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Hybridity has a greater effect than paternal
genome dosage on heterosis in sugar beet
(Beta vulgaris)
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Abstract

Background: The phenomenon of heterosis is critical to plant breeding and agricultural productivity. Heterosis
occurs when F1 hybrid offspring display quantitative improvements in traits to levels that do not occur in the
parents. Increasing the genome dosage (i.e. ploidy level) of F1 offspring can contribute to heterosis effects. Sugar
beet (Beta vulgaris) provides a model for investigating the relative effects of genetic hybridity and genome dosage
on heterosis. Sugar beet lines of different ploidy levels were crossed to generate diploid and triploid F1 offspring to
investigate the effect of; (1) paternal genome dosage increase on F1 heterosis, and; (2) homozygous versus
heterozygous tetraploid male parents on F1 triploid heterosis. A range of traits of agronomic and commercial
importance were analyzed for the extent of heterosis effects observed in the F1 offspring.

Results: Comparisons of parental lines to diploid (EA, EB) and triploid (EAA, EBB) F1 hybrids for total yield, root
yield, and sugar yield indicated that there was no effect of paternal genome dosage increases on heterosis levels,
indicating that hybridity is the main contributor to the heterosis levels observed. For all traits measured (apart from
seed viability), F1 triploid hybrids derived from heterozygous tetraploid male parents displayed equivalent levels of
heterosis as F1 triploid hybrids generated with homozygous tetraploid male parents, suggesting that heterosis
gains in F1 triploids do not arise by simply increasing the extent of multi-locus heterozygosity in sugar beet F1
offspring.

Conclusions: Overall, our study indicates that; (1) increasing the paternal genome dosage does not enhance
heterosis in F1 hybrids, and; (2) increasing multi-locus heterozygosity using highly heterozygous paternal genomes
to generate F1 triploid hybrids does not enhance heterosis. Our findings have implications for the design of future
F1 hybrid improvement programs for sugar beet.
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Background
Heterosis can be described as an increase in size or
other desirable characteristics (e.g. grain yield) in the F1
offspring beyond that observed in the parental lines [1].
The application of heterosis for the improvement of spe-
cific traits in crops is highlighted by the widespread de-
velopment of F1 hybrid varieties and their widespread
adoption by farmers [1]. Most crop plants are polyploids,
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either autopolyploids or allopolyploids [2]. Polyploidy
(i.e. genome dosage changes) can also be harnessed for
crop improvement, as some polyploids can display fit-
ness advantages over progenitor or parental lines. Dur-
ing crop domestication, and subsequent artificial
selection, polyploids may have been selected for due to
desirable traits such as gigantism [3]. Genome dosage in-
creases in newly formed polyploids can elicit novel phe-
notypes, while genetic redundancy within polyploid
genomes can allow for neo- or subfunctionalization of
gene functions [4, 5].
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Table 1 Parental sugar beet germplasm

Genotype Hybridity status Experiment ID

2× Double Haploid (AA) Homozygous 2× DH (AA)

− Double Haploid (BB) Homozygous 2× DH (BB)

CMS line ‘Tester 1’ (EE) Heterozygous 2× hybrid (‘Tester 1’) (EE)

CMS line ‘Tester 2’ (FF) Heterozygous 2× hybrid (‘Tester 2’) (FF)

CMS line ‘Tester 3’ (GG) Heterozygous 2× hybrid (‘Tester 2’) (GG)

4× Tetraploid (AAAA) Homozygous 4× (AAAA)

− Tetraploid (BBBB) Homozygous 4× (BBBB)

Tetraploid (CCCC) Heterozygous 4× hybrid (CCCC)

Tetraploid (DDDD) Heterozygous 4× hybrid (DDDD)

CMS cytoplasmic male sterile, DH double haploid
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Heterosis effects can arise as a result of both gene and
genome dosage effects [6–9], particularly in allopoly-
ploid plants (which are also by definition hybrids) [7,
10]. The disentanglement of parental genome dosage
versus hybridity contributions to heterosis requires the
use of genome dosage series lines (genotypes) which are
ideally genetically identical F1 hybrids, yet contain add-
itional chromosome sets from either one or the other
parent [11–14]. Such experiments have been done in
Arabidopsis thaliana [11, 15–17] and in maize (Zea
mays) [18, 19] revealing significant parental genome
dosage effects on heterosis.
Parental lines which elicit significant heterosis effects

are identified empirically through crossing experiments
to identify parental germplasm pools that display good
combining ability to generate heterosis effects in F1 hy-
brids [1]. While it could be considered that the genetic
distance between parental lines could be used as basis to
select parental lines to generate superior heterozygous
F1 hybrids, there is rather limited evidence to support
this approach. Early investigations into parental genetic
distance and F1 hybrid performance in maize found a
general correlation between genetic distance and heter-
osis up to a certain threshold. By grouping parental
germplasm based on regional adaptation, F1 heterosis
increased with increased parental divergence within a
range: parents from different parts of the USA when
crossed together produced F1 hybrids with considerable
heterosis, but when parents from the USA were crossed
with Mexican varieties, which represents a wider cross,
there was less heterosis [20]. More recent experiments
utilizing molecular markers have found no correlation
between parental genetic distance and heterosis in maize
[21–23]. Other crops where this has been investigated
(e.g., bread wheat, rice, pepper, oilseed rape) and in
models such as Arabidopsis thaliana, have also shown
limited or no evidence supporting this approach to
selecting parental lines for triggering heterosis effects in
F1 hybrids [24–31].
Sugar beet is a crop which is amenable to heterosis

comparisons between diploid and triploid genotypes, in-
cluding whether heterosis effects can be augmented by
changing paternal genome dosage or multi-locus hetero-
zygosity in the F1 hybrid. Indeed, commercial sugar beet
breeding first began exploiting genome dosage effects in
the 1930s [32], where early triploid varieties displayed
many favorable agronomic traits, including high yield
[33]. Following the advent of cytoplasmic male sterile
lines and the introduction of the monogerm seed char-
acter (i.e. fruits which produce a single seed) [34], more
efficient and reliable F1 hybrid sugar beet production be-
came possible. In North America, sugar beet breeding
has largely focused on diploid F1 hybrid varieties
whereas in Europe triploid F1 hybrids are historically
more popular. However, in recent years European sugar
beet breeding programs have increasingly moved toward
diploid F1 hybrid breeding [32, 35]. Sugar beet provides
a useful model for investigating the contributions of pa-
ternal genome dosage versus hybridity to heterosis in a
commercial crop.
In this study, we consider three mechanisms that

