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Abstract

Developing N use efficient potato varieties requires exploring the genetic basis of nitrogen use efficiency (NUE) and associated
agronomic and physiological traits. In order to identify QTLs for NUE and NUE-related traits, and to determine the relationships
between the traits and QTLs in potato, a diploid potato mapping population (CXE) was evaluated in the field in Ethiopia under low
and high N fertilizer levels. QTL detection was performed using interval mapping and multiple QTL mapping (MQM). A total of
52 putative QTLs were identified for ten traits, of which 28 QTLs were detected under low N availability while the remaining 24
QTLs were detected under high N conditions. Several QTLs were location and N level specific, suggesting the presence of QTL x
environment interaction. A region on linkage group V (21-38 ¢cM) accumulated the largest number of QTLs. This region coincides
with the earliness locus encoded by the CDF1 gene, suggesting that earliness has a profound influence on NUE. A putative second
QTL region on linkage group V located 20 cM from the earliness locus (38-56 cM) and a region on linkage group IV (60-72 cM)
might be useful other regions to focus on, for NUE improvement in potato. To verify the stability of the identified QTLs and to use
these for the detection of possible candidate genes, further multi-environment trials with larger population size may be required.

Resumen

El desarrollo de variedades de papa eficientes en el uso del N requiere de la exploracion de las bases genéticas en la eficiencia del uso del
nitrogeno (NUE) asociadas a caracteres agronomicos y fisiologicos. A fin de identificar QTLs para NUE y para rasgos relacionados con
NUE, y para determinar las relaciones entre los caracteres y QTLs en papa, se evalud un mapa de poblacion de papa diploide (CxE) en
el campo en Etiopia en niveles bajos y altos de fertilizante nitrogenado. La deteccion de QTL se efectu6 usando mapeado a intervalos y
mapeo multiple de QTL (MQM). Se identificaron un total de 52 posibles QTL para diez rasgos, de los cuales 28 QTL se detectaron en
baja disponibilidad de N, mientras que los restantes 24 se detectaron en altas condiciones de N. Varios QTL fueron especificos para
localidad y nivel de N, sugiriendo la presencia de la interaccion QTL x ambiente. Una region de agrupamiento ligado V (21-38 cM)
acumul6 el mayor nimero de QTLs. Esta region coincide con el locus de precocidad codificado por el gen CDF1, lo que sugiere que la
precocidad tiene una influencia profunda en NUE. Una supuesta segunda region QTL en el grupo de ligamiento V localizado a 20 cM
del locus de precocidad (38-56 ¢cM) y una region del grupo de ligamiento IV (60-72 ¢M) pudiera ser util para enfocarse en otras
regiones, para mejoramiento de NUE en papa. Para verificar la estabilidad de los QTL identificados y para usarlos en la deteccion de
posibles genes candidatos, se pudieran requerir ensayos multiambiente posteriores con tamafios mas grandes de poblacion.
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Crop productivity is greatly affected by nutrient availability
and nutrient use efficiency. Nitrogen Use Efficiency (NUE)
has become the second priority production constraint after
drought in crop abiotic stress improvement programs (Hirel

1 . . L etal. 2011). Indeed, improving agronomic NUE is relevant for
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(Zhang et al. 2007). The N that is not utilized by the plant is
lost due to nitrate leaching, denitrification and loss of ammo-
nia to the atmosphere which has a harmful effect on the envi-
ronment as well as on the economy (Glass 2003).

N availability affects many developmental processes, de-
pending on the plant species (Zheng 2009). In potato, N avail-
ability affects rate of canopy development and leaf appear-
ance, final leaf size, rate of photosynthesis, onset of
tuberization, final tuber yield and harvest index (Vos and
Biemond 1992; Ewing and Struik 1992; Vos 1995; Vos and
Mackerron 2000; Ospina et al. 2014). Deficiencies or variation
in availability of nitrogen and other soluble nutrients cause
poor vegetative growth and health, reduced pathogen and in-
sect resistance, decreased tuber yields, and these affect tuber
quality as well (Ojala et al. 1990; Olsen et al. 2003; Stark et al.
2004). In general, potato requires high amounts of N fertilizer
to give maximum tuber yield, however the crop is relatively
poor in agronomic NUE (yield produced per nitrogen applied).
The high nitrogen requirement and low use efficiency is not
only because of low N utilization by the plant, but also because
of inefficient uptake due to its shallow inefficient root system
(Munoz et al. 2005; Pack et al. 2006). Nitrogen use efficiency
(NUE) is typically calculated as the yield per unit of N re-
source available to the plant (Moll et al. 1982). However, the
method of NUE determination depends on the crop species
and the objective of the study. In our case NUE was deter-
mined as the tuber dry matter production, or dry weight of the
tuber, per unit of N supplied (agronomic NUE).

