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A B S T R A C T

We designed a model to quantify the canopy cover dynamics in potato (Solanum tuberosum L.). It describes the
dynamics during the build-up phase, maximum cover phase, and decline phase of canopy development through
five parameters defining timing of three phases and maximum canopy cover (vmax). These five parameters were
estimated for 100 individuals of an F1 population, their parents, and five standard cultivars, using data from six
field experiments, and used to estimate secondary traits, related to duration and area under the canopy cover
curve for the three phases. The duration of the canopy build-up phase (DP1) was rather conserved, but the
duration of maximum canopy cover (DP2) and the decline phase (DP3) varied greatly, with late maturing gen-
otypes having longer DP2 and DP3 and thus a higher area under the canopy cover curve (Asum). High genetic
variability coupled with high heritability was recorded for end of canopy senescence (te), DP2 and Asum. Strong
positive phenotypic and genetic correlations were observed between DP2 and te, vmax or Asum indicating that
genotypes with longer DP2 could be indirectly obtained by selecting for these traits. Several quantitative trait loci
(QTLs) were detected for model traits explaining the variance by up to 74%. Clustering of many QTLs were found
on position 18.2 cM on paternal linkage group V with major additive effects. Many additional QTLs with minor
effects were mostly associated with maternal linkage groups. Our model approach could be used to exploit
available genetic variability in canopy cover dynamics of potato.

1. Introduction

Tuber dry matter yield in potato (Solanum tuberosum L.) can be
quantified by the summation of the daily incoming photosynthetically
active radiation (PAR) times the daily fraction of that radiation inter-
cepted by the crop times the radiation use efficiency times the daily
fraction of the total dry matter partitioned to the tubers (Struik et al.,
1990). This paper is on the first part of the equation: the fraction of the
incoming radiation intercepted, as in many potato growing regions the
ability of the crop to produce and maintain a green canopy able to
absorb and use incoming radiation during the available growing season
for biomass production determines tuber yields (Moll and Klemke,
1990; Haverkort and Struik, 2015).

The crop canopy cover at each time during the growing season is the
resultant of the rate and duration of canopy growth and the rate of

canopy senescence (or the timing of the haulm killing) (Struik et al.,
1990; Struik, 2007). Under optimal conditions and with long growing
seasons, early establishment of full canopy cover and its persistence
over a long period lead to a higher yield due to better interception of
incoming radiation (Martin, 1995), although the biomass needs to be
partitioned to tubers in order to obtain economic yield. There is a close
and positive correlation between canopy cover and tuber yield (Van der
Zaag, 1982; Vander Zaag and Demagante, 1987; Fahem and Haverkort,
1988; Haverkort and Struik, 2015). The proper quantification of canopy
dynamics is therefore one of the most important elements of modelling
potato production (Hodges, 1991).

Genotypic differences in potato canopy cover are large (Spitters,
1988; Jefferies and MacKerron, 1993; Tourneux et al., 2003; Ospina
et al., 2014). Like many other complex quantitative traits, canopy cover
may be controlled by many interacting genes of which each only has a
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small effect (Lark et al., 1995; Orf et al., 1999; Daniell and Dhingra,
2002; Stuber et al., 2003). Canopy cover dynamics also show a high
genotype-by-environment (G×E) interaction (Pashiardis, 1987; Allen
and Scott, 1992; Schittenhelm et al., 2006).

The main environmental factors influencing the canopy dynamics
under field conditions are temperature, photoperiod, light intensity,
water supply, and nitrogen (N) supply. For our study the effects of
temperature and N are most relevant and these are therefore sum-
marised in this introduction. Temperature strongly influences stem
elongation and branching (Marinus and Bodlaender, 1975; Allen and
Scott, 1980; Struik et al., 1989; Almekinders and Struik, 1994, 1996)
and leaf appearance, expansion, and senescence (Kirk and Marshall,
1992; Vos, 1995a; Firman et al., 1995; Struik and Ewing, 1995; Van
Delden et al., 2001; Fleisher and Timlin, 2006; Fleischer et al., 2006;
Struik, 2007), with optimal and maximum daytime air temperatures for
these processes contributing to canopy development being about
23–25 °C and about 32 °C, respectively (Struik, 2007). N supply affects
the number of lateral (basal and sympodial) branches, the number of
leaves on those branches, the individual leaf size and leaf senescence
(Fernando, 1958; Humphries and French, 1963; Vos and Biemond,
1992; Almekinders and Struik, 1996). Nitrogen helps to attain complete
canopy cover early in the season, especially under relatively resource-
poor conditions (Haverkort and Rutavisire, 1986; Vos, 2009), to extend
the period of full canopy cover; and to slow down senescence (Santeliz
and Ewing, 1981), thus leading to increased light interception (Martin,
1995).

There is a clear need to investigate the components of genetic var-
iation (e.g. in canopy dynamics) and to determine the G×E interaction
for a diverse population under contrasting environmental conditions
(Tarn et al., 1992; Bradshaw, 1994). The genetic variation and the
G×E interaction for canopy cover need to be defined by precisely
quantifying the complex dynamics of canopy cover across diverse en-
vironments and dissecting it into component traits. Such component
traits need to be optimised in such a way that the crop can complete its
growth cycle within the period of favourable weather conditions thus
realising a high yield and an adequate harvest index. There is a growing
awareness that in order to better analyse complex traits using increas-
ingly available genomic information, integration of quantitative crop
physiology with genetics is required (Yin et al., 1999a, 1999b; Tardieu,
2003; Yin et al., 2004; Hammer et al., 2006; Yin and Struik, 2008;
Chenu et al., 2009; Messina et al., 2009; Hammer et al., 2010; Tardieu
and Tuberosa, 2010; Yin and Struik, 2010; Yin et al., 2018).

In this paper, we first describe a quantitative approach to analyse

the time course of canopy cover during the entire crop cycle as a
function of thermal time and its variability among potato genotypes and
to break the time course and its variation down into biologically
meaningful and genetically relevant component traits. Using this ap-
proach, we quantitatively analyse the sources of variation in canopy
cover dynamics among full-sibs of an outcrossing segregating popula-
tion, their parents and a set of standard cultivars of potato. The herit-
ability of and genetic variation among different component traits of
canopy cover are estimated (Van Eeuwijk et al., 2005). Finally, we
perform QTL mapping of our traits to investigate their genetic basis and
discuss the co-locations of QTLs for these traits and their QTL-by-en-
vironment (QTL×E) interaction. With such information, dominant
components of canopy cover can be identified and their phenotypic and
genetic correlations can be assessed, with the ultimate goal of designing
an effective breeding strategy of potato.

2. Materials and methods

2.1. F1 segregating population of SH×RH and standard cultivars

The plant material used in this study consisted of 100 F1 diploid
(2n=2x=24) potato genotypes derived from a cross between two
diploid heterozygous potato clones, SH83-92-488 × RH89-039-16
(Rouppe van der Voort et al., 1997; Van Os et al., 2006) referred to as
SH×RH. This population is well adapted to the growing conditions of
the Netherlands and segregates for maturity (Van der Wal et al., 1978;
Van Oijen, 1991). Besides, we also used five standard cultivars with
very different maturity types (i.e. Première, Bintje, Seresta, Astarte, and
Karnico) as check genotypes and to allow a benchmarking of con-
sequences of maturity type on the time course of canopy cover.

2.2. Field experiments and measurements

Six field experiments were carried out in Wageningen, the
Netherlands (52 °N latitude), during 2002, 2004, and 2005, with two
experiments in each year, to record canopy cover dynamics for 100 F1
genotypes, 2 parents, and 4 (Exps 5 and 6) or 5 (Exps 1–4) standard
cultivars. Karnico was not included in the two experiments during
2005. Experiments differed in environmental conditions because they
were carried out in different years, on different soils and under different
N fertiliser regimes, thereby creating six contrasting environments
(Table 1). Each experiment was conducted using a randomised com-
plete block design with two blocks. The genotypes were randomised

Table 1
Description of the experimental sites and experimental methods applied in Wageningen, the Netherlands.