could potentially contribute to sugar beet heterosis,
namely ploidy (genome dosage), hybridity and increasing
multi-locus nuclear heterozygosity. While clearly inter-
linked, hybridity and heterozygosity are not synonymous.
An F1 hybrid offspring plant is a genetic composite of
the maternal cytoplasmic genome and the biparental nu-
clear genomes inherited from each parents [36]. Hetero-
zygosity is a measure of nuclear genetic diversity, which
can be determined by the extent of multi-locus single
nucleotide polymorphisms (SNPs) across the nuclear
genome [37]. We crossed sugar beet lines of different
ploidy levels to generate F1 hybrids allowing investiga-
tion of: (1) the effect of paternal genome dosage increase
on F1 heterosis, and; (2) the effect of homozygous versus
heterozygous tetraploid male parents on F1 hybrid trip-
loid heterosis. Our findings indicate that (1) agronomi-
cally important traits such as total yield, root yield and
sugar yield are more influenced by hybridity than pater-
nal genome dosage increases, and (2) F1 triploid hybrids
with greater levels of multi-locus nuclear heterozygosity
do not display improvements for total yield, root yield,
and sugar yield. We consider that our findings have rele-
vance to the design of future hybrid breeding programs
for sugar beet improvement.

Methods
Sugar beet lines and crossing design
Sugar beet lines/genotypes obtained from KWS SAAT
consisted of: (a) isogenic and hybrid diploid parental
lines; (b) isogenic and hybrid tetraploid parental lines;
and (c) F1 progeny (diploid and triploid) offspring gener-
ated from the parental lines (Table 1 and Table 2).



Table 2 Sugar beet parental lines used to generate F1 diploid and F1 triploid hybrid offspring

♂ 2× DH (AA) 4× (AAAA) 2× DH (BB) 4× (BBBB) 4× hybrid (CCCC) 4× hybrid (DDDD)

♀

2× hybrid (‘Tester 1’) (EE) F1 2× hybrid (EA) F1 3× hybrid (EAA) F1 2× hybrid (EB) F1 3× hybrid (EBB) −

2× hybrid (‘Tester 2’) (FF) − F1 3× hybrid (FCC) −

2× hybrid (‘Tester 3’) (GG) − F1 3× hybrid (GDD)

DH Double Haploid. Different genotypes specified in parentheses. A A genotype; B B genotype; C C genotype; D D genotype; E genotype E; F genotype F; G
genotype G
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Double haploids were generated by ovule isolation from
an F1 seed, followed by colchicine treatment. Homozy-
gous tetraploids were generated when the double hap-
loids underwent spontaneous doubling during colchicine
treatment. The heterozygous tetraploids were selected
by KWS SAAT for good performance over many years
within the KWS SAAT sugar beet breeding program,
where these tetraploids (C1C2C3C4 and D1D2D3D4) har-
bor high levels of heterozygosity at each locus across the
nuclear genome, hereafter referred to as (CCCC) and
(DDDD). All three diploid tester lines (Tester 1, 2, and
3) of sugar beet that were used as female parents were
sourced from the monogerm seed parent pool, i.e. two
monogerm lines were crossed and the F1 hybrid was
back-crossed several times with a cytoplasmic male ster-
ile (CMS) line. The F1 hybrids were created using a fe-
male tester and pollinator line in the same plot at KWS
SAAT. The F1 hybrid seed was harvested from the male
sterile female tester lines.

Sugar beet germination and seed viability test
Sugar beet fruits can contain one seed (monogerm) or
more than one seed (multigerm). Sugar beet fruits (con-
taining botanical seed) were sown and seed germination
was investigated in accordance with International Rules
for Seed Testing (ISTA, 2010). Fifty randomly selected
fruits of each line were placed is 50 ml distilled water
and covered with foil to block any light. These were left
for 2 h, rinsed, and placed in Grade 3236 pleated cellu-
lose filtered paper (GE Healthcare, Fairfield, CT, USA)
inside a 100 mm × 100 mm × 20 mm petri dish (Sarstedt
AG & Co, Nümbrecht, Germany). The paper was cut to
size and 6.4 ml of distilled water was added. The petri
dishes were sealed with parafilm and placed in a growth
chamber (Snijders Scientific, Tilburg, Netherlands) at
the beginning of the dark cycle. The growth conditions
were 8 h day/16 h night @30 °C/20 °C respectively, in
accordance with ISTA guidelines. Germination was visu-
ally scored on day 4 and 14 post sowing date. A seed
was categorized as ‘germinated’ when the radicle had
emerged from the operculum of the fruit. Ungerminated
seeds were examined under a Leica MZ microscope
(Leica, Wetzlar, Germany) and were categorized as alive
if they were plump, while seeds that were wrinkled and
poorly formed were classified as dead. Fruits with only
dead seeds were excluded from final calculations. The
seed germination count of each line was calculated as
follows:

No:of fruits containing at least one germinated seed
No:of fruits containing only ungerminated; healthy seeds

Sugar beet seed and fruit analysis
For analysis of the seed and empty fruits of sugar beet,
25 randomly selected fruits of each line were placed in
50 ml distilled water for 48 h and covered with foil to
block any light. The operculum and seed were removed
from the fruit and weighed individually on a weighing
scale (Mettler Toledo, Switzerland). Seed size data gen-
erated is for alive seeds. The entire experiment was rep-
licated 4 times giving a total of 100 seed measurements
for each line. For the analysis of the seed cross-sections,
30 randomly selected fruits of each line were placed in
50 ml distilled water and covered with foil. After 36 h,
the operculum and the seed testa (seed coat) were re-
moved with a razor blade to make the embryo and peri-
sperm visible. The cross-section was imaged under a
Leica MZ dissecting microscope (Leica, Wetzlar,
Germany), and the embryo and perisperm size (i.e. area)
were determined using IMAGEJ (US ImageJ, Bethesda,
MD, USA) software. See Fig. 1 for a representative ex-
ample of a cross section of a sugar beet fruit containing
a seed.

Ploidy analysis of sugar beet seedlings
Seedlings of each sugar beet line were grown in individ-
ual pots of soil (5:1:1 mixture of peat soil:perlite:vermi-
culite) and placed in a growth chamber (16 h day/8 h
night @21 °C/18 °C). A destructive harvest of first true
leaves was performed, where 400 μl of nuclei extraction
buffer (Sysmex, Kobe, Japan) was added to the leaf ma-
terial which was chopped with a razor blade. The
chopped mixture was left for 5 min. The mixture was
strained through a 30 μm CellTrics® filter (Sysmex,
Kobe, Japan) into a 3.5 ml Röhren tube. 40 μl of 1%
v/v polyvinylpyrrolidone (PVP) was added and left for



Fig. 1 Cross-section of sugar beet fruits revealing seed inside. Representative F1 2× hybrid (EA) and its parent lines. Seed tissue is labelled A
perisperm, and, B embryo. Red line is scale of 0.5 mm
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5 min. Finally, 1 ml of UV-stain was added to the
tube. The sample was analyzed on a Partec Ploidy
Analyzer (Sysmex Kobe, Japan). The ploidy level of
each line was confirmed.