In potato, a wide range of variation in NUE has been re-
ported in cultivated potato clonal selections, and accessions of
wild potato species (Errebhi et al. 1998, 1999; Zebarth et al.
2004; Zvomuya et al. 2002; Sharifi et al. 2007), suggesting the
possibility of improving NUE through breeding. Various traits
related to NUE and contributing to NUE were used to increase
the efficiency of the selection process and support the devel-
opment of cultivars that give reasonable yield under low N
availability (Errebhi et al. 1998). Among these traits, nitrogen
uptake efficiency, yield and its components, Leaf Area Index
(LAI) and period for maximum soil covering showed signifi-
cant variation at low N conditions (Tiemens-Hulscher et al.
2012). However, the genetic basis of NUE is still poorly un-
derstood, and the complexity of many phenotypic traits in-
volved in adaptation to stress conditions is likely to arise from
a number of quantitative trait loci (QTL) (Bulmer 1985;
Falconer and Mackay 1996). To dissect the complexity of
such quantitative traits into component loci and identify the
genetic factors that influence quantitative traits, QTL analysis
via genetic mapping is a powerful tool (Doerge 2002). For
instance, a QTL approach offers the opportunity to dissect
physiological and genetic components that affect the source-
sink relationship under abiotic stress conditions (Pelleschi
et al. 2006; Welcker et al. 2007; Miralles and Slafer 2007),
which is likely to be a major component for potato yield.
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QTL analysis also provides opportunities for the analysis
of the relationships between traits (Lebreton et al. 1995;
Simko et al. 1997). Co-localization of QTLs for two traits that
are phenotypically correlated is good evidence that the two
traits might be functionally and genetically linked (Quarrie
1996; Thumma et al. 2001). Simko et al. (1997) used QTL
analysis to evaluate the causal relationship between tuber dor-
mancy and abscisic acid (ABA) content. In maize, the rela-
tionship between ABA as a major stress hormone with yield
and other drought related traits was analysed using a QTL
approach (Lebreton et al. 1995; Quarrie 1996). However,
QTLs can be affected by environmental variation. Some
QTLs exist consistently over environments (constitutive
QTLs), while other QTL are identified only in specific envi-
ronments, or modulate their effect with changing environmen-
tal conditions (adaptive QTLs) (Tuberosa et al. 2008). Studies
of QTLs affecting traits related to NUE have been reported in
maize (Agrama et al. 1999; Hirel and Lea 2001; Hirel et al.
2011), Arabidopsis (Loudet et al. 2003) and rice (Cho et al.
2007), and many of these QTLs were dependent on N levels.

In the last two decades many QTL analysis studies have
been published on different traits of potato, such as flower
colour, foliage maturity, tuber skin texture, dry matter content,
specific gravity and yield (McCord et al. 2011), yield, agro-
nomic and quality traits (Bradshaw et al. 2008), tuber yield
and starch content (Schafer-Pregl et al. 1998), tuber dormancy
(van den Berg et al. 1996), tuber shape (Van Eck et al. 1994),
tuber skin colour (Gebhardt et al. 1989), tuber flesh colour
(Bonierbale et al. 1988) and drought related traits
(Anithakumari et al. 2011, 2012; Khan et al. 2014). The num-
ber of QTL studies for NUE are still very limited. Only re-
cently QTLs affecting traits related to NUE under contrasting
N regimes were reported in potato (Ospina 2016). The aims of
the present study were: (1) To determine the chromosomal
location and genetic effect of QTLs for NUE and traits asso-
ciated with NUE in potato under low and high N conditions in
Ethiopia, and (2) Deliver basic genetic and physiological in-
formation of NUE and related traits for future candidate gene
identification and marker assisted selection studies.

Materials and Methods
Plant Materials

One hundred individuals of a diploid backcross population
(CxE) including the parents were used in this study. The pop-
ulation was obtained from the original cross between the fe-
male parent, C (USW5337.3) (Hanneman and Peloquin 1967)
and the male parent, E (77.2102.37) (Jacobsen 1980). Clone C
is a hybrid of S. phureja (P1225696.1) and S. tuberosum
dihaploid USW42. Clone E is the result of a cross between
clone C and the S. vernei-S. tuberosum backcross clone
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VH34211 (Jacobsen 1980). Absence of dormancy, early ma-
turity and short day tuberization are some of the characteristics
of S. phureja. On the contrary, Solanum tuberosum is charac-
terized by long dormancy, long day tuberization and variable
maturity (Hawkes 1990; Ewing and Struik 1992).