Experiment 1 2 3 4 5 6

Year 2002 2002 2004 2004 2005 2005
Soil type Clay Sand Clay Sand Sand Sand
Planting pattern (m×m) 0.75× 0.30 0.75×0.30 0.75× 0.27 0.75× 0.27 0.75× 0.27 0.75× 0.27
Planting date 25 April 25 April 28 April 28 April 4 May 26 April
Plant density (plants m−2) 4.44 4.44 4.94 4.94 4.94 4.94
Net plot size (m2) 22.95 22.95 20.66 20.66 20.66 20.66
Soil N at planting (kg ha−1) n.d.1 n.d.2 12.5 23.0 81.0 49.5
Fertiliser N (kg ha−1) 143 175 70 200 125 50
Tuber N uptake (kg ha−1) 3 − − 112.3 172.0 153.6 156.1

Weather conditions during growing season
2002 2004 2005

Air temperature max. (oC) 20.9 20.6 20.7
Air temperature min. (oC) 11.2 10.4 9.9
Rainfall (mm) 364 367 369
Relative humidity (%) 78.2 75.6 76.5
Solar radiation (MJm−2 d−1) 15.3 15.8 15.8

1 n.d. = no data. Guestimate: 40 kg N ha−1.
2 n.d. = no data. Guestimate: 60 kg N ha−1.
3 Data for Experiments 1 and 2 were not available and replaced by “−”.
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within each block, consisting of 106 or 107 plots. Each plot had six rows
of 16–18 plants. The seed bed was prepared following standard culti-
vation practices. Seed tubers were planted in rows spaced 0.75m apart
with 0.27–0.30m between plants within the same rows. N fertiliser was
broadcasted at planting in amounts depending on experiment (Table 1).
Soil phosphorus and potassium levels were kept sufficiently high to
sustain normal crop growth. Crops were managed well to ensure that
they were free of pests, diseases, and weeds. Irrigation was applied
when necessary to avoid drought stress.

Plant emergence date was observed as the date when 50% of the
plants had emerged from the soil surface. Afterwards, green canopy
cover (%) was visually assessed on a weekly basis for each plot during
the whole crop cycle by using a grid as described by Burstall and Harris
(1983). The grid consisted of an aluminium frame with the dimensions
0.75m×0.90m, adjusted to the common planting pattern for potato
(row width 0.75m, planting distance within the row 0.30m). The frame
was divided into 100 equal rectangles of 0.075m×0.090m. The grid
was placed above the potato canopy at 1m from the ground and only
those rectangles more than half filled with green leaves were counted
by observing vertically above to avoid parallax error (Cadersa and
Govinde, 1999). The grid was placed half way on each side of the potato
row to sample three plant positions. Observations were always made at
the same position in the field. The number of observations made on the
canopy cover during the growing season per individual plot was 17–21.

At the end of the growing season, tubers of each plot were harvested
and dried in an oven at 70 °C to constant weight. In samples of the
growing seasons of 2004 and 2005, tuber nitrogen content was de-
termined by micro-Kjeldahl digestion and distillation (Association of
Official Analytical Chemistry (AOAC, 1984) in a fully accredited com-
mercial laboratory. Average N uptake was calculated and was used to
characterise some of the environments in terms of total N available for
crop growth.

2.3. Model approach

2.3.1. A model for phasic development of canopy cover dynamics
Canopy cover dynamics in potato as quantified by the grid method

typically follows a pattern that can be subdivided into three distinct

phases (Fig. 1), i.e. a build-up phase (P1), a maximum cover phase (P2),
and a decline phase (P3).

2.3.2. Build-up phase (P1)
This first phase covers the period from emergence to maximum

canopy cover, and is dominated by appearance of stems, lateral bran-
ches and leaves, and expansion of those organs (Allen and Scott, 1992;
Vos and Biemond, 1992; Vos, 1995a; Fleisher et al., 2006). To obtain
flexible and asymmetrical curves, canopy cover during P1 can be
written, according to a sigmoid part of the function for determinate
growth (Yin et al., 2003), as:

= +v v t t
t t

t
t

t t1 with 0
t

t t
max

1

1 m1 1
1

1
1 m1

(1)

where tm1 is the inflexion point and vmax is the maximum value of ca-
nopy cover v, which is reached at time t1 (Fig. 1). Eq. (1) can be applied
to canopy cover within the time span of 0≤ t≤ t1; otherwise, v has to
be set at 0 if t < 0 or at vmax if t > t1.

2.3.3. Maximum cover phase (P2)
During this phase the canopy cover retains its maximum level vmax.

The canopy cover during P2 is simply given by:

= < <v v t t twithmax 1 2 (2)

where t2 reflects the last time point when canopy cover is still at its
maximum and/or onset of canopy senescence (Fig. 1).

2.3.4. Decline phase (P3)
The canopy cover starts to decline after time t2, and reaches zero at

the end of the crop cycle, i.e. te. Usually this decline follows a reversed
sigmoid pattern, which could be formulated as vmax [1− f(t)] (cf. Yin
et al., 2009), where f(t) is the function, such as Eq. (1), describing a
normal sigmoid pattern with time. Therefore, for P3, an equation could
be formulated, using an inflexion point of the decline phase. However,
in many cases the estimates for parameters showed large standard er-
rors, indicating over-fitting when a model having this inflexion is ap-
plied in combination with Eqs. (1) and (2) to describe the data of the
entire time course of canopy dynamics. To reduce the chance of over-

Fig. 1. Temporal course of potato canopy development (full curve) from time 0 to te described by our three-phase model, Eqs. (1–3), respectively. P1 (canopy build-
up phase), P2 (maximum canopy cover phase), and P3 (canopy decline phase). The dashed curve is the mathematical extension of Eq. (1).
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fitting, we developed an equation for the canopy cover in the decline
phase (i.e. P3) thereby excluding this second inflexion, yet yielding
satisfactory results:

= +v v t t
t t

t t t
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t t twith
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t t
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e 2

1 2

1
2 e

1
e 2

(3)

where te reflects the last time point when canopy cover is zero. This
equation is based on a decline part of the equation of Yin et al. (1995)
and Yin et al. (2005) but with a restriction that te differs from the ex-
tended end point of Eq. (1) by (t2−t1) (Fig. 1). Eq. (3) can be applied
within the time span of t2≤ t≤ te; otherwise, v has to be set at 0 if
t > te.

Combining Eqs. (1, 2, and 3) yields a model with five parameters:
tm1, t1, t2, te, and vmax. Any further reduction of parameters resulted in
significant loss of fit (data not shown). The model describes canopy
dynamics for a given genotype-environment combination. The model
contains three segments, but is smooth, because the first derivatives of v
with respect to t are zero at the joining points t1 and t2. Values of model
parameters tm1, t1, t2, te, and vmax were estimated for each genotype of
every experiment with the iterative non-linear least-square regression
using the Gauss method, as implemented in the PROC NLIN of the SAS
software (SAS Institute Inc., 2004).

Once model parameters were estimated, several secondary traits can
be derived (Khan, 2012; Khan et al., 2013) reflecting the duration of the
canopy cover phases P1, P2, P3 (i.e. DP1, DP2, DP3, respectively), the
rates of canopy cover dynamics (i.e. cm1, maximum growth rate during
P1; c1, average growth rate for P1, c3, average senescence rate during
P3), area under the green canopy curve for above mentioned three
phases (i.e. A1, A2, A3, respectively) and area under the whole green
canopy curve (i.e. Asum). The latter reflects the overall potential of a
crop to intercept solar radiation during the whole growing season (cf.
Vos, 1995b, 2009) and could be used as indicator of crop maturity
(Khan et al., 2013). The time variables and duration were expressed in
terms of thermal days (td) to account for the influence of daily and
seasonal air temperature fluctuations under field conditions (McMaster
and Wilhelm, 1997; Yin et al., 2005). These data sets created the basis
for the estimation of physiological traits describing the dynamics of
canopy development for a large set of F1 segregating population and
standard cultivars. For details about the calculation of secondary traits
and thermal day approach, see Supplementary material, Ellis et al.
(1990), and Khan (2012). In this paper, we will not use all secondary
traits to keep the paper within reasonable limits.

2.4. Statistical and genetic analyses

All statistical analyses were performed in Genstat (Payne et al.,
2009). A general analysis of variance across environments was per-
formed to test the significance and extent of differences among en-
vironments, all genotypes (including the F1 population, the parents,
and standard cultivars) and G×E interactions, where the effect of
block within environment was included in the model. Means of geno-
type (G), environment (E) and G×E interaction terms were compared
using the Fisher’s least significant difference (LSD) test. Further statis-
tical analyses were performed using only the 100 genotypes of the F1
population and these are described below.