DNA extraction
Seedlings of each sugar beet line were grown in indi-
vidual pots as described previously. A destructive har-
vest of first true leaves was performed. Genomic DNA
(gDNA) was extracted from three biological replicates
of each line with a NucleoSpin® Plant II kit (Düren,
Germany), according to the manufacturer’s instruc-
tions with one revision: incubation time with RNase A
was increased to 30 min. The quality and quantity of
gDNA was evaluated via agarose gel electrophoresis,
NanoDrop® 2000 spectrophotometer (Thermo Fisher
Scientific, MA, USA), and Qubit® 2.0 fluorometer
(Thermo Fisher Scientific, MA, USA). Sample DNA,
with OD260/OD280 ratio of 1.8 to 2.0 and total amount
of more than 1.5 μg, was used for library construction.

Library preparation, Illumina sequencing and SNP
detection for measuring nuclear multi-locus
heterozygosity
Circa 0.3~ 0.6 μg of gDNA was digested with restriction
enzymes and the resulting digested fragments were li-
gated to two barcoded adapters, the universal adapter (5’
AATGATACGGCGACCACCGAGATCTACACTCTTT
CCCTACACGACGCTCTTCCGATCT 3′) and the
indexed adapter (5’ GATCGGAAGAGCACACGTC
TGAACTCCAGTCAC-NNNNNN-ATCTCGTATGCCG
TCTTCTGCTTG 3′) which when annealed generated
compatible sticky ends corresponding to the restriction
digestion enzyme. Following PCR amplification, all sam-
ples were pooled and size-selected for the required frag-
ments to complete the library construction. Qubit® 2.0
fluorometer was used to determine the DNA concen-
tration of the prepared libraries. After dilution to
1 ng DNA/μl, an Agilent® 2100 bioanalyzer (Agilent
Technologies, CA, USA) was used to determine the
insert size. Finally, quantitative real-time PCR (qPCR)
was performed to determine the effective concentration of
each library. If the library with appropriate insert size had
an effective concentration of > 2 nM, the constructed li-
braries were deemed sufficient quality and used for Illu-
mina® high-throughput sequencing.
The DNA libraries were pooled according to their ef-

fective concentration as well as the expected data pro-
duction. Paired-end sequencing was performed on an
Illumina®HiSeq platform (Illumina, CA, USA) at Novo-
gene Technology Co., Ltd. (Beijing, China).
Raw sequencing reads were processed with CASAVA

software (version 1.8) and sequencing data was assessed
for quality distribution, sequencing errors and adapter
contamination. In total 29.068Gbit of raw data were se-
quenced, with 29.065Gbit clean data generated after qual-
ity control. The clean sequencing data was aligned with
the reference sequence using Burrows-Wheeler Aligner
(BWA) software [38] and the mapping rate and coverage
was assessed. Sorting of the BAM files was performed
with SAMtools software [39]. For the detection and filtra-
tion of SNPs and InDels we used SAMtools software [39].
Annotation of detected SNPs was performed with ANNO-
VAR software [40]. The genome-wide multi-locus hetero-
zygosity rate was calculated by the ratio of heterozygous
SNPs to the total number of genome bases. A detailed
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description of the genotyping-by-sequencing methods is
provided in Additional file 1.
Sugar beet field trial
A field trial of the sugar beet lines was conducted in Cobh,
Cork, Ireland (51.851°N 8.2967°W) as a complete random-
ized block design with 4 replicates. Fruits (seeds) were
sown in the first week of April 2015 and harvested in the
last week of October 2015. The mean air temperature over
the season was 13 °C and mean precipitation was
68.4 mm (Cobh Weather station 51°51’.18 N 008°
17’.40 W). Trial plots consisted of 20 rows, each 9 m in
length with an inter-row spacing of 61 cm. Each sugar
beet line (i.e. genotype) was sowed once per plot. The pos-
ition of each line was randomized in each plot with a com-
mercial sugar beet variety (cv. Rosalinda from KWS
SAAT) occupying the five remaining rows. Three hundred
fruits per row were sown manually and thinned out (after
homogenous emergence four weeks post sowing date) to a
population density of 50 plants per row, thus leaving ap-
proximately 18 cm of space between plants.
Sugar beet harvest procedure
The harvesting of the sugar beet was performed manu-
ally. All weight measurements were recorded with a ‘De-
fender 3000’ weighing scale (Ohaus Corporation, NJ,
USA). The total yield (kg/ha) of each line was calculated,
plants were left to dry overnight in the field, and there-
after 25 plants from each line were randomly selected
and weighed individually. The crown and leaves were
both removed by cutting below the lowest leaf scar, and
both above- and below-ground parts were weighed sep-
arately. Root length was recorded from the top of the
root to the root tip and circumference was recorded at
the widest part of the root. Twenty-five roots from each
line were stored in polypropylene bags and transported
under controlled conditions @ 2–7 °C to KWS SAAT
SE, Germany for compositional analysis.
Sugar beet chemical compositional analysis
Raw sugar beet roots were stored according to best prac-
tice [41] and analyzed following internationally agreed
protocols [42]. Chemical composition was determined
with an automatic beet laboratory system (Venema,
Groningen, Netherlands). Briefly, roots were washed,
weighed and processed into brei. Subsequently, brei was
stored at − 26 °C until analysis. The brei sample was
clarified with 0.3% w/v aluminium sulfate solution. Su-
crose was measured polarimetrically and Sodium and
Potassium by flame photometry. α-amino Nitrogen was
analyzed by the fluorometric OPA-method.
Formulae and statistical analysis
Following chemical analysis, the “new Braunschweig for-
mula” was applied to calculate the loss of sugar to im-
purities, the resulting sugar content and subsequent
sugar yield of each line [43]:

Standard Molasses Loss SMLð Þ
¼ 0:12 Naþ Kð Þ þ 0:24 α� Nð Þ þ 0:48

Corrected Sugar Content CSCð Þ ¼ SC−SML−SFL

Corrected Sugar yield ¼ beet yield � CSC

Where Na + K is the sum of Sodium and Potassium in
mmol/100 g of beet, α-N is α-amino Nitrogen in mmol/
100 g of beet, SC is sugar content of beet and SFL is
Standard Factory Loss of 0.6.
The mid-parent value for all traits was calculated as

follows:

Mean of Parent 1
Mean of Parent 1 and Parent 2ð Þ

All data points for Parent 1 were normalized around
this mid-parent value. A one-tailed independent samples
t-test was used to determine whether F1 hybrid means
were significantly higher or lower than the best-parent
or mid-parent mean. A two-way analysis of variance
(ANOVA) with a post-hoc Tukey’s HSD test was used to
determine the influence of ploidy level and hybridity
across different traits in female and male parent lines
(Genotypes (EE), (AA), (BB), (AAAA), (BBBB)) and F1
hybrids (Genotypes (EA), (EB), (EAA), (EBB)). A
one-way ANOVA with a post-hoc Tukey’s HSD test was
used to determine whether the F1 3× hybrids (Geno-
types (EAA), (EBB), (FCC), (GDD)) differed for import-
ant agronomic traits and for nuclear multi-locus
heterozygosity levels.
Additional files 2, 3 and 4 contain Supplementary Re-

sults and Full Datasets.