Field Studies

The field studies were conducted in Ethiopia at Koga from
January to May 2014 and at Injibara and Debre-Tabor from
July to October 2014 under irrigation and rainfed conditions,
respectively. In Ethiopia, the rainfed production season is
from June to October, and is fully dependent on rain water.
The irrigation production season is from Nov-April and is
fully dependent on irrigation water from rivers and streams.
The experiment was laid out in a split plot arrangement with
two replications, with low and high N levels (40 kg/ha and
120 kg/ha) assigned as main plots and the genotypes as sub
plots. Each replication consisted of 10 plants, planted at a
recommended inter- and intra-row spacing of 0.75 m and
0.30 m respectively and each genotype replication was bor-
dered by a plant from reference cultivar. Soil available nutri-
ents and externally applied urea, Di-ammonium phosphate
(DAP) and tri-superphosphate (TSP) were used as source of
N and P. Composite soil samples were collected at five differ-
ent locations in the experimental field and at a soil depths of 0-
20 cm and 20-40 cm before planting to estimate the available
residual nitrogen in the form of NO5;~ and NH,* using a KCI
extraction method. The whole P source was applied at plant-
ing while N application was split in two: a week after emer-
gence and at early flowering. Pest and disease management,
weeding and ridging and other cultivation practices were con-
ducted as per recommendation and when required.

Phenotypic Measurements

The phenotypic measurements were carried out in similar
manner at all experimental locations (Koga, Debre-Tabor
and Injibara). Plant height (PH), Chlorophyll content (CC) at
lower and upper part leaf using SPAD-502 chlorophyll meter
(Minolta Co., Ltd. Japan) were measured when 50% of the
genotypes were flowering. The readings for chlorophyll con-
tent were taken on the third or fourth leaf from the top of the
plant for upper leaf chlorophyll content (UCC), and the sec-
ond or the third leaf from the base of the plant for lower leaf
chlorophyll content (LCC). Stem number per plant (SNPP)
was counted before the plant foliage declined. Canopy cover
dynamics or soil cover (SC) was assessed every five days
starting from date of full emergence to the declining phase
of the crop growth using a 0.6 m x 0.75 m frame with 100
grid squares, positioned over the same middle plants in a plot
for each measurement, and the canopy measurements were
carried out from date of full emergence (41 days after

planting) to the end of the declining phase of the crop growth.
The beta thermal time for canopy cover assessment was calcu-
lated from the date of emergence for each experimental unit,
using the sigmoid part of the beta function for determinate
growth (Yin et al. 2003), and an estimated cardinal temperature
(5.5 °C as a base temperature, 23.37 °C as optimum, and
34.58 °C as ceiling temperature that determines the vegetative
growth of potato (Khan 2012; Khan et al. 2013). Hourly tem-
perature data was collected from the nearest weather station for
each location. The model for canopy development was fitted
using the soil cover data, beta thermal time for each assessment,
and the canopy cover measurements, and the following model
parameters were estimated: the inflection point in the build-up
phase of the growth curve (tml), time at which canopy cover
reaches its maximum (tl), the maximum canopy cover value
with percentage of soil cover as unit (Vmax), time for onset of
canopy decline (t2), time when canopy cover reaches zero (te),
and area under the curve for the entire crop growth cycle (AUC)
in %.thermal day (td), were estimated using the NOLIN proce-
dure of SAS, SAS Institute Inc., 2004 (Khan et al. 2013). Days
to maturity (DTM), determined as the number of the days from
emergence to the day at which more than 90% of the plants in a
plot attained physiological maturity (90% of the haulm tissues
brown) was assessed every day starting from the time that early
varieties showed the first signs of leaf yellowing.