2.4.1. Estimation of variance components
We used a statistical model (Van Eeuwijk, 2003) to estimate the

variance components and to assess the contribution of genotypic main
effects and the G×E to the total phenotypic variance for our model
traits:

= + + + + +y µ E G GEijk j jk i ij ijk (4)

where i = 1,…,100; j=1,…,6; k=1, 2; and yijk denotes the response
variable of genotype i, in environment j, block k; μ is the grand mean; Ej

is the environmental main effect; βjk stands for block within environ-
ment effect; Gi is the genetic effect of genotype i; GEij is the genotype-
by-environment interaction effect for genotype i in environment j, and
εijk is a residual term. The underlined terms were considered as random
effects, which were assumed to be normally and independently dis-
tributed with zero mean and a proper variance.

The restricted maximum likelihood (REML) procedure was used to
estimate the variance components. The significance of the variance
components was tested using the likelihood ratio (LR) test (Morrell,
1998). The phenotypic variance (σ2Ph) was estimated from these var-
iance component estimates as (Bradshaw, 1994; Falconer and Mackay,
1996; Lynch and Walsh, 1998):

= + + + +Ph
2

E
2 2

G
2

GE
2 2 (5)

where σ2E= environmental variance, σ2B= block variance,
σ2G= genetic variance, σ2GE=G×E variance, and σ2ε =experimental
error variance.

2.4.2. Phenotypic and genetic coefficient of variation
Scaling of the variance by the trait mean, i.e. calculating the coef-

ficient of variation provides a more appropriate way to compare traits
(Johnson et al., 1955; Houle, 1992). We therefore calculated the coef-
ficient of variation (%) for each model parameter and derived trait
across six experiments, according to:

= ×CV
µ

100X
X
2

(6)

where µ is the grand mean of the population, and X
2 is a variance

component (i.e. σ2ph or σ2G or σ2E or σ2GE) from Eq. (4).

2.4.3. Phenotypic and genetic correlation
Product-moment (Pearson) correlations among model traits were

calculated using genotypic means across all six environments. The ge-
netic correlations were estimated using the following equation
(Holland, 2006):

=r ij
ij

i j
G

G
2

G
2

G
2

(7)

where σ2Gij is the estimated genetic covariance between traits i and j;
σ2Gi and σ2Gj are the genetic variances of traits i and j, respectively. The
multivariate REML procedure was used to estimate the genetic variance
and covariance estimates (Meyer, 1985; Holland, 2006). The sig-
nificance of genetic correlations was determined using a t-test after a z-
transformation of the correlation coefficients (Sokal and Rohlf, 1995;
Gutteling et al., 2007).

2.4.4. Heritability
We estimated the broad-sense heritability (H2) (%) across all six

environments by using the estimated variance components of the linear
model described as per Eq. (4), through the following equation
(Bradshaw, 1994; Falconer and Mackay, 1996):

=
+ +

×H 100
n n

2 G
2

G
2 GE

2

e

2

t (8)

where ne= 6 represents the number of environments, and nt = 12 is the
product of number of blocks and environments.

The broad-sense heritability (H2) was also estimated for each in-
dividual experiment by using the following formula (Bradshaw, 1994):

=
+

×H 100
n

2 G
2

G
2 2

b (9)

where σ2G= genetic variance; σ2ε =experimental error variance, and
nb= 2 represents the number of blocks per individual environment.
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The variance components were estimated per individual trial basis.

2.4.5. Extension of an AFLP marker map of the SH×RH population
The AFLP primer combinations used in this study have been pre-

viously applied to create the ultra-dense genetic map of 130 SH×RH
genotypes as described in Van Os et al. (2006). As our 100 F1 lines were
only partly genotyped for creating that map, 120 new SH×RH geno-
types were fingerprinted with AFLP™ (Vos et al., 1995) to make a map
for 250 individuals. Genomic DNA was extracted from frozen leaf tissue
according to Van der Beek et al. (1992). AFLP markers were generated
according to standard protocols with radioactive labels, using four Eco-
Mse primer combinations (Vos et al., 1995). The AFLP profiles of the
parental clones were compared with an ultra-dense genetic map and
AFLP products of equal electrophoretic mobility which segregated in
both sets of the lines were identified. The AFLP (only 1:1 segregating
markers) were first mapped in the SH×RH mapping population using
JoinMap 4.1 (Van Ooijen, 2006) using a bin mapping approach (Van Os
et al., 2006). The marker data were split into two sets on the basis of
their segregation type. Markers that were heterozygous in the maternal
parent (SH) and absent in the paternal parent (RH) were scored as <
ab×aa> ; “paternal” markers heterozygous in RH and absent in SH
were scored as < aa× ab> .

For map construction, recombination frequencies were converted
into map units (cM) by the use of the Kosambi function. Only markers
with a recombination value of ≤ 0.25 were considered as described by
Van Os et al. (2006). The maternal and paternal data sets were divided
into 12 and 13 linkage groups, respectively. A graphic representation of
a map was made by the Map Chart software (Voorrips, 2002). The re-
lative positions of markers and QTLs on the linkage maps can be used to
identify the approximate physical position of these QTL on the potato
reference genome (Xu et al., 2011), because this mapping population is
identical to the genetic map used to anchor the sequences of the re-
ference genome into pseudomolecules. Data to convert genetic posi-
tions into physical positions were described by Sharma et al. (2013).

2.4.6. QTL detection
Genstat version 14 (Payne et al., 2009) software was used to identify

possible QTL(s) for our model traits. Eighty-eight genotypes of our 100
F1 lines were covered in the sample of the aforementioned 250 lines of
SH×RH population for the extended marker map; data of these 88
lines were therefore used for detection of QTLs for five model para-
meters and nine secondary traits. QTL analysis was performed in-
dividually for all six experiments (environments).

QTL models were fitted for the two parents separately. Initially, the
conventional Simple Interval Mapping (SIM) procedure as described by
Lander and Botstein (1989) and Hackett et al. (2001) was used to scan
the genome for the major QTLs per individual environment. A QTL was
declared to be significant (P < 0.05) for the threshold value (-log10
(P)> 3.4). Secondly, a more sophisticated QTL mapping procedure, the
Composite Interval Mapping (CIM) was performed to increase the re-
liability of the QTL analysis (Jansen, 1993; Jansen and Stam, 1994;
Zeng, 1994; Jansen, 1995). In this method, background markers were
selected to take over the role of the putative QTLs as cofactors to reduce
the residual variance. In our analysis, background markers closest to
the indicated region of putative QTLs with –log10 (P) scores exceeding
the threshold were gradually used as cofactors. This procedure was
repeated until no further QTLs were found. The percentage of the total
phenotypic variation explained by QTLs identified for each trait was
estimated as the R2-value.

3. Results

3.1. Model performance in describing canopy cover dynamics of potato

The use of data in thermal days resulted in a more stable parameter
estimation than the use of data in days (data not shown), as the

confounding effects of diurnal and seasonal air temperature fluctua-
tions during the experimental periods could effectively be removed
using thermal days. The model for the canopy cover dynamics (i.e.
combined Eqs. (1, 2, and 3)) fitted well for each genotype of the potato
segregating population, their parents and standard cultivars in the en-
tire data set, with R2 values ranging from 0.94 to 1.00 (n=17–21; data
not shown). Fig. 2 shows the curve-fitting results for the SH and RH
parents and for the standard cultivars that were present in each ex-
periment. In most cases, the standard error (SE) values for observed
points (i.e. average of two blocks) were much higher during the canopy
decline phase than during the first two phases; the estimation of te also
involved much extrapolation due to fewer data points in the third phase
of canopy growth.

3.2. Assessment of model parameters and secondary traits

Usually, the estimated values of each model parameter and sec-
ondary trait differed very little between the two blocks and there was a
good positive linear correlation between the two blocks for all model
parameters (R2 values usually above 0.70; n=107). Table 2 presents
mean values of these traits for the two parents (SH and RH), and five
standard cultivars across six environments. Due to page limitation, we
only discuss here data for a few selected model traits viz. te, vmax, DP1,
DP2, DP3 and Asum. The other traits are closely related to the selected
ones.

