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Abstract
Recently, a hybrid breeding system was developed for diploid potato. We compared
performance of diploid hybrids with commercially available tetraploid cultivars. There-
fore, seedling tubers were produced from true hybrid seeds in field conditions. In the
subsequent year, diploid hybrids grown from seedling tubers showed a yield potential
comparable with commercial tetraploid cultivars: the highest yielding diploid hybrids
showed a yield comparable with the lower yielding tetraploid cultivars. Yields of
hybrids and commercial tetraploid cultivars were broken down into different yield
components and the interactions with growing conditions were quantified. The stability
of yield and other relevant traits in different growing conditions was similar between
hybrids and commercial cultivars. The contribution of the different yield components to
total yield over different environments was compared between diploid hybrids and
tetraploid cultivars. In diploid hybrids as well as tetraploid cultivars, more tubers per
stem resulted in the highest yield gain, while an increase in tuber size resulted in a
relatively smaller increase of total yield.

Keywords GxE interaction . Hybrid breeding . Solanum tuberosum . True seed

Introduction

Potato (Solanum tuberosum L. and its tuber bearing crossable species) is the third food
crop after rice and wheat (Zaheer and Akhtar 2016). A large proportion of the
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production is used for other purposes such as seed, industrial processing and feed
(Haverkort and Struik 2015). Despite its importance, yield increase by genetic gain has
been limited for the last century, especially in cultivars for consumption (Douches et al.
1996; Piepho et al. 2014). The most important factor limiting genetic gain is the lack of
an efficient breeding system. An advanced system is hybrid breeding based on crosses
between two homozygous inbred lines (Lindhout et al. 2011). By choosing contrasting
parents, yield contributing alleles can be combined (Lindhout et al. 2011). The segre-
gation of potato traits after several generations of inbreeding was described by Meijer
et al. (2018). Until now, the absence of a self-compatibility system hampered the
creation of homozygous inbred lines in potato. Since the discovery of the Sli-gene
(Hosaka and Hanneman 1998), it has become possible to develop a diploid hybrid
breeding system (Lindhout et al. 2018). The discovery not only creates opportunities
for commercial breeding programmes, it also greatly facilitates genetic research by
using advanced segregating populations such as introgression libraries and backcross
populations (Jeuken and Lindhout 2004; Endelman and Jansky 2016; Prinzenberg et al.
2018). Diploid germplasm allows high throughput phenotyping and efficient QTL
detection, accelerating the breeding process (Meijer et al. 2018; Prinzenberg et al.
2018; Su et al. 2019).

With the development of this hybrid breeding system, which is new for potato, using
diploid hybrids instead of tetraploid clones, a system of testing new cultivars needs to
be developed. Commonly in breeding systems, new cultivars are grown at several
locations from tubers and their performance is benchmarked against a set of already
existing commercial tetraploid cultivars (Tiemens-Hulscher et al. 2013). To determine
relevant genetic gain, performance of diploid hybrids needs to be benchmarked against
tetraploid cultivars commonly used by farmers. Assessing the genotype by environment
interactions in farmers’ fields is an important aspect of acceptance of new (types of)
cultivars.

Besides the use of new genetic material in diploid breeding, the starting material is
also different from the traditional breeding germplasm. In tetraploid breeding, a cross is
made only once and the true seeds derived from this cross are grown to seedling tubers
(Tiemens-Hulscher et al. 2013). After that, genotypes are clonally propagated, which
means that starting material of tetraploid cultivars always consists of seed tubers.
Hybrid breeding in potato results in true (botanical) seeds. Plant development is highly
affected by the type of starting material (true seed or seed tuber) and by its physiolog-
ical, physical, genetic and phytosanitary quality. Size and physiological age of seed
tubers have large effects on ware crop yield (Arsenault et al. 2001; Struik and Wiersema
2001). Therefore, seedling tubers need to be produced from diploid hybrids to evaluate
the performance of hybrids in comparison to existing benchmark cultivars.

Although for most field crops, dry matter yield is the most important economic
output, for potato fresh tuber yield, tuber size distribution, dry matter content and tuber
shape are main output determinants. These traits are important criteria whether a
cultivar is suitable for fry or chips production (Tiemens-Hulscher et al. 2013). Dry
matter percentage should range between 22 and 25% for chips (crisps) and 21 and 23%
for fries. Tubers that are processed into chips should be round, while tuber shape of
frying cultivars should be oblong for optimal processing (Tiemens-Hulscher et al.
2013). Potato yield can be dissected into different components and be expressed as
the product of tuber weight, tubers per stem and stems per unit area (Haverkort et al.
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1990; Lynch et al. 1995; Struik and Wiersema 2001; Asghari-Zakaria et al. 2007).
Potato production is highly affected by the environment (Haverkort 1990; Kooman
et al. 1996). To investigate the specific development aspects of diploid hybrids in
different environments, the contribution of these components that make up potato yield
was investigated.