Tuber traits: tuber number per plant (TNPP), average tuber
weight (ATW), tuber yield per plant (TYPP), Specific gravity
(SG), tuber dry matter percentage (TDM%) and Nitrogen Use
Efficiency (NUE; defined as dry tuber weight per unit N avail-
able (N applied + N available in the soil) were measured and
estimated at harvest. Specific gravity (SG) was determined
using the tuber specific gravity procedure of weight in air and
under water (Murphy and Goven 1959). In evaluating the SG of
each variety, healthy and marketable-sized grade (20 mm and
above) tubers were selected randomly from each variety har-
vest. Then, tubers were cleaned, and weighed both in air and
water following the procedure of Murphy and Goven (1959).
Specific gravity values were computed using the following for-
mula:

W

SG =
Wi—W,

where SG = specific gravity of the material, W; = weight in air
of the sample tuber, in g and W, = Weight of the sample
completely immersed in water, in g. Tuber dry matter content
(TDM%) normally is determined as a ratio of dry tuber weight
to fresh weight expressed in percentage; we determined TDM %
indirectly from SG using empirical conversion factors follow-
ing the equation of Kleinkopfet al. (1987): solid (Dry matter %)
=-214.9206 + (218.1852 x SG). Tuber dry weight (TDW) was
estimated indirectly from specific gravity and tuber dry matter
content in percent, using the following formula:
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<« Fig. 1 Effect of N levels on the phenotypic distributions of some selected
traits for parent C, E and the C xE potato genotypes. PH = plant height,
Vmax = maximum canopy cover, AUC =area under the canopy curve,
ATW =average tuber weight, TYPP = tuber yield per plant. a) plant
height at low N, b) plant height at high N, ¢) maximum canopy cover at
low N, d) maximum canopy cover at high N, e) area under the canopy
curve at low N, f) area under the canopy curve at high N, g) average tuber
weight at low N, h) average tuber weight at high N, 1) tuber yield per plant
at low N, j) tuber yield per plant at high N

Dy — TOMAFWr
T 100

Where DWt = dry weight of the tuber in g, TDM = Tuber dry
matter (%), FWt = fresh weight of the tuber in g. Nitrogen use
efficiency (NUE) is calculated as the yield per unit of N re-
source available to the plant (Moll et al. 1982). In this study,
NUE was determined as the tuber dry matter production, or dry
weight of the tubers/ha, per unit of N supplied/ha (N in the soil
+ applied N).

Statistical Analyses

Analyses of variance (ANOVA) of the different traits, corre-
lation and principal component analysis (PCA) were done
with GenStat software 17th edition. Restricted maximum like-
lihood (REML) variance component analysis, genotypic var-
iance (0”g), environmental variance (0”¢) and broad sense
heritability (H?) were estimated using Breeding View, the
IBP Breeding Management system (BMS) version 3.0.9
(https://www.integratedbreeding.net/breeding-management-
system), with a model broad sense heritability (H?) = o”g /
(62g+ oe/r), where ((rzg) is the genotypic variance, (0%€) is
the environmental variance and r is the number of replications.
To generate phenotypic values for QTL mapping, the geno-
type was modelled as a fixed effect and all other effects were
random, and the best linear unbiased estimates (BLUE) means
were computed with BMS-breeding view software.

Genetic Map Construction

Details of the genetic map and markers employed like Simple
Sequence Repeats (SSR), Amplified Fragment Length
Polymorphism (AFLP), Cleavage Amplified Polymorphism
(CAP) and Single Nucleotide Polymorphism (SNPs) can be
found in Anithakumari et al. (2011). The integrated CE map
constructed using JoinMap 4.0 (Kyazma, Van Ooijen 2006)
was utilized for the QTL analysis.

QTL Analyses

MapQTL6 (Kyazma, Van Ooijen 2009) was used for the QTL
analysis. Each trait was analysed using interval mapping. For
this analysis, a map with 12 linkage groups and 534 SNP and

other markers with a total genetic map distance of 1326 cM
were employed, equivalent to an average distance between
markers of 2.5 cM assuming that these are equally distributed.
Significance for QTL detection was determined by permuta-
tion tests (1000 permutations) and a genome wide scan was
used as a QTL detection threshold at 5% significant level.
Subsequently, Multiple QTL Mapping (MQM) was per-
formed with the markers nearest to the QTLs detected by
interval mapping selected as cofactors.

Results

Phenotypic Variation, Heritability and Variance
Components

The C x E diploid potato backcross population was grown at
three different locations in two different production seasons
(rainfed and irrigation) under low and high N fertilizer regimes
to evaluate potato genotypes for NUE. NUE is defined in differ-
ent ways, depending on the objective of the study and the crop
under study (Good et al. 2004). In this study NUE is defined as
the dry tuber yield per unit of nitrogen resource available to the
plant. The combined analysis of variance over location showed
that the genotypic variation was highly significant for all of the
traits measured (supplementary Table 1), indicating that sufficient
variation is present in the population for genetic analysis. In
addition to the genotype, significant effects were observed for
location, the interaction of location with N levels and genotype x
location interaction for most agronomic and physiological traits.
These results indicate that the genotype x location interaction
often had a larger effect than the genotype x N level interaction,
suggesting that genotype x location interaction contributed more
to the total genotype x environment interaction.