Potato cultivars varied significantly (P < 0.05) in the duration of
the entire crop cycle which is reflected in variation in te (Table 2). Late
cultivars gave higher values for te followed by mid-late and early cul-
tivars. There were small differences among the cultivars for vmax, but
under certain environmental conditions late cultivars showed higher
values than earlier ones, because haulm growth continued longer. The
initial phase of canopy growth (i.e. DP1) was not much affected by the
maturity type of genotypes, but there were very large differences
among standard cultivars for the duration of P2 and P3 (i.e. DP2 and
DP3, respectively). The duration of P2 (DP2) tended to be longer for late
maturing cultivars. Mean estimates for Asum ranged from 3051 to 6207
% td for the five standard cultivars and two parental genotypes
(Table 2). Asum values were higher for late cultivars like Karnico and
Astarte than for early cultivars such as Première (Table 2). A larger area
during P2, i.e. A2, significantly contributed to the higher values of Asum
in late cultivars (data not shown).

Mean values of model traits also showed highly significant
(P < 0.01) variation within the F1 population across the six environ-
ments (Table 2). The variation (the median, minimum, and maximum
values) of these model traits for the F1 population per individual ex-
periment is illustrated by Fig. 3. Wide ranges of variation were observed
for duration of the three phases of canopy cover i.e. DP1 in Exp. 3, for
DP2 in Exp. 4, and for DP3 in Exp. 2. In the case of Asum, the ranges were
highest in Exp. 3 and values were between 1030 and 6101 % td (Fig. 3).
These results were in line with the results for the length of the three
canopy cover phases DP1, DP2, and DP3. Within the F1 population,
SHRH34-H6, SHRH83-L9, and SHRH-136 recorded the highest average
Asum with values of 6146, 5836, and 5739 % td, respectively. These
genotypes especially out-performed the other ones in the low N en-
vironment (i.e. Exp. 3).

3.3. Phenotypic, genetic and environmental variances

Table 3 presents estimated values of phenotypic, genetic, and en-
vironmental variances for our model traits in the F1 population. Almost
all components of variance were significant (P < 0.01) (Table 3). The
major portion of the phenotypic variance was accounted for by the
genetic variance component for te and Asum indicating the genetic basis
of variation within F1 population for these traits (Table 3). The con-
tribution of the environmental variance to the phenotypic variance was
relatively large for vmax, DP1, and DP2. The contribution of the G×E
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interaction variance component to the phenotypic variance was large
for DP3 (Table 3).

Estimates of phenotypic (CVPh), genetic (CVG), environmental
(CVE), and G×E interaction (CVGE) coefficients of variation across the
six experiments are presented in Table 4. Estimates of CVPh ranged from
15.4% to 65.1%. These estimates were smallest for te and vmax and
highest for DP2. Traits with higher CVPh exhibit more total variance and
are useful as selection criteria in breeding provided the trait is also
heritable. Our F1 population reflected high CVG for almost all traits
except for vmax and DP1. Relatively high CVG and low CVE estimates
were obtained for te and Asum suggesting that these traits, compared
with the other ones, are under a greater influence of genetic control.
The CVE was comparatively higher than CVG for traits vmax, DP1, DP2,
and DP3, thus reflecting environmental sensitivity of these traits. The
CVGE ranged from 4.3% to 25.6% among the traits. The CVGE exceeded
the CVG for traits vmax, DP1 and DP3. These results show the major
contribution of G×E to the CVPh of these traits in our experiments.

3.4. Phenotypic and genetic correlations of model traits

The results showed variation in the relationship among model traits
across individual experiments. In most experiments, there were strong
negative phenotypic correlations between DP1 and DP2. The correlations
between DP2 and DP3 were mostly weak and non-significant, only Exps 3
and 4 showed significant (P < 0.05) and strong (r=−0.59) negative

correlations (Table 5). These results suggest that genotypes with slow
canopy build-up had a relatively short period of maximum canopy
cover (DP2). Furthermore, DP1 and DP2 also depended upon vmax, with
DP1 generally being long with a low vmax but with DP2 generally being
short when vmax was below 100%, whereas DP2 could be (much) longer
when the canopy reached 100% cover. The results further revealed
strong positive correlations between DP2 and te, whereas in half of the
experiments DP3 and te were positively correlated. This suggests that
both DP2 and DP3 contribute positively to higher values of te. Later
cultivars tended to senesce more slowly (i.e. tended to have a longer
DP3) than earlier cultivars. The results further indicated that traits te,
vmax, and DP2 positively contributed to the high values of Asum due to
their strong, positive correlation with Asum in nearly all the experi-
ments. These underline the important contribution of variation in these
traits to variation in Asum.

Table 5 also illustrates the genetic correlation coefficients between
the model parameters and secondary traits within the F1 population.
The results revealed weak genetic correlations between DP1 and DP2 in
Exps 2, 3, and 6, whereas Exps 1, 4, and 5 showed strong negative
correlations (Table 5). The genetic correlations between DP2 and DP3
were mostly weak and non-significant, only Exp. 5 showed a significant
negative genetic correlation with r=−0.79. There were strong posi-
tive genetic correlations between DP2 and vmax in all the experiments
except in Exps 3 and 6. The trait DP2 also showed strong positive genetic
correlations with te in all experiments. About half of the experiments

Fig. 2. Observed (obs) points and fitted (fit) curves of SH and RH parents and four standard cultivars for all six experiments (environments).
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Table 2
Estimated mean values of model traits as obtained from across environment ANOVA for the two parents (SH and RH), five standard cultivars (listed in order of
increasingly longer crop cycle) and the mean of the F1 population. td stands for thermal day. Data for cv. Karnico were not available in Exps 5 and 6 and are replaced
by “−”.

Parameter Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Exp. 6 Mean 1

te (td)
SH 57.8 51.8 63.7 57.8 58.2 54.4 57.3 e
RH 51.3 51.1 52.9 53.8 57.1 47.4 52.3 f
Première 50.8 45.7 54.0 41.3 57.3 51.3 50.1 f
Bintje 67.7 60.6 76.9 65.3 65.5 57.2 65.5 d
Seresta 69.7 71.7 85.2 73.3 78.3 72.1 75.0 c
Astarte 80.6 80.2 79.4 78.3 84.5 78.0 80.2 b
Karnico 82.9 82.5 87.5 90.4 − − 85.8 a
Mean 2 65.8 c 63.4 d 71.4 a 65.7 c 66.8 b 60.1 e
F1mean 3 58.2 c 53.4 e 62.1 b 58.1 c 64.9 a 57.2 d
vmax (%)
SH 100.0 100.0 64.7 100.0 98.0 100.0 93.8 c
RH 93.6 64.2 57.8 100.0 100.0 100.0 85.9 d
Première 100.0 100.0 68.9 99.8 100.0 100.0 94.8 bc
Bintje 100.0 100.0 96.1 100.0 100.0 100.0 99.4 ab
Seresta 100.0 99.9 88.2 100.0 100.0 100.0 98.0 abc
Astarte 100.0 100.0 93.6 100.0 100.0 100.0 98.9 ab
Karnico 100.0 100.0 100.0 100.0 − − 100.0 a
Mean 2 99.1 b 94.9 c 81.3 d 100.0 a 99.7 ab 100.0 a
F1mean 3 95.3 d 99.2 ab 71.0 e 98.8 b 97.5 c 99.9 a
DP1 (td)
SH 30.1 25.0 21.5 19.9 24.1 17.4 23.0 a
RH 27.6 26.1 23.6 16.5 14.7 14.4 20.5 ab
Première 27.2 22.3 17.6 14.9 18.0 13.3 18.9 b
Bintje 26.8 20.2 23.8 17.2 17.8 14.4 20.0 ab
Seresta 26.3 19.1 22.6 15.9 20.1 17.7 20.3 ab
Astarte 27.9 22.1 36.0 18.6 17.0 15.1 22.8 a
Karnico 23.6 19.2 31.2 16.9 − − 22.7 a
Mean 2 27.1 a 22.0 c 25.2 b 17.1 e 18.6 d 15.4 f
F1mean 3 31.0 a 23.0 d 25.8 b 19.7 e 23.8 c 16.4 f
DP2 (td)
SH 11.3 13.6 21.5 9.8 21.3 22.9 16.7 c
RH 8.5 9.8 5.3 14.5 33.0 13.8 14.2 c
Première 15.0 6.2 14.1 13.3 22.7 25.6 16.1 c
Bintje 13.7 16.3 18.4 28.7 34.7 26.7 23.1 b
Seresta 25.8 27.9 33.6 46.5 49.7 38.1 36.9 a
Astarte 15.4 16.7 34.3 49.4 58.8 49.8 37.4 a
Karnico 8.1 9.3 43.8 55.4 − − 29.1 b
Mean 2 14.0 e 14.2 e 24.4 d 31.1 b 36.7 a 29.5 c
F1mean 3 10.7 d 11.1 cd 12.0 c 20.5 b 25.1 a 24.5 a
DP3 (td)
SH 16.5 13.2 20.7 28.1 12.9 14.1 17.6 bc
RH 15.1 15.3 23.9 22.7 9.5 19.2 17.6 bc
Première 8.7 17.2 22.4 13.1 16.7 12.4 15.1 c
Bintje 27.1 24.2 34.7 19.4 13.0 16.1 22.4 b
Seresta 17.6 24.7 28.9 10.9 8.5 16.4 17.8 bc
Astarte 37.4 41.5 9.1 10.3 8.8 13.1 20.0 bc
Karnico 51.3 54.0 12.5 18.1 − − 34.0 a
Mean 2 24.8 b 27.1 a 21.7 c 17.5 d 11.6 f 15.2 e
F1mean 3 16.5 d 19.4 b 24.3 a 17.9 c 16.0 d 16.3 d
Asum (% td)
SH 3713 3457 3012 3853 4190 4015 3707 d
RH 2715 2033 2046 3690 4552 3273 3051 e
Première 3304 2681 2589 2979 4113 3948 3269 e
Bintje 4412 3974 5224 4993 5104 4396 4684 c
Seresta 5024 5273 5607 6168 6383 5647 5684 b
Astarte 5215 5316 5778 6566 7188 6555 6103 a
Karnico 5110 5095 7054 7568 − − 6207 a
Mean 2 4213 e 3976 f 4473 d 5116 b 5255 a 4639 c
F1mean 3 3455 d 3332 e 3094 f 4138 c 4685 a 4246 b