In this paper, we show the first results of such a hybrid breeding programme
focusing on yield and yield components. As testing environments, we have chosen
farmers’ fields in The Netherlands, Belgium and France, representative for the north-
western European potato cultivation environment. This region is known for its high
technological level of potato cultivation and its conducive climate, resulting in high
yields.

The objectives of this study were to (1) evaluate the performance of diploid hybrids
in comparison to existing tetraploid cultivars, (2) to compare the environmental effect
on yield and yield components between diploid hybrids and tetraploid cultivars and (3)
to evaluate the contribution of different yield components to total yield.

Materials and Methods

Genetic Material

Diploid heterozygous Solanum tuberosum accessions were crossed with the self-
compatibility donor S. chacoense (Hosaka and Hanneman 1998). Inbred lines of
diploid potato were developed in a dedicated diploid breeding programme as described
by Lindhout et al. (2011, 2018). The inbred parents were crossed after 5 to 7
generations of self-pollinations to produce the test hybrids. These inbreds should
theoretically be more than 95% homozygous, but this was not tested (Lindhout et al.
2011). In winter 2015–2016, crosses between parent lines were made manually to
produce diploid hybrid seeds and 572 hybrids were grown in one location in a first year
trial to select the most uniform hybrids. This resulted in a panel of 65 diploid hybrids
that was used in the present study. These hybrids were selected based on a wide
variation in yield and yield components to represent the genetic variation among these
hybrids and to allow a detailed analysis.

Nineteen commercial tetraploid cultivars were used as controls for the different
potato product types, representing the frying, chip and fresh consumption markets:
Annabelle, Lady Cristil, Lady Claire, Pirol, Innovator, Lady Rosetta, Agata, Arsenal,
Hermes, Brooke, Nicola, Bintje, Markies, Russet Burbank, Fontane, Spunta, Mozart,
Agria and Milva. The main differences between these cultivars are dry matter content,
shape and tuber size. The diploid hybrids were not yet differentiated for the different
market segments. These control cultivars are commonly grown in the regions where the
trials took place. Hence, these controls are a realistic representation of farmers’ practice.

Seed tubers of commercial cultivars were classified in class A in the NAK (Nederlandse
Algemene Keuringsdienst voor zaaizaad en pootgoed van landbouwgewassen, The Dutch
General Inspection Service) classification system (NAK 2018). Seed tubers were produced
and stored in the conditions optimal for the specific cultivar for a realistic representation of
the cultivar’s potential, so storage conditions were not identical for all cultivars. Diploid
hybrids were all stored at 4 °C as optimal conditions for the specific hybrids were yet
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unknown. Seed tubers of equal size and sprout distribution were selected for the trial. To
assess the suitability of the seedling tubers for a ware crop trial, sprouting was scored after 6
months of storage (data not shown) (Tiemens-Hulscher et al. 2013). Generally, seed tubers
should be planted when dormancy has been broken (Struik andWiersema 2001). Seedling
tubers with a sprouting score between 3 and 7 were used in the trial; sprouting of seed
tubers of tetraploid cultivars was comparable with the sprouting score of 5 of the diploid
hybrids.

Seedling Tuber Production

Field Trial Description

Seedling tuber production from true diploid hybrid seeds was performed on a heavy
marine clay in Wolphaartsdijk [NL], in 2016. The botanical seeds of the hybrids were
extracted from the berries and sown into 104 plug trays (2.5 × 2.5 × 3.8 cm) filled with
soil (Horticoop) in a greenhouse compartment in the first week of April 2016. Germi-
nation after 2 weeks was between 54 and 98%. Six weeks after sowing the seedlings
were mechanically transplanted into the open field, into ridges of 75 cm width and a
plant distance of 30 cm within the row. The crop was treated as a standard seed-tuber
crop, according to farmers’ practices. Irrigation was applied at 1 and 3 days after
planting to prevent the seedlings from drying out. Pests and diseases were chemically
controlled. Both mechanical weeding and hand-weeding were applied twice. After 90
growing days in the field, the haulm was chemically killed. Three weeks after haulm
killing, the seed tubers of all diploid hybrids were lifted by a harvesting machine. The
seed tubers were stored in a climate-controlled storage room at 4 °C from October 1st
onwards until the end of February.

Design and Measurement

Seedling tuber production was done in a non-replicated design with a plot size between
90 and 488 plants, depending on hybrid seed availability. Seedlings were transplanted
semi-mechanically with an adjusted 4-row cabbage planter with a planting distance of
30 cm between plants. After harvest, seedling tubers were sorted by size and yield was
determined for tubers > 28 mm. Phytosanitary control on quarantine diseases was
routinely carried out by the national inspection service (NAK at Emmeloord, NL). To
assess the quality of the seedling tubers, sprouting was scored in February, at the
preparation of the yield trials according to a 1–9 scale, with 9 being completely
dormant and 1 abundantly sprouting (Tiemens-Hulscher et al. 2013).