Results
F1 diploid hybrids of sugar beet exhibit positive heterosis
effects on seed traits
To determine the extent of heterosis effects on sugar
beet seed traits at the diploid level, the viability and size
of sugar beet seeds of the parental and F1 generations
were analyzed (Table 1 and Table 2). For this analysis
sugar beet seeds were removed from their fruits (Fig. 1).
The F1 2× hybrids (EA) and (EB) display heterosis ef-
fects with respect to seed viability (P ≤ 0.05) and seed
size (P ≤ 0.05) (Fig. 2aand b). To determine the extent of
heterosis effects at the diploid level on tissue character-
istics of the F1 hybrid seeds, seed cross-sections were in-
vestigated. This revealed that the F1 2× hybrid (EA) and
(EB) seeds display heterosis (P ≤ 0.05) for embryo size



Fig. 2 Sugar beet seed characteristics of diploid and triploid F1 hybrids and their parent lines. Data are mean of four replicates (± SD). a Seed
viability, b seed size, c embryo size, d perisperm size. Different genotypes specified in parentheses. DH = double haploid. * Best parent heterosis
(P ≤ 0.05), † Mid-parent heterosis (P ≤ 0.05), NS Not significantly different (P > 0.05)
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(Fig. 2c). While the F1 2× hybrid (EA) seed display het-
erosis (P ≤ 0.05) for perisperm size, there was no signifi-
cant heterosis effect in perisperm size observed for the
F1 2× hybrid (EB) (P > 0.05) (Fig. 2d).

F1 diploid hybrids of sugar beet exhibit positive heterosis
for root morphology, yield and sugar yield
To investigate possible heterosis effects on agronomic
traits at the diploid level, a field trial of parental and F1
hybrid lines was conducted. At 121 T/ha, the female par-
ent 2× (EE) has the highest yield of the parent lines. Both
the F1 2× hybrid (EA) and F1 2× hybrid (EB) display het-
erosis (P ≤ 0.05) for total yield (Fig. 3a). However, both F1
2× hybrids (EA) and (EB) have a harvest plant density that
is not significantly different (P > 0.05) from their
mid-parent values. The F1 2× hybrid (EA) displays heter-
osis (P ≤ 0.05) for above-ground biomass (i.e. the fresh
weight of the leaves plus the root crown), whereas the F1
2× hybrid (EB) has an above-ground biomass not signifi-
cantly different (P = 0.15) from the mid-parent value
(Additional file 2: Table S2). At 71 T/ha, the female parent
2× (EE) has the highest root yield of the parent lines. Both
the F1 2× hybrid (EA) and F1 2× hybrid (EB) display het-
erosis for root yield (P ≤ 0.05) (Fig. 3b). Both of the F1 2×
hybrids display heterosis (P ≤ 0.05) for root circumference.
For root length, only the F1 2× hybrid (EB) shows heter-
osis (P ≤ 0.05) while the F1 2× hybrid (EA) does not have
a significantly longer tap root (P = 0.10) than the
mid-parent value (Additional file 2: Table S2). To de-
termine heterosis effects on root quality traits, the
harvested sugar beets were analyzed for chemical
composition. The corrected sugar content for all lines
ranges between 13 and 14%; the F1 hybrids do not
have significantly different sugar content than the
mid-parent values (P > 0.05) (Fig. 3c). At 10 T/ha, the
female parent 2× (EE) has the highest corrected sugar
yield of the parent lines. Both the F1 2× hybrid (EA)
and F1 2× hybrid (EB) display heterosis for corrected
sugar yield (Fig. 3d).
Paternally-inherited genome dosage increase does not
enhance heterosis effects in F1 triploid hybrids relative to
F1 diploids hybrids
To determine whether a paternally-inherited genome
dosage increase influences heterosis in F1 hybrids,
F1 triploids were generated. The sterile mother,
genotype (EE), was crossed with a tetraploid pollen
parent (AAAA) and (BBBB) to generate F1 triploid
offspring. This differed from use of a diploid pollen
parent, (AA) and (BB), as used for the F1 diploid hy-
brids. These F1 triploids, (EAA) and (EBB), are gen-
etically identical (at the DNA sequence level) to the
F1 diploids, (EA) and (EB), apart from the triploids
having an extra paternally-inherited chromosome set
(Table 2).



Fig. 3 Agronomic and root quality traits of diploid and triploid F1 hybrids of sugar beet and their parental lines. Data are mean of four replicates
(± SD). a Total yield, b root yield, c corrected sugar content, d corrected sugar yield. Different genotypes specified in parentheses. DH = double
haploid. * Best parent heterosis (P ≤ 0.05), † Mid-parent heterosis (P≤ 0.05), NS Not significantly different (P > 0.05)
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F1 triploid hybrids of sugar beet exhibit positive
heterosis effects on seed traits
Similar to their equivalent F1 2× hybrids, the F1 3× hy-
brid (EAA) and (EBB) display heterosis for seed viability
(P ≤ 0.05) and seed size (P ≤ 0.05). The homozygous
tetraploid male parents, 4× (AAAA) and (BBBB), have
the lowest percentage of alive seeds among the parent
lines (23 and 15%, respectively) (Fig. 2a and b). With an
embryo size area of 4mm2 and 4.7mm2 respectively, the
homozygous tetraploid male parents 4× (AAAA) and
(BBBB) are the best performing parents for F1 embryo
size. Both the F1 3× hybrid (EAA) and F1 3× hybrid
(EBB) seeds display heterosis (P ≤ 0.05) for embryo size
(Fig. 2c). The F1 3× hybrid (EAA) exhibits heterosis (P ≤
0.05) for perisperm size, but there is no significant differ-
ence between F1 3× hybrid (EBB) and its parent lines for
perisperm size (P > 0.05). The heterosis effect on peri-
sperm size recorded in F1 triploids mimics that seen in
their equivalent F1 diploids (Fig. 2d).