Means followed by different letters are significantly different according to Fisher’s Multiple Range Test (P < 0.05).
te (td): LSD for genotype= 4.0; LSD for environment= 0.7; LSD for G×E=6.9.
vmax (%): LSD for genotype=4.9; LSD for environment= 0.8; LSD for G×E=8.5.
DP1 (td): LSD for genotype=3.0; LSD for environment= 0.5; LSD for G×E=5.1.
DP2 (td): LSD for genotype=6.1; LSD for environment= 1.0; LSD for G×E=10.6.
DP3 (td): LSD for genotype=6.6; LSD for environment= 1.1; LSD for G×E=11.5.
Asum (% td): LSD for genotype= 386.4; LSD for environment= 64.1; LSD for G×E=669.2.

1 Genotype (two parents and four or five cultivars) mean across six experiments (i.e. environments).
2 Mean of each individual environment across genotypes (two parents and four or five cultivars).
3 F1mean of each individual environment across F1 population (100 genotypes).
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Table 4
The phenotypic coefficient of variation (CVPh%), genetic coefficient of variation
(CVG%), environmental coefficient of variation (CVE%), and G×E interaction
coefficient of variation (CVGE%) for model traits within the F1 population
across all six experiments.

Parameter Mean 1 CVPh CVG CVE CVGE

te (td) 59.0 15.9 12.5 6.7 4.3
vmax (%) 93.6 15.4 4.4 11.9 7.2
DP1 (td) 23.3 29.7 5.6 21.5 15.8
DP2 (td) 17.4 65.1 33.3 38.3 25.6
DP3 (td) 18.4 42.1 12.3 15.8 18.5
Asum (% td) 3801 28.9 20.6 16.1 8.3

1 Grand mean of the F1 segregating population across all six experiments.

Table 3
Variance components for model traits within the F1 population across all six
experiments.

Parameter ph
2

E
2 2

G
2

GE
2 2

te (td) 88.2 15.4** 0.9** 54.1** 6.3** 11.5
vmax (%) 207.6 124.9** 0.2NS 16.9** 45.7** 19.9
DP1 (td) 47.8 25.1** 0.5** 1.7** 13.6** 6.9
DP2 (td) 128.5 44.3** 2.2** 33.5** 19.9** 28.6
DP3 (td) 59.9 8.4* 2.5** 5.1** 11.6** 32.3
Asum (% td) 1206327 372964** 9647** 611003** 99925** 112788

σ2Ph= phenotypic variance, σ2ß= block variance, σ2G= genetic variance, σ2

E= environmental variance, σ2 GE= genotype× environmental interaction
variance, σ2 ε =residual variance.
** Significant at 1%.
* Significant at 5%.
NS Non-significant.

Fig. 3. Box plots of genetic means of an F1 population for model traits in all six experiments. The boxes span the interquartile range of the trait values, so that the
middle 50% of the data lie within the box, with a horizontal line indicating the median. Whiskers extend beyond the ends of the box as far as the minimum and
maximum values.
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also showed strong positive genetic correlations between DP3 and te.
These results indicate that genotypes with longer DP2 and DP3 could be
indirectly obtained by selecting genotypes with high vmax and te. The
results revealed strong positive genetic correlations of traits (te, vmax,
DP2) with Asum in almost all experiments.

3.5. Estimates of broad-sense heritability

The estimates of broad-sense heritability (H2) across six environ-
ments (Eq. (8)) varied greatly with traits under investigation (Table 6).
The heritability values ranged from 37.4% to 96.4%. High estimates
(H2>70%) were recorded for te, DP2, and Asum. Moderate estimates
(50%<H2< 70%) were recorded for vmax and DP3 (Table 6). On the
other hand, DP1 had a weak heritability (37.4%). Table 6 also presents
the estimates of broad-sense heritability (H2) per individual experiment
(Eq. (9)), which, in principle, should be higher than the estimates across
environments, because for individual environments the genetic and
G×E interaction effects are less confounded.

3.6. Genetic mapping

Among a total of 566 markers, 325 segregated due to polymorphism
in the maternal (SH) parent< ab×aa> , while 241 segregated from
the paternal (RH) parent< aa× ab> . Out of 566 markers, a total of
407 markers were mapped and the total data set was split into maternal
(SH) and paternal (RH) data sets. Lack of sufficient bridging markers
prevented making an integrated map.

The maternal data set could be split into 12 linkage groups at a
recombination frequency threshold of 0.25. Twelve parent-specific
linkage groups were obtained for both SH and RH (Supplementary Figs
S1 and S2). However, linkage group I was divided into two subgroups
(denoted as IA and IB, respectively) in the paternal (RH) map due to a
lack of a sufficient number of in-between markers. Ninety-five of the
325 AFLP SH markers could not be assigned to the SH linkage groups.
In the case of RH markers, 64 out of 241markers could not be assigned
to the RH linkage groups. The number of AFLP markers finally retained
in the maternal and paternal maps were therefore 230 and 177, re-
spectively, covering the genome size of 1902.9 cM.

The length of the linkage groups in the SH parental map ranged
from 35.7 to 129.3 cM with a median distance of 2.0 cM between the
loci. The RH parental map ranged from 28.0 to 101.1 cM and the
median distance between loci was 2.5 cM. In both parental maps, the
largest gap between loci was on linkage group X of 10.5 cM and 14.1 cM
in SH and RH, respectively.

3.7. QTL detection

QTL analysis for model traits was conducted separately for the six
environments (i.e. experiments). In total 25 QTLs were identified for
our selected model traits on both SH and RH parental genomes across
all six environments (Table 7; Supplementary Figs S1 and S2). In the SH
genome, 15 QTLs were associated with six linkage groups (I, IV, V, VI,
VIII, and XI). Twelve QTLs were shared by the RH genome on five
linkage groups (I, II, IV, V and VI).