Yield Trials

Field Trial Description

In 2017, yield trials were conducted using the seedling tubers as starting material that
were produced in 2016. Certified seed tubers (class A) of the tetraploid cultivars were
obtained to serve as control cultivars in the trials. The field trials were conducted at five
different sites (Warmeriville [FR], Berthem [BE], Hilvarenbeek [NL], Est [NL],
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Giethoorn [NL]). These sites differed in soil type, climate and crop management
(Table 1). Two of the sites were typical sandy soils, one a loamy soil, one a light clay
and one a heavy clay soil, covering the full range of physical soil types on which
potatoes are grown in NW Europe. At all sites, the trial was laid out within a farmers’
field, hence crop management was according to farmers’ practice. Typically, the tubers
were planted in ridges, spaced at 75 cm, except for the experiment in Warmeriville,
where the distance between ridges was 90 cm (Table 1). Spacing between seed(ling)
tubers in all locations was 25 cm. In Hilvarenbeek, the farmer had adopted a bed
system, which was better adapted to his conditions. Due to the fine sand at this location,
ridges would be prone to erosion.

Design and Measurements

At preparation of the field trials, the weight of the seed(ling) tubers for each plot was
recorded. Trials were planted mechanically in a randomized complete block design
with three repetitions and 20 plants per plot, divided over two rows. Between each plot,
two border plants of the cultivar Miss Blush were planted to obtain an equal border
effect over all plots. The bi-colored cultivar Miss Blush was chosen to avoid mixture at
harvest, as test cultivars and diploid hybrids showed uniform skin color.

The whole experiment was bordered by two ridges of Miss Blush at the sides and
one full plot of Miss Blush at the beginning and end of each ridge. During the growing
season, stem number was counted per plot. After harvest, tuber number and size were
measured automatically using a 3D camera (RMA Techniek, ‘s Heer Arendskerke,
Netherlands). Total tuber weight was determined per plot. A subsample of approxi-
mately 5 kg was used to determine dry matter content (see below for formulas).

Data Analysis

Data of the yield trials were statistically analyzed using R (R Core Team 2017). A
component analysis was done on total yield (Formula 1) to determine how these
components contribute to total yield in each cultivar. Yield and yield components were
adjusted for spatial field trends with Spatial Analysis of Field Trials with Splines
(SpATS) (Rodríguez-Álvarez et al. 2018). In this model, differences in plant develop-
ment due to environmental variation within the field are distinguished from differences
in the genetic compositions between the cultivars. In SpATS, variation in the field is

Table 2 Analysis of variance table, calculated using the AMMI analysis (additive main effects and multipli-
cative interaction models)

Factor df Sum of squares F value p value

Location 4 160537 239.0 < 0.001***

Replicate 10 1679 1.8 0.05

Genotype 83 448198 59.0 < 0.001***

Genotype × location (GxE) 332 104915 3.5 < 0.001***

Residuals 789 72212
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analyzed in two directions (rows and columns of the trial) using P-splines; effects of
spatial variation are described by a standard mixed model (Rodríguez-Álvarez et al.
2018). By adjusting the data using SpATS, effects of environmental variation within
trial fields were reduced, as the focus of this analysis was the genetic differences and
the differences between trial fields. To meet the assumptions of normality of the SpATS
model, data were log transformed, means and standard errors were back-transformed to
linear data for graphical presentation. To examine to what extent the different yield
components contribute to total yield, the variation in each yield component was
compared with variation in total yield by linear regression. The contribution was
defined as the change in yield by changing one unit of the yield component. This
was determined by the slope of a linear model, which was fitted through the data of all
sites. Genotype by environment interaction was calculated with the AMMI analysis
(Additive Main effects and Multiplicative Interaction models), using the Agricolae
package in R (Crossa 1990). Results of the AMMI analysis are presented in Fig. 2 and
in Table 2. For the AMMI analysis, the raw data were used; the rest of the presented
data of yield, stems/m2, tubers/stem and tuber size were adjusted for spatial effects
within the field using SpATS. Under water weight was used to determine dry matter
content (Formula 3, 4) (Tiemens-Hulscher et al. 2013). Tuber shape was determined
using Formula 5.

yield g=m2
� � ¼ tubers=stem� stems=m2 � gram=tuber ð1Þ

yij ¼ Block þ rowr jð Þþcolc jð Þ þ f row; colð Þ þ gi þ eij ð2Þ

Fig. 1 Frequencies of number of seedling tubers (35–55 mm) produced per plant
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Under water weight ¼ 5050

weight above water
� weight under water ð3Þ

Dry matter content %ð Þ ¼ under water weight � 4:90713� 10−2 þ 2:054 ð4Þ

Tuber shape ¼ 1=
tuber lengthffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