F1 triploid hybrids of sugar beet exhibit positive
heterosis for root morphology, yield and sugar yield
Both F1 3× hybrid (EAA) and F1 3× hybrid (EBB) dis-
play heterosis for total yield and root yield (P ≤ 0.05)
(Fig. 3a and b). Both of the F1 3× hybrids display heter-
osis (P ≤ 0.05) for harvest plant density, likely due to the
low field emergence of parents 4× (AAAA) and (BBBB).
This contrasts with their equivalent F1 2× hybrids which
do not show a greater plant density than their parents.
Both F1 3× hybrid (EAA) and F1 3× hybrid (EBB) dis-
play heterosis (P ≤ 0.05) for above-ground biomass. Like
their equivalent F1 2× hybrids, both F1 3× hybrids dis-
play heterosis (P ≤ 0.05) for root circumference. For root
length, both F1 3× hybrid (EAA) and F1 3× hybrid
(EBB) display heterosis (P ≤ 0.05) (Additional file 2: Table
S2). As also seen for both F1 2× hybrids, both F1 3× hy-
brids do not have significantly different sugar content
than their mid-parent values (P > 0.05) (Fig. 3c). Both F1
3× hybrids display heterosis (P ≤ 0.05) for corrected
sugar yield (Fig. 3d).

F1 hybrids exhibit heterosis for important agronomic
traits regardless of ploidy level
Comparisons of the F1 2× and 3× hybrids reveal that
there are some differences in the levels of heterosis for
certain important agronomic traits. For example, the F1
2× hybrids (EA) and (EB) have close to 100% seed viabil-
ity whereas the F1 3× hybrid (EAA) and 3× hybrid (EBB)
have circa 75% seed viability (Fig. 2a). Also, both F1 2×
hybrid (EA) and (EB) show best parent heterosis for root
yield and sugar yield while both F1 3× hybrid (EAA) and
3× hybrid (EBB) show only mid-parent heterosis for
these traits (Fig. 3b and d).
Using the different levels of heterosis recorded across

both F1 2× and 3× hybrids, a two-way analysis of vari-
ance (ANOVA) was performed to determine the relative
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influence of ploidy level and hybridity on important
agronomic traits. Both the F1 2× hybrids (EA) and (EB)
and both F1 3× hybrids (EAA) and (EBB) and their par-
ent lines (EE), (AA), (BB), (AAAA) and (BBBB) were
grouped according to ploidy level (diploid, triploid, tetra-
ploid; factor 1) or hybridity (isogenic, hybrid; factor 2). A
Tukey’s HSD test detected any statistically significant
difference between ploidy levels. Both ploidy level and
hybridity significantly affect all important agronomic
traits examined (P ≤ 0.05) (Table 3). A Tukey’s HSD test
reveals ploidy level has a significant effect on seed viabil-
ity between diploid and triploid lines (P ≤ 0.05), whereas
for all other traits examined – total yield, root yield, cor-
rected sugar content, corrected sugar yield – there is no
significant effect from ploidy level on diploid and trip-
loid lines (P > 0.05) (Table 4). Our data indicates that F1
hybrids perform better than their parents, regardless of
their ploidy (genome dosage) level.

Homozygous and heterozygous tetraploid male parents
produce F1 triploids with different nuclear multi-locus
heterozygosity levels which exhibit largely equivalent
heterosis
To investigate whether increased nuclear multi-locus
heterozygosity in F1 hybrids in a polyploid system could
affect heterosis in sugar beet, we compared the perform-
ance of F1 triploid hybrids generated from test crosses
using homozygous versus highly heterozygous male par-
ents. To determine the effect of homozygous versus het-
erozygous tetraploid male parent on F1 triploid
heterosis, a set of F1 triploid hybrids were analysed: F1
3× hybrid (EAA) and (EBB) share the same female par-
ent, 2× (EE), and have homozygous tetraploid male par-
ents derived from doubled haploidy and chromosome
doubling, 4× (AAAA) and (BBBB), while F1 3× hybrid
(FCC) and (GDD) have different female parents, 2× (FF)
and (GG), and highly heterozygous tetraploid male parents,
Table 3 Two-way ANOVA results displaying significant effects of plo
2× hybrids (EA) and (EB) and F1 3× hybrids (EAA) and (EBB) and the
according to ploidy level (diploid, triploid, tetraploid; factor 1) or hyb

Source Trait Type III Sum of Squares

Ploidy Total yield 11,600.86

Root yield 3418.44

Sugar content 2.00

Sugar yield 93.92

Seed viability 10,781.19

Hybridity Total yield 12,437.99

Root yield 6293.95

Sugar content 7.98

Sugar yield 207.82

Seed viability 3980.95
4× (CCCC) and (DDDD) (Table 1 and 2). The F1 3× hybrid
(FCC) and (GDD) have a higher extent of multi-locus nu-
clear heterozygosity than the F1 3× hybrid (EAA) and
(EBB), as confirmed through genotyping-by-sequencing
(Fig. 4).

F1 triploid hybrids with heterozygous tetraploid male
parents exhibit both positive and negative heterosis
effects on seed traits
Our results indicate that 100% of the highly heterozy-
gous F1 3× hybrid (FCC) and (GDD) fruits are mono-
germ and these fruits contain 100% viable seeds,
indicating heterosis for seed viability (P ≤ 0.05) (Fig. 5a,
Additional file 2: Table S3). The F1 3× hybrid (FCC) dis-
plays positive heterosis (P ≤ 0.05) for seed size, while the
F1 3× hybrid (GDD) displays negative heterosis (P ≤
0.05) for seed size (Fig. 5b). The F1 3× hybrid (FCC) dis-
plays heterosis (P ≤ 0.05) for embryo size. In contrast,
the F1 3× hybrid (GDD) displays negative heterosis (P ≤
0.05) for embryo size (Fig. 5c). Similarly, the F1 3× hy-
brid (FCC) displays heterosis (P ≤ 0.05) for perisperm
size but F1 3× hybrid (GDD) has a perisperm size not
significantly different (P = 0.10) from the mid-parent
value (Fig. 5d).

F1 triploid hybrids with heterozygous tetraploid male
parents do not exhibit a uniform heterotic response in
elation to root morphology, yield and sugar yield
The F1 3× hybrid (FCC) has a total yield and root yield
not significantly different (P = 0.37, P = 0.31) than the
mid-parent value, whereas F1 3× hybrid (GDD) displays
heterosis for total yield and root yield (P ≤ 0.05) (Fig. 6a
and b). The heterozygous male parents, 4× (CCCC) and
(DDDD), both have a harvest plant density of 44.75
(Additional file 2: Table S4), the highest recorded for any
male parent in this experiment. The corresponding F1
3× hybrids have a similar harvest plant density to their
idy level and hybridity on important agronomic traits. Both F1
ir parent lines (EE), (AA), (BB), (AAAA) and (BBBB) were grouped
ridity (isogenic, hybrid; factor 2)

df Mean Square F Sig.