Table 7 summarises the list of QTLs detected, their parental chro-
mosomes and map positions and their characteristics (i.e. additive ef-
fects and variance explained (R2) for each of the trait investigated for
individual environments). All the QTLs detected were significant at
(P < 0.05) with –log10 (P) values ranging from 3.37 to 52.33. The total
fraction of phenotypic variance explained by effects of each QTL were
moderate (ranging from<0.1% to 74%), but a high percentage of
phenotypic variance was accounted for when considering the global R2

(ranging from 28% to 82%) (Table 7).
Results indicated that QTLs with major effects were associated with

paternal (RH) linkage groups, especially RH V, where in total two major
QTLs were detected (Table 7). QTLs on this linkage group had negative
additive effects, indicating that RH alleles on this linkage group share
an antagonistic effect on the physiological traits related with canopy
cover. One particular QTL (116_5_17) on this linkage group was de-
tected for all model traits with a major additive effect and explained
most of the total phenotypic variance (Fig. S2). Large number of ad-
ditional QTLs with minor effects was mostly associated with maternal

Table 6
Broad-sense heritability H2 (%) estimates across six experiments (Eq. 8) and per
individual experiment (Eq. 9) for model traits within the F1 population per
individual experiment.

Parameter H2 1 Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Exp. 6

te (td) 96.4 89.2 92.1 92.8 92.0 85.8 89.4
vmax (%) 64.6 88.2 22.9 92.6 56.5 46.1 0.0
DP1 (td) 37.4 79.9 55.7 89.2 69.5 77.6 75.6
DP2 (td) 85.5 82.6 64.4 54.5 88.6 80.8 81.2
DP3 (td) 52.4 60.6 73.3 30.0 51.3 23.3 39.6
Asum (% td) 95.9 92.3 90.6 94.9 94.0 88.1 92.6

1 Broad-sense heritability across six environments.

Table 5
Phenotypic (lower triangle) and genetic (upper triangle) correlation coefficients
among all pair-wise comparisons of model traits within the F1 population per
individual experiment. The unit for all model traits is thermal day (td) except
for vmax (%) and the Asum (% td).

te vmax DP1 DP2 DP3 Asum

Exp. 1
te − 0.37** −0.41** 0.72** 0.78** 0.88**

vmax 0.32** − −0.60** 0.60** 0.15NS 0.73**

DP1 −0.38** −0.48** − −0.82** −0.20* −0.70**

DP2 0.64** 0.51** −0.75** − 0.24* 0.90**

DP3 0.70** 0.09NS −0.21* 0.03NS − 0.55**

Asum 0.85** 0.70** −0.62** 0.84** 0.43** −
Exp. 2
te − 0.46** −0.43** 0.67** 0.84** 0.97**

vmax 0.25* − −0.78** 0.69** 0.25** 0.60**

DP1 −0.31** −0.34** − −0.42** −0.46** −0.51**

DP2 0.52** 0.30** −0.45** − 0.19NS 0.82**

DP3 0.78** 0.13NS −0.27** −0.09NS − 0.71**

Asum 0.95** 0.37** −0.43** 0.74** 0.58** −
Exp. 3
te − 0.75** 0.77** 0.66** −0.13NS 0.91**

vmax 0.69** − 0.88** 0.16NS −0.23* 0.94**

DP1 0.69** 0.79** − 0.15NS −0.42** 0.88**

DP2 0.42** 0.17NS −0.03NS − −0.21* 0.46**

DP3 0.00NS −0.22* −0.24* −0.59** − −0.31**

Asum 0.87** 0.93** 0.78** 0.43** −0.29** −
Exp. 4
te − 0.32** −0.54** 0.91** 0.46** 0.98**

vmax 0.21* − −0.62** 0.59** −0.30** 0.51**

DP1 −0.37** −0.34** − −0.70** −0.19* −0.64**

DP2 0.82** 0.36** −0.59** − 0.09NS 0.98**

DP3 0.39** −0.12NS −0.14NS −0.13NS − 0.29**

Asum 0.96** 0.40** −0.45** 0.92** 0.17NS −
Exp. 5
te − 0.48** 0.05NS 0.80** −0.60** 0.93**

vmax 0.29** − −0.65** 0.94** −1.00** 0.77**

DP1 0.00NS −0.36** − −0.53** 0.30** −0.26**

DP2 0.71** 0.57** −0.52** − −0.79** 0.97**

DP3 −0.11NS −0.44** 0.07NS −0.59** − −0.85**

Asum 0.89** 0.62** −0.26** 0.91** −0.42** −
Exp. 6
te − 0.00NS 0.24* 0.84** 0.58** 0.98**

vmax 0.15NS − 0.00NS 0.00NS 0.00NS 0.00NS

DP1 0.16NS −0.25** − −0.24** 0.66** 0.07NS

DP2 0.75** 0.24* −0.20* − 0.06NS 0.92**

DP3 0.49** −0.03NS 0.23* −0.18NS − 0.43**

Asum 0.97** 0.22* 0.03NS 0.88** 0.28** −

** Significant at 1%.
* Significant at 5%.
NS Non-significant.
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(SH) linkage groups (Table 8). A QTL with main effect was found on
chromosome V. We also observed the co-localisation of QTLs for many
traits. For instance, clustering of many QTLs were found on position
18.2 cM on paternal (RH) linkage group (Table 9). Here most of the
traits (e.g. DP2, Asum) were tightly linked with QTL (116_5_17) in most
of the environments. This could mean that this QTL is playing a
pleiotropic role in determining these traits.

For model traits (vmax, DP1, and DP3), some QTLs identified were
expressed in one environment but not in the other ones thereby

exhibiting QTL×E (Table 7). For all these traits the G×E component
of phenotypic variance was greater than the G variance component
(Table 3).

4. Discussion

4.1. Model performance

Our analyses showed that the model for canopy cover (Fig. 1 and

Table 7
Main characteristics of quantitative trait loci (QTL) identified for model traits within the ‘SH×RH’ population per individual experiment (i.e. environment.). Data
given in table are from the CIM mapping method. QTLs marked as bold are detected only by the CIM method, otherwise by both the CIM and SIM methods. Exp.,
experiment; position, position of maximum –log10 (P); a, additive effect of the presence of parental allele at a marker; R2, the individual contribution of one QTL to
the variation in a trait; global R2, the fraction of the total variation explained by QTLs of the same trait within single environment; td, thermal day. Symbol ‘−’ means
no QTL was detected.

Parameter Exp. QTL Linkage group Marker name Position (cM) -log10(P) a R2 Global R2

te (td) 1 116_5_17 RH V EAGAMCTC_470__5_17 18.2 19.50 −19.351 0.51
2 116_5_17 RH V EAGAMCTC_470__5_17 18.2 24.25 −27.232 0.55 0.62

108_4_72 RH IV EAACMCCA_92.1__4_72 46.9 3.93 8.408 0.02
3 116_5_17 RH V EAGAMCTC_470__5_17 18.2 26.91 −29.497 0.58 0.68

101_4_35 RH IV EAGAMCAG_216.2__4_35 9.6 3.95 7.580 0.03
153_6_28 RH VI PAT/MAAC_272.6__6_28 53.8 3.62 7.112 0.02

4 116_5_17 RH V EAGAMCTC_470__5_17 18.2 20.612 −32.356 0.65
5 116_5_17 RH V EAGAMCTC_470__5_17 18.2 19.527 −24.133 0.63
6 116_5_17 RH V EAGAMCTC_470__5_17 18.2 52.33 −49.912 0.74

vmax (%) 1 170_5_44 SH V PAC/MAAC_190.2__5_44 26.8 5.66 22.660 0.21
2 − − − − − − −
3 116_5_17 RH V EAGAMCTC_470__5_17 18.2 26.28 −54.862 0.56 0.65

21_1_32 SH I EACAMCAG_381.9__1_32 38.7 3.80 4.243 0.02
63_1_42 SH I PAG/MACC_322.2__1_42 69.0 4.78 16.533 0.12

4 170_5_44 SH V PAC/MAAC_190.2__5_44 26.8 4.291 8.836 0.18
5 − − − − − − −
6 − − − − − − −

DP1 (td) 1 116_5_17 RH V EAGAMCTC_470__5_17 18.2 6.23 7.404 0.23
2 98_4_35 RH IV EACAMCTG_138.9__4_35 12.8 3.48 3.167 0.13
3 116_5_17 RH V EAGAMCTC_470__5_17 18.2 18.02 −26.586 0.60
4 63_1_42 SH I PAG/MACC_322.2__1_42 69.0 4.738 −5.754 0.17 0.28

96_4_33 RH IV EACAMCAC_156.4__4_33 5.5 3.423 4.691 0.11
5 − − − − − − −
6 291_11_7 SH XI EACAMCAC_372__11_7 9.2 3.371 −2.591 0.14