π� 0:5� tuber widthð Þð Þ � 0:5� tuber heightð Þ
�r ð5Þ

Results

Seedling Tuber Production from Seedlings

In contrast to regular potato seed tuber productions, seedling tubers were produced
from diploid hybrid seedlings. After transplanting to the field, seedlings grew rapidly
and hardly any plant died. For most hybrids, the canopy was more or less closed at the
end of June. After harvest of the seedling-tuber production, the number of seedling
tubers was assessed (Fig. 1). Although diploid hybrids were not selected for yielding
capacity, a good seedling tuber production was achieved.

Yield Trials

Seed tubers produced from true hybrid seeds in 2016 were used to conduct multi-
location yield trials in 2017. In these trials, the performance of diploid hybrids grown
from tubers was compared to the performance of tetraploid cultivars in different
environments. Diploid hybrids that were used in this experiment were the first test
hybrids derived from a hybrid breeding system based on homozygous inbred lines
(Lindhout et al. 2011). It is known that the correlation between yield of single
greenhouse-grown plants and larger blocks in the field of the same cultivar is low.
Therefore, traits for high yield were not considered as selection criteria during the
selection of parent lines for these hybrids.

Yield

Among the different sites, significant differences (p < 0.001) in yield were found
(Table 2). Highest yielding site was Hilvarenbeek with on average 54 Mg/ha, while
lowest average yield was measured in Berthem with 27 Mg/ha. Average yield for the
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Netherlands and France was 43 Mg/ha, in Belgium 50 Mg/ha (Eurostat), so differences
in production between sites were due to local environmental and field management
differences.

Fig. 2 Biplot of yield and PC1 of the AMMI analysis (Additive Main effects and Multiplicative Interaction
models)

Fig. 3 Average dry matter (DM) percentage and coefficient of variation (CV) of DM% of diploid hybrids and
tetraploid cultivars

353Potato Research (2020) 63:345–366



Fresh tuber yield differed significantly among cultivars (p < 0.001). Diploid hybrids
yielded on average between 16 and 52Mg/ha. For the tetraploid cultivars, average yield
was between 52 and 101 Mg/ha. Performance of cultivars among the different sites
varied; indeed, a significant interaction (GxE, p < 0.001) in yield between cultivar and
site was found (Table 2).

The genotype × environment interaction of the hybrids and cultivars was analyzed
using the AMMI analysis. The AMMI parameters can be used to make a biplot in
which the interaction effects of genotype and environment are shown (Gauch and Zobel
1997). In the biplot (Fig. 2), 62.9% of the GxE interaction is explained in the principal
component axis PC1. Also, the principal component axis PC2 explained a significant
part of the G × E interaction (23.6%); the rest of the PC axes were not significant. On
average, the yield of diploid hybrids was lower than the yield of tetraploid cultivars;
however, the highest yielding hybrids were similar to the lowest yielding tetraploid
cultivars. For these higher yielding hybrids, the interaction with the environment was
also similar to several tetraploid cultivars (Fig. 2). The large distance between the trial
locations in Fig. 2 shows that they differed in environmental effect, except for
Warmeriville and Berthem that were very close to each other (Fig. 2).

Dry Matter

Dry matter percentage (DM%) was measured in each genotype on all fields separately.
Awide genetic variation for DM% was observed, as well as variation in DM% among
the different sites. Diploid hybrids showed a broad range of DM%, between 15.8 and
21% (Fig. 3). This was in range with most of the tetraploid cultivars, except for three

Fig. 4 Average tuber shape and coefficient of variation (CV) of tuber shape of diploid hybrids and tetraploid
cultivars. Tuber shape is a dimensionless number between 1 and 0, with 1 representing a perfect sphere
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chip cultivars with a DM% of more than 22.5% (Brooke, Pirol and Lady Rosetta). The
rest of the chip and frying cultivars had a DM% between 19.2 and 21.3%, 12 of the
diploid hybrids also had a DM% within this range. The rest of the hybrids had a DM%
comparable with the tetraploid table cultivars that produced a DM% between 19.2 and
15.6. So in general, in this test panel, the diploid hybrids had similar DM% to the
tetraploid cultivars.

To compare the extent of the environmental effect on genotypes, the coefficient of
variation (CV) of DM% over the sites was calculated for each diploid hybrid and
tetraploid cultivar (Fig. 3). Variation of DM% between fields in most diploid hybrids
was in the same range as the variation of DM% in tetraploid cultivars. The most stable
diploid hybrid (Hybrid 1) had a CV of 2.7%, which was similar to the CV of the
tetraploid cultivar Innovator, while the DM% in hybrid 1 was even higher than in
Innovator (21% and 19.4%, respectively). So, dry matter percentage and stability in
different environments were as good as, and sometimes even better in hybrids than in
tetraploid cultivars.