2 5800.42 12.99 < 0.001

2 1709.22 8.97 0.001

2 1.00 3.80 0.033

2 46.96 9.98 < 0.001

2 5390.59 104.14 < 0.001

1 12,437.99 27.85 < 0.001

1 6293.95 33.03 < 0.001

1 7.98 30.27 < 0.001

1 207.82 44.16 < 0.001

1 3980.95 76.91 < 0.001



Table 4 Tukey HSD results displaying significant differences between ploidy levels for important agronomic traits. Both F1 2×
hybrids (EA) and (EB) and F1 3× hybrids (EAA) and (EBB) and their parent lines (EE), (AA), (BB), (AAAA) and (BBBB) were analyzed
according to ploidy level (diploid, triploid, tetraploid)

Trait (I) Ploidy (J) Ploidy Mean Difference (I-J) Std. Error Sig.

Total yield Diploid Triploid −16.58 8.84 0.162

Tetraploid 84.24 8.84 < 0.001

Triploid Tetraploid 100.81 10.57 < 0.001

Root yield Diploid Triploid −10.70 5.77 0.169

Tetraploid 50.67 5.77 < 0.001

Triploid Tetraploid 61.36 6.90 < 0.001

Sugar content Diploid Triploid 0.04 0.22 0.986

Tetraploid 1.14 0.22 < 0.001

Triploid Tetraploid 1.11 0.26 < 0.001

Sugar yield Diploid Triploid −1.59 0.91 0.202

Tetraploid 8.66 0.91 < 0.001

Triploid Tetraploid 10.25 1.09 < 0.001

Seed viability Diploid Triploid 8.56 3.01 0.021

Tetraploid 64.31 3.01 < 0.001

Triploid Tetraploid 55.75 3.60 < 0.001
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mid-parent values (P > 0.05). For above-ground biomass,
both the F1 3× hybrid (FCC) and F1 3× hybrid (GDD)
do not significantly differ from their mid-parent
values (P > 0.05). Both the F1 3× hybrid (FCC) and
F1 3× hybrid (GDD) show no significant difference
(P > 0.05) in root length or root circumference from
Fig. 4 Mean genome-wide heterozygosity rate of F1 3× hybrids of sugar b
the ratio of heterozygous SNPs to the total number of genome bases. Data
male parents, F1 3× hybrid (FCC) and (GDD), are significantly more heteroz
hybrid (EAA) and (EBB). Statistical differences were determined with a one-
statistically different (P < 0.05)
their mid-parent values (Additional file 2: Table S4).
The corrected sugar content for all F1 3× hybrids
does not significantly differ from their mid-parent
values (P > 0.05) (Fig. 6c). The F1 3× hybrid (FCC)
does not have a significantly different corrected
sugar yield than the mid-parent value (P = 0.31). In
eet generated in this experiment. Heterozygosity rate is calculated by
are mean of three replicates (± SD). F1 3× hybrids with heterozygous
ygous than F1 3× hybrids with homozygous male parents, F1 3×
way ANOVA and Tukey’s HSD test. Means assigned different letters are



Fig. 5 Sugar beet fruit and seed characteristics of F1 triploid hybrids and their parent lines. Data are mean of four replicates (± SD). a Seed
viability, b seed size, c embryo size, d perisperm size. Different genotypes specified in parentheses. * Best parent heterosis (P≤ 0.05), † Mid-parent
heterosis (P≤ 0.05), NS Not significantly different (P > 0.05), ‡ Below mid-parent value (P≤ 0.05)

Fig. 6 Agronomic and root quality traits of F1 triploid hybrids of sugar beet and their parental lines. Data are mean of four replicates (± SD). a
Total yield, b root yield, c corrected sugar content, d corrected sugar yield. Different genotypes specified in parentheses. * Best parent heterosis
(P≤ 0.05), † Mid-parent heterosis (P≤ 0.05), NS Not significantly different (P > 0.05)
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contrast, the F1 3× hybrid (GDD) displays heterosis
for corrected sugar yield (P ≤ 0.05) (Fig. 6d).

Triploid F1 hybrids do not differ for several important
agronomic traits
To determine if there is a difference between triploid F1
hybrids with homozygous and heterozygous tetraploid
male parents for important agronomic traits, a one-way
ANOVA was performed to compare all four F1 triploid
hybrids. A post-hoc Tukey’s HSD test revealed means
which are significantly different from one another. Seed
viability is significantly different between groups (P ≤
0.05). The F1 3× hybrid (FCC) and F1 3× hybrid (GDD)
have greater seed viability than F1 3× hybrid (EAA) and
F1 3× hybrid (EBB). However, total yield, root yield, cor-
rected sugar content, and corrected sugar yield are not
significantly different (P > 0.05) (Table 5 and Table 6).

Discussion
Increases in paternal genome dosage in F1 hybrids of
sugar beet does not significantly enhance heterosis
effects
In this study diploid and triploid F1 hybrids of sugar
beet were generated which had either one paternally
inherited nuclear genome set (i.e. EA, EB) or two pater-
nally inherited nuclear genome sets (i.e. EAA, EBB)
(Table 2). When the male sterile diploid line (Genotype
EE) is crossed with pollen from a diploid homozygous
doubled haploid (DH, Genotype AA), significant heter-
osis effects are seen in the diploid F1 hybrid (EA):
mid-parent heterosis is regularly seen and in some in-
stances best-parent heterosis (Fig. 2 and Fig. 3).
Table 5 One-way ANOVA results displaying significant differences b
important agronomic traits