DP2 (td) 1 116_5_17 RHV EAGAMCTC_470__5_17 18.2 11.48 −16.987 0.37
2 133_4_28 SH IV EACTMCTG_74.3__4_28 24.8 4.09 6.655 0.09 0.35

200_6_56 SH VI PAT/MAAC_155.4__6_56 73.5 4.30 6.996 0.13
116_5_17 RH V EAGAMCTC_470__5_17 18.2 4.08 −10.208 0.14

3 − − − − − − −
4 116_5_17 RH V EAGAMCTC_470__5_17 18.2 26.28 −30.089 0.56 0.70

14_1_30 SH I EAGTMCAG_458__1_30 33.1 6.82 2.830 0.03
62_1_36 SH I EAGAMCAG_228.3__1_36 64.0 8.39 9.433 0.15
76_1_84 SH I PAT/MAAC_259.4__1_84 110 4.15 4.610 0.02

5 116_5_17 RH V EAGAMCTC_470__5_17 18.2 11.983 −31.322 0.45
6 116_5_17 RH V EAGAMCTC_470__5_17 18.2 8.355 −17.625 0.22 0.38

47_1_63 RH IB EACAMCCT_144.5__1_63 27.8 4.686 11.283 0.04
DP3 (td) 1 116_5_17 RH V EAGAMCTC_470__5_17 18.2 5.26 −9.768 0.20

2 116_5_17 RH V EAGAMCTC_470__5_17 18.2 14.39 −19.569 0.42
3 − − − − − − −
4 − − − − − − −
5 39_1_32 SH I EAACMCCT_217.8__1_32 41.6 4.101 −8.657 0.17
6 1_5_12 SH V SH05B012_maturity_locus 0.0 4.573 −8.988 0.08 0.46

242_8_29 SH VIII PAT/MAAC_283.7__8_29 33.2 4.134 −6.785 0.08
115_5_4 RH V PAC/MAGT_190.2__5_4 1.6 9.326 −12.803 0.24

Asum (% td) 1 116_5_17 RH V EAGAMCTC_470__5_17 18.2 19.65 −2359.408 0.50 0.57
43_1_35 RH IA PAT/MAGT_143.9__1_35 58.3 3.60 786.981 <0.1

2 116_5_17 RH V EAGAMCTC_470__5_17 18.2 21.09 −2188.154 0.52 0.59
199_6_48 SH VI EACAMCCT_138.9__6_48 61.8 3.91 719.654 0.03

3 116_5_17 RH V EAGAMCTC_470__5_17 18.2 28.68 −4112.081 0.69 0.82
63_1_42 SH I PAG/MACC_322.2__1_42 69.0 3.953 878.855 0.07
179_5_77 SH V PAC/MATA_201.4__5_77 77.2 4.883 974.202 <0.1
81_2_75 RH II PAC/MAGG_527.2__2_75 79.1 4.481 −938.074 <0.1

4 116_5_17 RH V EAGAMCTC_470__5_17 18.2 40.06 −2996.801 0.67 0.73
66_1_52 SH I EAACMCTG_193.9__1_52 81.5 4.11 419.656 0.06
39_1_32 SH I EAACMCCT_217.8__1_32 41.6 4.51 552.856 0.08

5 116_5_17 RH V EAGAMCTC_470__5_17 18.2 29.21 −2991.844 0.59 0.65
79_2_72 RH II EACTMCTC_444.3__2_72 73.8 3.70 −815.825 <0.1

6 116_5_17 RH V EAGAMCTC_470__5_17 18.2 18.77 −2185.245 0.49
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Eqs. (1–3)) performed very well for the canopy build-up phase and for
the maximum canopy cover phase. It was possible to estimate important
and agronomically relevant canopy parameters with a high accuracy
and precision, for the standard cultivars, the parents and the F1 diploid
population (Figs. 2–3). This high accuracy and precision made it pos-
sible to determine relevant genetic variation in canopy growth (Fig. 3).
Most model traits (with the notable exception of vmax) were nearly
normally distributed (Fig. 4). Parameters te, DP2 and Asum were most
important to describe the genetic variation in canopy cover.

However, the model did not perform very well for the canopy de-
cline phase. Data for this phase were sometimes scarce for late geno-
types, because of the late onset of senescence. Moreover, data for this
period also showed more variation, as the sagging of the canopy re-
sulted in an irregular spatial distribution of the remaining green leaves.
It was therefore not possible to estimate the moment of fastest canopy
decline, which could have been a valuable additional parameter similar
to tm1. Nevertheless, the combined Eqs. (1–3) could be very useful in
analysing the canopy cover dynamics of a diverse set of potato geno-
types under various environments and making inferences about the
underlying processes controlling canopy growth.

4.2. Impact of environment on model parameters

Environment had a highly significant (P < 0.01) impact on all
model traits (Table 2), at least partly due to the purposeful variation in
availability of N across trials (Table 1). Nitrogen has a main influence
on canopy development (Perumal and Sahota, 1986; Vos, 1995a, b,
2009), arising from effects of N on rate and duration of appearance of
leaves and branches on the potato plant, and on the active life span of
individual leaves. Due to the lack of precise information about amount
of mineral N becoming available during the course of canopy growth,
we used the amount of N uptake by tubers as an indicator of N avail-
ability (Table 1). Crop N uptake is a site-specific indicator of N that is
“available” to the crop (Sullivan et al., 2008). Experiments with lower N
uptake (especially Exp. 3) had lower estimates for vmax, DP2 and Asum. In
potato, the duration of P2 and whether or not full canopy cover is at-
tained are very much affected by N supply. The total growth period is
prolonged for larger rate of N supply because P2 extends with better N
nutrition (Ospina et al., 2014). Usually, within agronomically relevant
ranges, N has comparatively little effect on P1 and affects the rate of
senescence only marginally (Vos, 2009), although Ospina et al. (2014)
observed that the DP1 was longer under low N. In our most extreme
experiment (Exp. 3), we also found a long DP1 and a high te in com-
parison with environments with higher N availability (high tuber N
uptake) (Tables 1 and 2).

4.3. Model restrictions

The canopy build-up phase and the canopy decline phase are
strongly influenced by the extent to which environmental conditions
and maturity type will allow full canopy cover (Table 2). For example,
low nitrogen supply or poor water availability can slow down the in-
crease in v, limit vmax, limit the duration of the period during which
vmax is maintained and increase the rate with which v is declining
during the canopy decline phase. These effects can be stronger for early-

Table 8
List of parental linkage groups with major and additional minor QTLs.

Parameter SH linkage group RH linkage group

Additional QTLs Major QTL Additional QTLs

te − V IV, VI
vmax I, V V −
DP1 I V IV
DP2 I, IV, VI V IB
DP3 I, V, VIII V −
Asum I, V, VI V IA, II

Table 9
List of co-localised 1 QTLs (listed under A) and independent 2 QTLs (listed under B), detected for model traits within F1 population per individual experiment.

QTL Linkage group Position (cM) Marker name Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Exp. 6

A.
39_1_32 SH I 41.6 EAACMCCT_217.8__1_32 Asum DP3
63_1_42 SH I 69.0 PAG/MACC_322.2__1_42 vmax, Asum DP1
116_5_17 RH V 18.2 EAGAMCTC_470__5_17 te, DP1, DP2, DP3, Asum te, DP2, DP3, Asum te, vmax, DP1, Asum te, DP2, Asum te, DP2, Asum te, DP2, Asum
B.
14_1_30 SHI 33.1 EAGTMCAG_458__1_30 DP2
21_1_32 SHI 38.7 EACAMCAG_381.9__1_32 vmax
62_1_36 SH I 64.0 EAGAMCAG_228.3__1_36 DP2
66_1_52 SH I 81.5 EAACMCTG_193.9__1_52 Asum
76_1_84 SH I 110.0 PAT/MAAC_259.4__1_84 DP2
133_4_28 SH IV 24.8 EACTMCTG_74.3__4_28 DP2
1_5_12 SH V 0.0 SH05B012_maturity_locus DP3
179_5_77 SH V 77.2 PAC/MATA_201.4__5_77 Asum
199_6_48 SH VI 61.8 EACAMCCT_138.9__6_48 Asum
200_6_56 SH VI 73.5 PAT/MAAC_155.4__6_56 DP2
242_8_29 SH VIII 33.2 PAT/MAAC_283.7__8_29 DP3
291_11_7 SH XI 9.2 EACAMCAC_372__11_7 DP1
43_1_35 RH IA 58.3 PAT/MAGT_143.9__1_35 Asum
47_1_63 RH IB 27.8 EACAMCCT_144.5__1_63 DP2
79_2_72 RH II 73.8 EACTMCTC_444.3__2_72 Asum
81_2_75 RH II 79.1 PAC/MAGG_527.2__2_75 Asum
96_4_33 RH IV 5.5 EACAMCAC_156.4__4_33 DP1
101_4_35 RH IV 9.6 EAGAMCAG_216.2__4_35 te
98_4_35 RH IV 12.8 EACAMCTG_138.9__4_35 DP1
108_4_72 RH IV 46.9 EAACMCCA_92.1__4_72 te
115_5_4 RH V 1.6 PAC/MAGT_190.2__5_4 DP3
153_6_28 RH VI 53.8 PAT/MAAC_272.6__6_28 te