Tuber Shape

Tuber shape is an important trait for cultivars in the chip and the frying industry,
because tubers need to be suitable for the processing machines (Tiemens-Hulscher et al.
2013). Tuber shape is here expressed by Formula 4, in which the length, width and
height of individual tubers are taken into account. The result is a dimensionless number
between 1 and 0, with 1 representing a perfect sphere. Without selection for specific
tuber shape in the diploid hybrids during the breeding process, the same range from
round to long was found in hybrids as in tetraploid cultivars (Fig. 4). The variation for

Fig. 5 Boxplots of shape of individual tubers of tetraploid cultivar Bintje (n = 3484) and diploid hybrid 9 (n =
2782) grown at five different locations in 2017
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long tubers for fries represented by frying cultivars like Innovator and Russet Burbank
was similar to the variation of several hybrids, as well as a round shape represented by
several chip cultivars like Hermes and Lady Rosetta.

The uniformity of the shape is important for mechanical processing. Therefore, the
coefficient of variation of the shape data of the individual tubers was calculated for each
hybrid and cultivar (Fig. 4). Most diploid hybrids had a higher CV than the tetraploid
cultivars. On average, the CV for the hybrids was 20%, and for the tetraploid cultivars,
it was 17%; however, the most stable hybrids showed overlap with the least stable
tetraploid cultivars. To gain insight into the effects of the different environments on the
distribution of shape, we show boxplots of two cultivars (Fig. 5). Both Hybrid 9 and
Bintje had a stable shape across the different environments. The differences in mean
shape and variation between the five locations were smaller for Hybrid 9 than for
cultivar Bintje.

Yield Components

Potato yield was analyzed as the product of different plant components that can
contribute to yield. Individual tuber weight, number of tubers per stem and number
of stems per surface unit were chosen as relevant yield components to compare the
growth of diploid hybrids and tetraploid cultivars. These yield components were
compared between tuber grown diploid hybrids and commercial tetraploid cultivars
that grew in yield trials on five different locations.

Generally, the yield components differed between the tetraploid cultivars and the
diploid hybrids. The mass of the individual tubers of diploid hybrids was lower than
that of the tetraploid controls (71 vs. 177 g on average). The hybrids had on average a
higher number of stems (25.6 stems/m2) than the tetraploids (14.9 stems/m2). The
number of tubers per stem was higher in the tetraploids, compared to the diploids (2.9
and 1.8, respectively). This resulted in approximately equal number of tubers per unit
area (45.2 and 43.5 tubers/m2 for diploids and tetraploids, respectively) and all hybrids
performed with the number of tubers/m2 within the range of the tetraploid cultivars.

When comparing yield components of individual tetraploid cultivars and diploid
hybrids, the differences were small. A positive correlation was found between yield and
tubers per stem (p < 0.001). Indeed, the higher yielding hybrids had a relatively high
number of tubers per stem. Hybrid 9 for example produced 2.3 tubers per stem on
average, which was nearly as much as Annabelle (2.6) and more than Innovator (1.9).
Tuber size also was positively correlated with yield (p < 0.001); also for the diploid
hybrids, the larger tubers resulted in higher yield, even though all hybrid tubers were
relatively small.

The cultivars with higher yield also had a relatively high number of tubers per m2.
For example, Bintje showed a high number of tubers/m2 (60.3) and the highest yield
(7.2 kg/m2) across all cultivars, while Hybrid 1 had the lowest yield (1.6 kg/m2) and a
low number of tubers m-2 (31.2). In higher yielding hybrids, the number of tubers/m2

was also high, with both Hybrid 9 and tetraploid cultivar Bintje having the largest
number of tubers/m2.
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Contribution of Yield Components to Yield

Variation in yield was found across sites as well as between cultivars. The variation in
yield was due to the difference in responses of individual genotypes to the environ-
ments. Although there are trade-offs and interdependencies between yield components,
they explain differences in yield between cultivars and environments.

The number of tubers per stem showed the largest variation across sites (CV =
24.8%); between Berthem and Hilvarenbeek, the difference was almost a factor two.
For stems/m2, the variation was much lower (CV = 15.3%) and the weight of the tubers
was rather stable (CV = 3.7%). In conclusion, the yield component that was affected
most by the environment was the number of tubers per stem.

To compare the extent to which different yield components were affected by the
environment between cultivars, the contribution of individual yield components to total
yield over the different sites was determined by calculating the slope between total yield
and yield component across sites (Table 3 and Table S1). It estimated the yield gain for a
single yield component for each cultivar, with a positive value indicating a contribution to
higher yield when the specific yield component increases, and a negative value indicating
a loss in total yield when increasing a specific yield component.

