grafted replicated
experiment of this population (HDAZ20, 210 genotypes) and
compared the general mode of inheritance between the root-
mediated (grafted) yield and three seed- and fruit-related traits
measured on non-grafted plants: average fruit weight (AFW),
average seed weight (ASW) and esh sweetness (total soluble
solids, TSS). The comparison was performed by calculating the
correlations between parental means and F, hybrids across the
190 HDAZ20 triads. While this correlation for root-mediated
yield was essentially zero (R=0.01, Fig.5A), for AFW,ASW, and
TSS we found high positive correlations between hybrids and
mid-parental performance (R=0.83, 0.92, and 0.80, for AFW,
ASW, and TSS, respectively, Fig. 5B D).We also show that the
means of hybrids and mid-parents were not di erent in AFW,
ASW, and TSS of non-grafted plants, compared with the 40%
advantage of hybrids calculated for root-mediated yield (red
triangles, Fig. 5A D). Another visual way to demonstrate that
non-additive,speci ¢ combining ability (SCA) is the prominent
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variation component of root-mediated yield across the HDA20
population, is through the comparison of duplicated heat maps
of the 20 20 half-diallel matrices of root-mediated yield (Fig.
5E) and AFW (on the non-grafted experiment, Fig. 5F). In
these plots, both dimensions are ordered by the average per-
formance of each line across its hybrids (GCA) and the vari-
ation within rows or columns re ect the SCA. The uniform
directional gradient apparent in AFW re ect the strong addi-
tive inheritance of this trait, while the mostly random distribu-
tion of high and low-performing hybrids in the root-mediated
yield plot is indicative of non-additive inheritance. These ana-
lyses express the prominent additive component in the inher-
itance of the morphological and metabolic traits in melon, and
demonstrate the fundamentally di erent mode of inheritance
found for root-mediated yield.

Root-mediated effects on yield components and fruit
quality traits in the HDA20 population

To describe further the nature of root-mediated e ects across
the HDA20 population, we dissected the total fruit yield to its
components number of fruits per plot (FN) and average fruit
weight (AFW). FN of Glory on a rootstock genotype-mean
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Fig. 5. Correlations between mid-parent and F; hybrid across 190 hybrid groups (HDA20). (A) Root-mediated yield (grafted). (B) Average fruit weight
(AFW, non-grafted). (C) Average seed weight (ASW, non-grafted). (D) Total soluble solids (TSS, non-grafted). Red triangles represent the averages of
mid-parent and F;s. (E, F) Duplicated heat maps of the 20 20 half-diallel matrices for root-mediated yield (E) and for AFW (F). Both axes are ordered by

parental GCA. Diagonals are the performance of the parents per se.
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basis ranged between 11 and 30 fruits per plot and AFW range
was 0.70 1.20 kg per fruit. Surprisingly, both FN and AFW
showed signi cant positive correlations with yield in the dry
and irrigated experiments, and accordingly were also positively
correlated with each other (Supplementary Fig. S3). This pat-
tern of yield variation and relation between its components
is in contrast to the common negative tradeo observed be-
tween FN and AFW across natural melon diversity, as we show
in our non-grafted HDA10 population (Supplementary Fig.
S4).To assess the root-mediated e ects on Glory fruit quality,
we also measured total soluble solids (TSS) on 2100 fruits (10
fruits per genotype) across the grafted HDAZ20 population in
the irrigated experiment. TSS is highly correlated with sugar
content in the fruit esh, which is a major determinant of
melon fruit quality. The e ect of rootstock genotype on TSS
variation was not signi cant (H?=0.07) and accordingly, was
not correlated with the wide variation and high heritability of
this trait across the HDA20 population in non-grafted plants
(Supplementary Fig. S5). Taken together, we found that high-
yielding rootstocks were associated with more fruits, which
were also larger on average, and these e ects on yield and its
components were not associated with any compensatory e ect
on fruit sugar content.

Potential predictors of root-mediated yield heterosis

The signi cance of heterosis, as shown above, in explaining
hybrid root-mediated yield variation in melon, provided an
incentive to explore the genetic basis and underlying genes
for this unique phenomenon and to develop predictive tools
for e ective breeding of heterotic yield-promoting rootstocks.

Root-mediated canopy biomass

We started by testing a potentially simple phenotypic pre-
dictor. Using the same common-scion grafting setup, we
measured root-mediated variation in plant canopy biomass
across the HDA20 set, and tested whether it correlated with
the root-mediated fruit yield variation. The rationale was that
canopy vigor (biomass) is an easy-to-measure trait that can be
phenotyped in a high-throughput and cost-e ective manner
using remote-sensing technologies. While we also found het-
erosis for root-mediated plant vegetative biomass (Fig. 6A), this
trait was found to be a poor predictor and explained only 3%
of the root-mediated yield variation (Fig. 6B).

Parental genetic distance

To test potential genetic predictors for root-mediated hybrid
yield, we conducted whole-genome re-sequencing of the 25
founder lines and extracted ~4 000 000 informative SNPs that
describe the genetic variation. We show that parental genetic
distance, which corresponds with the level of hetrozygosity in
F,, is also a poor predictor, and explained only 8% of the root-
mediated yield variation and 7% of BPH variation across the

190 HDA20 F, hybrids (Fig. 6C, D). Accordingly, the type of
the hybrid (melo and agrestis, inter or intra sub-speci c) was
also not predictive for rootstock performance. This lack of cor-
relation between parental genetic distance or taxonomic clas-
si cation and root-mediated hybrid yield suggests that yield
heterosis is not confounded with relatedness or population
structure, and that there is a good chance of identifying spe-
ci ¢ loci signi cantly associated with this trait.