1 QTL is similar for more than one trait.
2 QTL is different for a particular trait in any experiment (environment).
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maturing types than for late-maturing types (Fig. 2). Such conditions
might cause a delay of tm1, t1 and te, but can advance t2 (Fig. 2). They
will also create a more pronounced maximum value of vmax which will
not last long. The estimate of vmax might still be accurate but DP2 will be
short and less precisely predicted by the model.

Canopy growth can be irregular when temporary drought is fol-
lowed by restored water availability or when secondary growth occurs
associated with a period of warm weather. Such development of canopy
cover cannot be covered by the current equations. In growing seasons
with extreme weather conditions, we have observed a temporary

halting of the increase of v. Such a period could be followed by a new
period of increase in v when conditions for vegetative growth improve.
Our models will not capture that type of crop behaviour. It would also
be impossible under such conditions to estimate the duration of the
maximum canopy cover phase. Fortunately, such growing seasons are
relatively rare and did not occur during the field experimentation de-
scribed in this paper.

Our way of assessing canopy cover provides a proxy for the devel-
opment over time of light interception and for the leaf area index.
However, it does not reflect the changes in leaf area index during the

Fig. 4. Distribution of model traits among F1 genotypes across six experiments. The values of two parents ‘SH’ and ‘RH’ are indicated by full arrow and dashed arrow,
respectively. Values on the X-axes represent td (thermal days) for te, DP1, DP2, DP3, % for vmax, and td % for Asum. Values on Y-axes indicate number of F1 genotypes.

Table 10
List of stable QTLs across six experiments (i.e. similar QTLs detected in several environments).

QTL Group Position (cM) Marker name Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Exp. 6

39_1_32 SH I 41.6 EAACMCCT_217.8__1_32 × ×
63_1_42 SH I 69.0 PAG/MACC_322.2__1_42 × ×
170_5_44 SH V 26.6 PAC/MAAC_190.2__5_44 × ×
116_5_17 RH V 18.2 EAGAMCTC_470__5_17 × × × × × ×
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maximum canopy cover phase. If vmax is 100%, variation in leaf area
index during DP2 can be considerable and LAI can easily range from 3 to
6 or even more. If vmax remains below 100%, the canopy cover devel-
opment will reflect the development of LAI across the entire crop cycle.

Boyd et al. (2002) analysed the relation between LAI and canopy
cover and showed that the slope of this relationship depended on crop
management. However, they also showed that ground cover duration
explained variation in tuber yield equally well as, or even better than,
leaf area duration.

4.4. Genetic aspects of canopy cover

The environmental and genetic variances of model traits were al-
ways significant (Table 3). The CVGE was larger than the CVG and CVE
for DP3, while the CVG was larger than the CVE for te and Asum (Table 4).
The phenotypic and genetic correlations were higher for DP1 versus DP2
than for DP2 versus DP3 in Experiments 1, 2, 4, and 6, but the opposite
was true in Experiments 3 and 5 (Table 5). The correlation coefficients
between Asum and te or DP2 were highest in all experiments except for
Experiments 3 and 5. These results underline the importance of the
genetic variation in maturity type as illustrated by genetic variation in
te and Asum and the complexity and relatively poor repeatability of the
canopy decline phase. They also stress the different nature of the data
sets of Experiments 3 and 5 due to the relatively high heritability of
vmax (Experiment 3) and/or low heritability of DP3 (Experiments 3 and
5).

High genetic correlations between model traits (Table 5) suggest
that genetically manipulating various traits simultaneously might not
be easy. Pleiotropy might be a common phenomenon for some of our
model traits. Pleiotropy can have important implications for our un-
derstanding of the nature of genetic correlations between different
traits in certain regions of a genome and also for practical applications
in breeding because one of the major goals in breeding is to break
unfavourable linkage (Jiang and Zeng, 1995).

The high heritability estimates across the six environments (Table 6)
showed that most traits varied consistently under contrasting environ-
mental conditions. DP1 was an exception. Heritability estimates per
environment were high but in some experiments heritability estimates
were rather low for vmax and DP3. However, only few QTLs were stable
across the environments and therefore only a few did not show much
QTL×E (Tables 7, 8, and 9). For instance, the QTL 116_5_17 on RH V
showed up in all the experiments for Asum (Table 10; Fig. S2). Such
QTLs could be useful for marker assisted breeding.

Our linkage map was generally consistent with the ultra-dense map
described by Van Os et al. (2006). However, the SH linkage groups VIII
and X were 37% and RH linkage group VII was 29% shorter than in the
ultra-dense map of Van Os et al. (2006). These differences were due to
differences in the size of the SH×RH mapping populations used.

Linkage group V harbours the QTL for plant maturity and vigour in
potato (Collins et al., 1999; Oberhagemann et al., 1999; Visker et al.,
2003; Bradshaw et al., 2008). Our results also confirm this fact as most
of our canopy growth and development traits (particularly Asum) could
be very useful in defining the maturity type in potato (cf. Khan et al.,
2013). Our results demonstrate that maturity in potato was mainly
expressed from the paternal (RH) side. We also found a large number of
independent QTLs (i.e. they did not coincide with other traits)
(Table 9).

4.5. Relation between canopy cover and biomass accumulation and tuber
yield

Model traits te, Asum and DP2 showed the highest values for broad
sense heritability across environments (Table 6). These traits are asso-
ciated with the duration of maximum canopy cover and therefore with
the amount of light intercepted and the amount of biomass produced by
the crop. The total biomass production and accumulation of potato

cultivars are dependent on the intercepted PAR (Spitters, 1988; Vos and
Groenwold, 1989; Van Delden et al., 2001). The amount of light in-
tercepted is in proportion to the area under the whole green canopy
curve (Vos, 1995b). Kooman and Rabbinge (1996) found that, com-
pared with late cultivars, early potato cultivars allocate a larger part of
the available assimilates to the tubers early in the growing season, re-
sulting in shorter growing periods and also lower yields. This shows
that late genotypes may have higher potential to intercept the PAR and
tuber yield production under both resource (N) optimum and – poor
growing conditions (Khan, 2012).

5. Conclusions

We presented a simple quantitative model which successfully de-
scribed the quantitative differences in canopy dynamics of diverse
genotypes in a segregating F1 population of potato under varied en-
vironments. It gave physiological insight using agronomically mean-
ingful traits. These traits are directly related to the ability of the
adapted genotypes to intercept photosynthetically active radiation and
thus to create high tuber yields as we will show in the companion
paper.

For most traits quantified in the model, high genetic variability
along with high heritability were recorded within the F1 population
under study. There are opportunities, therefore, to exploit the genetic
variability available in the F1 population and to select for highly
heritable traits in order to improve radiation interception efficiency.

We identified 28 QTLs on both SH and RH parental genomes across
all six environments. QTLs with major effects were associated mainly
with paternal (RH) linkage group V. One particular QTL (116_5_17) on
this linkage group was detected for nearly all traits with a major ad-
ditive effect and explained most of the total phenotypic variance. Some
of the QTLs were mapped to similar positions in most environments.
Only few QTLs were stable across environments.

Our quantitative approach in combination with markers of the
widely available and easy-to-use AFLP marker system identified QTLs
that could be useful in developing marker-assisted breeding strategies
in potato.
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