To compare the relative effects of yield components on yield between the tetraploid
cultivars and the diploid hybrids, correlations between yield components and yield
were calculated. Every pair of average yield and yield component value of each
location was used in the regression analysis, data are shown in the last three columns
of Table 3. It compared the difference in contribution to yield of yield components.
Number of tubers per stem explained 80% of the variation in yield in tetraploids and
90% in the diploid hybrids. The relative effect of number of stems per m2 on yield was
much smaller: 18% in tetraploid cultivars and 5% in hybrids. Tuber size affected yield
least in tetraploids and hybrids (2% and 5%, respectively). So, on average, hybrids and
tetraploid commercial cultivars shared the most important contributing factor to yield.

A higher number of tubers per stem contributed positively to total yield in all cultivars
(Table 3). For diploid hybrids in the selection of Table 3, the contribution was between
426 and 3161 g yield increase per m2 for each extra tuber per stem. In the tetraploids, this
was between 1164 and 3387 g/m2 yield increase/(tuber/stem). More stems per m2 led in
some hybrids to a decrease in total yield while in others, total yield increased with more
stems per m2 (contribution between − 174 and 867 g/m2 yield increase/(stems/m2) in
Table 3). In the tetraploid cultivars, higher stem numbers were positively correlated with
yield with contributions between 165 and 956 yield g/m2 yield increase/(stems/m2).
There was a large variation in the contribution of larger tubers to total yield between
diploid hybrids as well as in tetraploid cultivars, with values between − 8 and 175 g/m2

yield increase/(g/tuber) for hybrids and − 101 and 5 g/m2 yield increase/(g/tuber) for
tetraploid cultivars. Overall, the range of yield contribution by the different yield
components was overlapped between diploid hybrids and tetraploid cultivars.

Variation was found between the different cultivars in total yield as well as in the
contribution of the separate yield components to yield. To examine whether there is an
optimal value for each yield component for high yield, the gain in yield with an increase of
the yield component was compared with the average value of that yield component for
each cultivar. Although yield gain and increase in yield component are not completely
independent, it provides insight into whether there are optimal yield component values.
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Genotypic variation was found for the contribution of yield components to total
yield. The effect of differences in yield components between genotypes on the corre-
lation between yield component and yield was examined (Figs 6, 7 and 8). Most
genotypes showed a positive correlation between yield and tubers/stem when the

Fig. 6 Contribution of more tubers per stem to total yield, expressed in yield increase per extra tuber/m2,
compared to average number of tubers per stem over five sites (Berthem, Giethoorn, Hilvarenbeek, Est,
Warmeriville)

Fig. 7 Contribution of more stems per m2 to total yield, expressed in total yield increase per extra stem/m2,
compared to average number of stems/m2 over five sites (Berthem, Giethoorn, Hilvarenbeek, Est,
Warmeriville)
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average number of tubers/stem was between 1.0 and 3.8, so for this dataset, more tubers
per stem contributed positively to total yield in the whole range.

In contrast to the number of tubers/stem, larger tubers also affected yield negatively
in some cultivars (Fig. 8). A negative relation was found between contribution of larger
tubers to total yield and average tuber size of a genotype (Fig. 8). Until a tuber size of
about 90 g, the production of larger tubers resulted in a higher total yield. When a
genotype already produced large tubers on average, larger tubers decreased total yield.
So, with increasing average tuber size of a genotype contribution of even larger tubers
to total yield decreased.

Discussion

In this research, we have presented results of replicated field trials across multiple
locations of diploid hybrids in comparison with tetraploid cultivars. We have analyzed
the yield components to explain differences in yield level and stability.

Hybrid Seedling-Tuber Production

To perform yield trials in which diploid hybrids could be benchmarked against
tetraploid commercial cultivars, we first produced seedling tubers from diploid hybrid
seeds. This was done to decrease the difference in starting material, as plant perfor-
mance is largely affected by the starting material (Arsenault et al. 2001; Struik and
Wiersema 2001). The breeding process of the test hybrids that were used in this trial
was done exclusively in the greenhouse, so no selection for yield was applied.

Fig. 8 Contribution of larger tubers to total yield, expressed in total yield increase per extra g tuber (tuber
size), compared to average tuber size over five sites (Berthem, Giethoorn, Hilvarenbeek, Est, Warmeriville)
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Seedling tubers that were produced were used in the subsequent year for yield trials.
The physiological age of seed tubers is one of the main determinants for seed tuber
quality (Struik and Wiersema 2001) and it is affected by many genetic and environ-
mental factors such as management of the seed tuber crop, storage conditions, seed
tuber size and the state of dormancy (Struik 2007). Before the seed tubers were selected
for the ware crop trial, sprouting was scored. The results showed that dormancy was
broken in all tubers; however, there was some variation probably due to different
genetic background of the diploid hybrids.