Trait Source of variation Sum of Squares

Total yield Between Groups 1358.47

Within Groups 5111.07

Total 6469.54

Root yield Between Groups 64.29

Within Groups 2019.70

Total 2083.99

Sugar content Between Groups 3.04

Within Groups 4.51

Total 7.56

Sugar yield Between Groups 5.26

Within Groups 48.81

Total 54.07

Seed viability Between Groups 2638.25

Within Groups 237.83

Total 2876.08
However, when a genetically identical homozygous tetra-
ploid pollen donor is used in the same cross (i.e. AAAA)
there is no additional effect on heterosis in the triploid
F1 hybrids (EAA) generated (Fig. 2, Fig. 3 and Table 3).
Similarly, when a different diploid homozygous doubled
haploid (DH, Genotype BB) is used, there is again no dif-
ferential heterosis effect observed due to paternal gen-
ome dosage increase in the F1 hybrid triploid (EBB)
relative to the F1 hybrid diploid (EB).
Our results indicate a greater impact of hybridity over

paternal genome dosage on heterosis effects for import-
ant agronomic traits in sugar beet (Table 3 and Table 4).
Indeed, a paternal genome dosage increase effect is not
statistically significant for total yield, root yield, and sugar
yield in the pooled comparison of diploid and triploid
lines of genotypes (A) and (B), suggesting that the differ-
ence between them is mainly due to the effects of hybrid-
ity. The only exception is seed viability, where the effect of
paternal genome dosage increase is significant between
diploids and triploids (P ≤ 0.05) (Table 4): both F1 2× hy-
brids (EA) and (EB) have ~ 23% greater seed viability than
their equivalent F1 3× hybrids (EAA) and (EBB), indicat-
ing a negative consequence of paternal genome dosage in-
crease in these F1 hybrids for this trait (Fig. 2).
Investigations into the effects of genome addition in

sugar beet hybrids were conducted in the early literature
[44]. In such studies, eight diploid inbred lines were con-
verted to tetraploids, and crosses were performed to
generate diploid and reciprocal triploid F1 hybrids. It
was concluded that diploid and triploid F1 hybrids were
largely equivalent with regards to root yield and sucrose
content. However, the authors indicated that their study
etween F1 3× hybrids (EAA), (EBB), (FCC), and (GDD) for

df Mean Square F Sig.

3 452.82 1.06 0.401

12 425.92 −

15 −

3 21.423 0.13 0.942

12 168.31 −

15 −

3 1.01 2.69 0.093

12 0.38 −

15 −

3 1.75 0.43 0.734

12 4.07 −

15 −

3 879.412 44.37 < 0.001

12 19.82 −

15 −



Table 6 Tukey HSD result displaying significant differences between F1 3× hybrids (EAA), (EBB), (FCC), and (GDD) for seed viability

Trait (I) Genotype (J) Genotype Mean Difference (I-J) Std. Error Sig.

Seed viability F1 3× hybrid (EAA) F1 3× hybrid (EBB) 2.28 3.15 0.886

F1 3× hybrid (FCC) −24.49 3.15 < 0.001

F1 3× hybrid (GDD) −24.49 3.15 < 0.001

F1 3× hybrid (EBB) F1 3× hybrid (FCC) −26.77 3.15 < 0.001

F1 3× hybrid (GDD) −26.77 3.15 < 0.001

F1 3× hybrid (FCC) F1 3× hybrid (GDD) 0.00 3.15 1.000

Different genotypes specified in parentheses
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had experimental design issues such as low hybridization
success, the absence of CMS lines, and poor field ger-
mination. Using the same inbred diploid and tetraploid
lines, it was later reported that the resulting diploid and
reciprocal triploid hybrids were “low-producing” and
“not high yielding”, i.e. there was no heterosis [45]. An-
other study, consisting of 120 hybrids, reported that F1
triploid hybrids averaged a 9% higher root yield than F1
diploid hybrids [46]. However, the lines used in this
study were genetically diverse: the 15 male parents origi-
nated from different European countries. In such stud-
ies, it was not possible to disaggregate genome dosage
effects from hybridity effects on heterosis in sugar beet.
In contrast, using our crossing design it is possible to in-
vestigate paternal genome dosage versus hybridity con-
tributions to heterosis effects, through the use of the
same CMS line, equivalent homozygous double haploid
(AA, BB) male parents and homozygous tetraploid
(AAAA, BBBB) male parents, reliable hybridization, and
field emergence of F1 hybrids and parental lines. Our re-
sults indicate that increasing paternal genome dosage
does not enhance heterosis in sugar beet F1 hybrids. In-
deed, we demonstrate that for some genotypes there is a
negative heterosis effect on seed viability in sugar beet
F1 hybrids.
Parental genome dosage effects on heterosis have pre-

viously been investigated in maize [19]. Using the maize
inbred lines B73 and Mo17, diploid F1 hybrids were gen-
erated, while a trifluralin procedure was used to generate
triploid F1 hybrids with two paternally derived genome
sets. The diploid versus triploid F1 hybrids differed only
in relation to paternal genome dosage: reciprocal F1 dip-
loid hybrids inherited one genome from each parent,
while the F1 triploid hybrids inherited either one mater-
nal genome from B73 and two paternal genomes from
Mo17, or, one maternal genome from Mo17 and two pa-
ternal genomes from B73. Analogous to our results in
sugar beet, the F1 diploid and F1 triploid maize hybrids
(with two paternally derived genome sets) exhibit largely
equivalent heterosis over their parents, e.g. the F1 dip-
loid and F1 triploid hybrids displayed equivalent
mid-parent heterosis for plant height, leaf length and no.
of tassel branches [19]. The maize F1 triploid hybrids
showed a different heterotic response for a number of
agronomic traits relative to their corresponding F1 dip-
loid hybrids, e.g. F1 triploid hybrids had reduced ear
length and took a longer period to reach anther emer-
gence [19]. Unlike our study however, the authors were
able to perform reciprocal crosses at the diploid level,
thus allowing them to differentiate parent-of-origin ef-
fects from genome dosage effects. One of the F1 triploid
hybrids exhibited higher levels of heterosis than the
other F1 triploid hybrid, while the reciprocal F1 diploid
hybrids displayed equal levels of heterosis [19]. The au-
thors concluded that the difference between F1 triploid
hybrids is not due to a parent-of-origin effect but rather
due to genome dosage effects that can depend on the
genotype in question [19].
Increasing the paternal genome dosage in A. thaliana

has revealed a paternal genome dosage effect on heter-
osis for seed size and leaf area [11, 17]. Unlike maize,
this is not a genotype-dependent genome dosage effect,
as the paternal genome dosage effects on heterosis have
been demonstrated across multiple genotypes, where F1
triploid hybrids with two paternal genomes have
larger seeds and leaf area than F1 diploid hybrids [11,
17]. In our experiments with sugar beet, a
genotype-dependent paternal genome dosage effect on
F1 hybrids was not observed.
Increasing heterozygosity in F1 triploid hybrids does not
enhance heterosis effects
Heterozygosity is one measure of genetic variation. At a
given locus in a plant genome, heterozygosity refers to
the presence of different alleles for the same gene (e.g. if
diploid parents are homozygous for different pairs of the
same gene, say A1/A1 and A2/A2, their offspring will in-
herit allele A1 and allele A2 and display heterozygosity at
this locus, A1/A2). Thus, the level of heterozygosity at all
nuclear gene loci cumulatively determines the extent of
multi-locus heterozygosity for any genotype.
Genotyping-by-sequencing (GBS) analysis can be used
to identify single nucleotide polymorphisms (SNPs)
across the nuclear genome, and has been used to calcu-
late rates of multi-locus heterozygosity of genotypes in