Root-mediated yield QTL

To perform genome-wide association (GWA) analysis, we
carried-out whole-genome resequencing of the 25 founder
lines. A total of 587.6 Gb of raw sequences were produced with
an average of 78.3 million reads, 23.5 Gb and 63 coverage per
line (detailed statistics in Supplementary Table S2). Genome
alignment resulted in ~4 000 000 informative SNPs describing
the genetic variation across the core set.We then inferred the
complete genotype (composed of ~4 M SNPs) for each of
the 190 HDA20 F; hybrids, from their 20 parental genomes.
A Itered subset of 400 K uniformly spaced SNPs (at parental
minor allele frequency (MAF)>0.25) was used for the GWA
analyses. The complex genetic nature of root-mediated yield
variation was supported by multiple signi cant associations
that were identi ed across the genome (Fig. 7). In the irrigated
experiment, we found signi cant SNPs on all chromosomes,
and seven QTL (on six chromosomes) were also common
to the dry experiment (Fig. 7B). Allelic e ects of two QTL
(9.RMY3.1and q.RMY®6.1) that were common to both envir-
onments are shown in Fig. 7C, D. Both QTL display heterotic
inheritance, as the heterozygotes are associated with signi -
cant yield increase compared with homozygote genotypes in
each SNP. While independently, q.RMY3.1 explained 23%
and 25% of the genetic variation (dry, irrigated, respectively)
and g.RMY6.1 explained 22% and 28% of the genetic vari-
ation (dry, irrigated, respectively) (Fig. 7C, D), joint haplotype
of these SNIPs signi cantly improved the model and explained
36% and 37% of the variation (dry, irrigated, respectively). F;
hybrids that were heterozygous in both QTL were associated
with higher root-mediated yield compared with those that
were heterozygous at one locus or other homozygote com-
binations (Fig. 7E). The double heterozygous haplotype asso-
ciated with 16% and 14% root-mediated yield increase over
the HDA20 population mean, in the dry and irrigated elds,
respectively. This e ect re ects the estimated response to selec-
tion of favorable genotypes at these loci.

Validation of selected hybrid rootstocks with
multiple scions

Based on the large-scale analysis of rootstock performance
under two environments, we were able to select four high-
yielding hybrid rootstocks for further testing. Scion  root-
stock interactions are common in grafted plants and therefore,
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Fig. 6. Potential predictors of hybrid root-mediated yield. (A) Comparison of root-mediated young-plant vegetative biomass between HDA20 hybrids and
their inbred parents. (B) Correlation between root-mediated Glory plant biomass and root-mediated Glory fruit yield, across 156 hybrids + 13 inbred
parents. (C) Correlation between parental genetic distance and root-mediated yield, across 190 HDA20 hybrids. (D) Correlation between parental genetic

distance and root-mediated yield BPH, across 190 HDA20 hybrids.

we grafted the selected rootstocks with four scions that rep-
resent di erent melon variety types: Glory reticulatus, long
shelf-life Galia type; Noy-Amid  inodorous, yellow canary
type; Hudson reticulatus, Ananas type; and HDAOO5 an
experimental small-fruited (300 g) inter-sub-speci ¢ hybrid.
The four scion varieties were used as non-grafted controls in
addition to two other control rootstocks: Dulce  a reticulatus
inbred line and one of the parents in the HDAZ20 set, and
Tatsacabuto , an inter-speci ¢ Cucurbita hybrid rootstock used
commercially in melon and watermelon elds. The results of
the 28 scion  rootstock combinations from multiple eld ex-
periments, representing di erent locations, planting densities
and irrigation regimes are summarized in Fig. 8A.Yield per-
formance of the di erent combinations is presented as per-
centage di erence from the corresponding non-grafted scion
variety; in a uni ed analysis of this experiment, the selected
hybrid rootstocks signi cantly increased yield (P<0.05) com-
pared with the control varieties by 11 19% (Fig. 8A, uni ed
mean). While interactions between rootstock and scion, and
between genotype and environment existed across the dif-
ferent combinations, we found a signi cant overall yield ad-
vantage (P<0.05) mediated by our selected experimental

hybrid rootstocks over the commercial Cucurbita rootstock
and the corresponding non-grafted scion varieties. We further
tested two selected hybrid rootstocks the following year under
two scions ( Glory and Noy-Amid ), in two irrigation regimes
and two planting densities (Fig. 8B). The advantage of our ex-
perimental hybrids over the control rootstocks and self-grafted
varieties was consistent in both scions and more prominent
under standard planting density compared with wide spacing.
These results that are based on yield analysis of more than 4500
grafted plants over the di erent experiments conducted with
the selected rootstocks in both years, provide an important
proof-of-concept for the potential of hybrid rootstocks as a
possible alternative channel for yield improvement in melon.

Discussion

Fruit yield heterosis in melon is prevalent and
controlled independently above and underground

Charles Darwin noted in 1876 that cross-pollinated F, hybrids
are more vigorous and productive than their parents (Darwin,
1876). Hybrid vigor, later termed heterosis to discriminate it
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