To minimise the experimental error, caused by differences in the physiological
conditions of the tubers, seed tubers were stored under optimal conditions and equally
sprouting tubers were selected for the yield trial. If present, the largest unexplained
error would occur in the diploid hybrids, due to differences in physiological conditions
as the tubers of the different hybrids were not stored under optimal conditions for each
hybrid. In addition, some genetic variation within the hybrids may still occur as the
parents were not 100% homozygous. However, the within-plot variation of the hybrids
was not higher than this variation within commercial cultivars (data not shown). So,
this supports the conclusion that the differences between the hybrids and the commer-
cial cultivars were due to genetic differences.

Yield Trials

Yield trials were conducted to examine yield potential of diploid hybrids, the GxE
interaction and to compare yield components between diploid hybrids and tetraploid
cultivars. The trials were conducted at five sites in France, Belgium and Netherlands (3
sites) from which insight into the variation due to genetics, the different environments
and their interactions was obtained.

Performance of Diploid Hybrids and Tetraploid Cultivars

For a long time, the assumption that tetraploid potatoes are inherently higher yielding
than diploid potatoes was based in a large part on the untested hypothesis that having
four allelic variants per locus contributes to yield superiority (Bani-Aameur et al. 1991;
Jong and Tai 1991; Werner and Peloquin 1991; Buso et al. 1999). When grown in a
farmer-managed ware crop, we have shown that two of the diploid hybrids and cultivar
Annabelle show similar average yields with 48, 52 and 52 Mg/ha, respectively, thereby
proving the yield potential of diploid hybrids. This was suprising; as diploid hybrids
were never selected for high yielding under field conditions, they were not expected to
keep up with yield of tetraploid commercial cultivars in which selection for high yield
has been performed for hundreds of years.

These results are supported by trials of Hutten (1994) and Jansky et al. (2016) in
which they demonstrated yield potential of diploid potato.

Next to fresh tuber yield, other important criteria that determine the economic value
of a cultivar were assessed. The diploid hybrids that were used in this trial had a range
for DM% as well as for tuber shape that overlapped with the tetraploid cultivars for
chips and fries (Hermes and Innovator). As heritability of tuber shape is high (Bisognin
et al. 2012; Lindqvist-Kreuze et al. 2015; Meijer et al. 2018), it is a trait that can be
selected for efficiently.
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Environmental Effect on Plant Performance

Insight into the stability of desired traits across different environments is important
to be able to select for desired trait properties efficiently in the breeding process.
These diploid hybrids were a set of first test hybrids, developed while the breeding
programme was still immature. Therefore, more variation was expected in the
hybrids than in the tetraploid cultivars, which were clones. This expected variation
was investigated for yield as well as a number of relevant traits.

Yield of diploid hybrids and tetraploid cultivars was affected by the environment. In
line with the results found in this study, potato tuber yield is known to be highly
influenced by different environments (Haverkort 1990). Several approaches of measur-
ing yield stability are possible (Lin et al. 1986). In this study, the AMMI analysis was
used as a useful method to distinguish the effects of genotype, environment and their
interaction (Gauch et al. 2008). The first principal component axis PC1 explained 62.9%
of the GxE interaction and is therefore used to discuss the interaction. Although we
cannot attribute differences in performance between hybrids or tetraploid commercial
cultivars to specific environmental conditions, we were able to determine that yields of
both diploid hybrids and tetraploid cultivars were affected by GxE. The magnitude on
the PC1 axis was comparable between hybrids and cultivars; however, the scores of the
tetraploid cultivars generally were higher. A higher score of a cultivar in a specific
environment indicates a better performance in that environment, while genotypes that
score close to zero performmore constant across environments (Gauch and Zobel 1997).
Even though the hybrids generally had lower yields and performed less stable across the
environments than cultivars, there were also hybrids that perform similar to tetraploid
cultivars in both yield and stability in this set of unselected test-hybrids.

Dry matter content of both diploid hybrids and tetraploid cultivars was affected
similarly by the environment. When stability of a cultivar for DM% is high, efficient
selection for specific dry matter percentages is possible (Wang et al. 2017). Although
there was still genetic variability within the diploid hybrids and the hybrids were never
tested in the field before, overall stability of the performance was similar to clonally
propagated tetraploid cultivars. This genetic variability may have led to the slightly
higher CVof shape in diploid hybrids compared to tetraploid cultivars; however, it was
small in effect, which is in line with earlier reports (Yildirim and Celal 1985; Love et al.
1997).

The variation of yield components in the different environments was compared
between the diploid hybrids and the tetraploid cultivars. The relation of the three
different yield components was similar for tetraploids and diploids: for both, the
number of tubers that was produced per stem was affected most by the environment,
followed by number of stems per m2 and finally tuber size.