Table 7 Parental genome dosage of seed tissue in F1 diploid
and F1 triploid hybrids generated in this experiment

Tissue ♀ ♂ ♀ ♂

− 2× X 2× 2× X 4×

Embryo 1m:1p 1m:2p

Endosperm 2m:1p 2m:2p

Perisperm 2m:0p 2m:0p

m maternal genome contribution; p paternal genome contribution

Hallahan et al. BMC Plant Biology  (2018) 18:120 Page 13 of 16
cotton [47], soybean (Glycine max) [48], Miscanthus
sinensis [49], maize [50], and yams (Dioscorea) [51].
The F1 3× hybrids generated in this study have differ-

ent tetraploid male parents. The homozygous 4×
(AAAA) and 4× (BBBB) genotypes have been generated
by spontaneous chromosome doubling during
double-haploid production and each have four identical
sets of chromosomes that are homozygous. In contrast,
the 4× (CCCC) and 4× (DDDD) genotypes are highly
heterozygous lines (i.e. C1C2C3C4 and D1D2D3D4) used
in sugar beet breeding. The resulting F1 3× hybrids can
therefore paternally inherit either two homozygous ge-
nomes (to generate F1 3× hybrids (EAA) and (EBB)) or
two heterozygous genomes (to generate F1 3× hybrids
(FCC) and (GDD)). As a result, the heterozygosity rate
(i.e. the ratio of heterozygous SNPs to the total number
of genome bases) is higher for the F1 3× hybrids (FCC)
and (GDD), when compared to the F1 3× hybrids (EAA)
and (EBB) (Fig. 4).
The one-way ANOVA and post-hoc test results (Table 5

and Table 6) reveal that the F1 3× hybrids are similar for
the majority of traits measured in the field. The only dif-
ference observed between them is for seed viability, where
the fruits of F1 3× hybrid (FCC) and (GDD) show im-
proved seed viability (Table 6). Due to the unrelated par-
ents of the F1 3× hybrids used in this experiment it is
difficult to determine whether increased nuclear heterozy-
gosity or genotype is responsible for this effect, although it
is noteworthy that the fruits of F1 3× hybrids (FCC) and
(GDD) are both 100% monogerm which could be a con-
tributing factor (Additional file 2: Table S3).
Our findings indicate that there may be no positive re-

lationship between levels of nuclear multi-locus hetero-
zygosity and heterosis effects for traits such as total yield
and root yield in sugar beet. Some researchers have
found that higher levels of multi-locus heterozygosity
in oilseed rape (Brassica napus) leads to greater het-
erosis i.e. the more genetically divergent the parent
lines, the greater the expression of heterosis in intra-
specific crosses [26, 27]. However, in another study in
oilseed rape no relationship between genetic distance
and heterosis was found [28]. Likewise, there is con-
flicting evidence in maize, where early studies sug-
gested heterosis increases with increasing parental
genetic distance up to a certain threshold [20], but
recent investigations have not found a correlation be-
tween extent of heterosis effects and parental genetic
distance in maize [21–23]. A significant body of re-
search has concluded that genetic distance does not
correlate well with heterosis for intraspecific crosses,
as seen in bread wheat (Triticum aestivum) [31], rice
(Oryza sativa) [30], and pepper (Capsicum annum)
[29]. Our findings in sugar beet (albeit based on a
limited number of parental genotypes) suggest that
there is no axiomatic relationship between parental
genetic distance (and corresponding multi-locus het-
erozygosity levels) and heterosis effects for the agro-
nomic traits analyzed.

Genome dosage effects on sugar beet seed biology
The seed biology of sugar beet differs from the cereal crop
maize and the model organism A. thaliana (Table 7). In
sugar beet seed development, the maternal nucellus is not
fully digested during maturation and leads to the perisperm
tissue which accumulates starch reserves [52]. The peri-
sperm starch reserve plays a nutritive role in relation to seed
germination and early (approx. first 7 days) growth [53–55].
While sugar beet seeds arising from crosses between diploid
parents contain triploid endosperm tissue (which is a
fertilization product), the endosperm tissue is not as exten-
sive as the diploid maternal perisperm tissue [52]. In maize
and A. thaliana the main nutritive source for the seed em-
bryo is the endosperm tissue, which is persistent in maize
and transient in A. thaliana [56, 57]. Paternal genome dos-
age increases can only directly impact on the fertilization
products (i.e. the embryo and endosperm) and not on the
maternal perisperm (Table 7). If the maternal perisperm is
the main nutritive tissue supporting embryo development in
sugar beet this could explain why paternal genome dosage
heterosis effects are not evident in sugar beet. In maize and
A. thaliana seed, in contrast, the main nutritive tissue (the
endosperm) genome dosage can be increased from 2m:1p in
F1 diploids to 2m:2p in F1 triploids, with greater potential
for genome dosage effects on the main nutritive tissue sup-
porting embryo growth and development.

Hybridity can trigger increased root size without
reductions in sugar concentrations in sugar beet
Heterosis breeding in sugar beet is challenged by the in-
verse relationship between root size and sugar content.
Many studies have shown that varieties with a high root
yield have low sucrose concentrations [58–60]. An ideal
sugar beet variety is one that combines high root yield
with high sucrose concentration (plus other characteris-
tics such as low levels of impurities and strong abiotic and
biotic stress tolerance). Our study demonstrates that there
is no heterotic effect on sugar concentration in the sugar
beet F1 hybrids (Fig. 3c and Fig. 6c). The moderate negative
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relationship (Pearson’s correlation coefficient, r=− 0.47) be-
tween root size and sugar concentration in a pooled analysis
of all F1 hybrids suggests that root size can be increased
while sugar concentration remains stable. The most extreme
example of this is F1 2× hybrid (EA) which has a root yield
of ~ 32 T/ha greater than that of the best parent, while the
sucrose concentration has not changed (Fig. 3c). The identi-
fication of the molecular mechanisms which can allow in-
creased root size without reductions in sugar concentrations
could provide new avenues for sustainable intensification by
increasing sugar yield per unit area.

Conclusions
Our results demonstrate that increasing the paternal
genome dosage in F1 triploid hybrids of sugar beet does
not enhance heterosis effects beyond what can be
achieved in F1 diploid hybrids. Furthermore, increasing
the extent of paternally inherited nuclear multi-locus
heterozygosity in F1 triploid hybrids also does not en-
hance the heterosis effect, suggesting there is no axio-
matic relationship between heterozygosity levels and
heterosis in sugar beet F1 triploids. Our results suggest
that heterosis gains for important agronomic traits (e.g.
root yield, sugar yield) in sugar beet can largely be
achieved at the diploid breeding level.
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