No difference was found in the average effect of environment on yield components
between hybrids and tetraploid cultivars. This comparison shows that diploid hybrid
cultivars express similar variation to various environments as commercial tetraploid
cultivars despite the genetic variation that is still present in these first test hybrids, and
the difference in starting material (seedling tubers compared to normal seed tubers).
Moreover, it shows that yield and dry matter are highly affected by the environment, so
multiple environments are needed for selection, while tuber shape is more stable across
different environments.
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Contribution of Yield Components to Total Yield

The variation of yield components in different environments was compared to the
difference in total yield between those environments to evaluate the contribution of
each yield component to the total yield. An increase in number of tubers produced per
stem showed the strongest positive effect on yield in diploid hybrids as well as in
tetraploid cultivars. For tetraploid cultivars, a similar effect of number of tubers per
plant was found by Asghari-Zakaria et al. (2007). In contrast to the effect of the number
of stems, the effect of tuber size on yield differed between tetraploid cultivars and
hybrids. The commercial tetraploid cultivars already produced relatively large tubers
and larger tubers did not result in more yield or affected yield even negatively. This
finding is in contrast to the results of Asghari-Zakaria et al. (2007) who showed a
positive correlation between tuber size and yield. However, as both studies contained
only 1 year of field trials, different findings could be explained by year effects. The
results suggest that there is an optimum in tuber size above which larger tuber size has a
neutral or negative effect on total yield.

The distribution of yield components was different between diploid hybrid cultivars
and tetraploid cultivars. Diploids had smaller tubers and fewer tubers per stem, but
more stems/m2 than tetraploids. The large number of stems/m2 in diploid hybrids even
affected total yield negatively, while in all tetraploid cultivars, an increase of stem
density had a positive effect on yield. Firman and Allen (2007) showed that increasing
stem density up to 10 stems/m2 resulted in a higher total yield, but higher densities did
not affect total yield, and in our study, we found an optimum of 18 stems/m2. With
larger stem densities, the tuber size distribution can be steered: higher density results in
more smaller tubers (Firman and Allen 2007). Indeed, in this experiment, a negative
correlation was found between stem density and tuber size.

As most commercial tetraploids cultivars produced larger tubers than diploid hy-
brids, the effect of increased tuber weight was larger in hybrids than in tetraploid
cultivars. The estimated optimal tuber size was 100 g/tuber and larger tubers did not
contribute to higher total yield or even resulted in lower yield. A larger number of
tubers per stem resulted in a higher total yield in most diploid hybrids and tetraploid
commercial cultivars. This comparison shows the similarity of distribution of yield
components contributing to yield in diploid hybrids and tetraploid cultivars. In addition,
it gives insight in which yield components need most focus in the diploid hybrid
cultivars to improve yield potential.

Implications for Breeding

The analysis of yield components was performed for different environments and the
variation of specific plant properties in different environments was evaluated. With this
information, we determined traits that need to be tested in several environments to
make reliable selections, for example yield, dry matter and tuber number were affected
by the environment. Specific yield components that can be used as selection criteria in a
breeding program were identified. In this trial, optimal configurations of yield compo-
nents for the tested environments were found: a tuber size of approximately 100 g/tuber
and a stem density of about 18 stems/m2, with as many tubers as possible as more
tubers always increased total yield. These configurations can be used as breeding
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targets. Moreover, we were able to identify more stable hybrids over more variable
ones, and hence we can start selecting for trait stability.

Conclusion

In this study, we compared the performance of diploid test-hybrid cultivars to tetraploid
commercial ones in field trials at representative locations in the NW-European potato-
growing area. In these trials, some diploid hybrids have shown a yield potential
comparable to the tetraploid cultivars. For major economically relevant traits such as
dry matter percentage, tuber number/m2 and tuber size, the diploid hybrids only slightly
underperformed compared to the tetraploid cultivars. For yield, the best hybrids
performed as good as the lower yielding tetraploid cultivars, the diploid hybrid
cultivars having never been selected under field conditions. Stability of these traits
across different locations was remarkably similar to the that of tetraploid cultivars.
Moreover, the stability was different for the measured traits. For making selections in
breeding, this information helps to determine the number of environments that is
needed to test a certain trait. There was a large overlap in performance of the diploid
hybrids and tetraploid cultivars for all the yield components analyzed (stems per m2,
tubers per stem and tuber size). In both tetraploid cultivars and diploid hybrids, the
number of tubers per stem affected the total yield most, followed by stems/m2. Tuber
size had the smallest effect on total yield. With the variation for these traits present in
diploids, desired properties can be combined in a cultivar through hybrid breeding
which is competitive with the current commercial tetraploid cultivars.
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