Mean values of different yield and yield related traits of the
parents C and E, minimum and maximum performance of
progeny and genetic variance components under low and high
nitrogen condition across locations are presented in supple-
mentary Table 2. The two parents (C and E) performed differ-
ently in tuber yield and foliage traits (canopy cover parame-
ters) under both N conditions. Parameters describing different
aspects of canopy growth and development were derived from
the canopy cover dynamics of potato as quantified by the grid
method, and modelled using beta thermal time as described in
the material and methods section (Khan et al. 2013). Among
the canopy cover parameters, the maximum value of the can-
opy cover (Vmax), and the total area under the canopy (AUC),
which reflects the capacity of the crop to intercept solar radi-
ation during the whole growing period were the predominant
traits that were considerably different between the two par-
ents. Parent C showed higher mean performance compared
to parent E in tuber yield related traits as well as foliage traits
under low and high N conditions in all locations except for
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Fig. 1 (continued)
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maximum canopy cover (Vmax) and total area under the can-
opy cover (AUC) at Debre-Tabor, for which parent E per-
formed better than parent C. The mean performance of the
parents for most of the traits was a bit higher than the mean
of the progeny (Figure 1).
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The effect of N levels was significant (according to a stu-
dent’s T test) for most agronomic and physiological NUE

related traits

considered in this study. Significant phenotypic

variation (P <0.001) was observed for N level in the CE pop-
ulation and between the two parents for most traits measured
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in this study except stem number per plant (SNPP), the inflec-
tion point in the build-up phase of the growth curve (tml),
time for onset of canopy decline (t), and time when canopy is
completely senesced (te). Low N application substantially af-
fected agronomic and physiological traits of the parents, with
stronger performance reductions for parent E than for parent
C. The overall differences for selected traits between parent C
and parent E, and the progeny are presented in Table 1.

Significant differences (P <0.05) in days to maturity
(DTM) were found due to the effect of N levels, and of geno-
type. The genotypes matured on average between 75 and
95 days at both N levels. Based on the total number of days
to reach maturity, genotypes were grouped as early (between
75 and 82 days), intermediate (between 83 and 89 days) and
late maturing ones (90 days and above). Large differences
were found between late and early maturing genotypes for
Vmax, AUC, TYPP, and NUE at the same N level. Late ma-
turing cultivars showed higher canopy cover compared to ear-
ly ones under low N conditions (see example for some geno-
types in Fig. 2).

The heritability of the traits varied from 0 to 0.83 under low
N and from 0.37 to 0.86 under high N conditions
(supplementary Table 2). For most traits, the highest heritabil-
ity was recorded at high N level compared to low N. However,
the heritability estimate difference between high and low N
conditions was negligible. The highest heritability value dif-
ference (0.43) between high and low N conditions was ob-
served for the trait AUC followed by LCC (0.40) at Debre-
Tabor and Injibara respectively. Among the locations, Koga
showed higher heritability estimates for most traits compared
to Debre-Tabor and Injibara. Except tuber dry matter and chlo-
rophyll content, for most traits the genotypic variance value is
higher than that of environmental variance (supplementary
Table 2), indicating that the contribution of the genetic factor
to the total phenotypic variation was large compared to the
environmental factor.

Correlation and Principal Component Analysis (PCA)

The phenotypic correlation coefficients of traits under low and
high N condition are presented in Table 2. The correlation
between NUE and most agronomic and physiological traits
was positive and significant both under low and high N con-
ditions. However, depending on the traits, some differences in
correlations were observed between low and high N levels.
LCC and UCC are traits that correlate negatively with most
traits at both N levels.

The two tuber yield component traits (TNPP and ATW)
were significantly negatively correlated under low and high
N conditions (—0.36 and — 0.37 respectively), which reflects a
trade-off between the two traits both under low and high N
availability.

Principal component analysis (PCA) is one of the main
statistical tools widely used to categorise phenotypic traits into
groups based on similarities. The principal component analy-
sis biplots in Figs. 3 and 4 depict the distribution and similar-
ities of 100 CE potato progeny genotypes including their par-
ents under low (Fig. 3) and high N conditions (Fig. 4) over all
locations combined. In the PCA 52.81% and 53.87% of the
total variance was explained by PC1 and PC2 together under
low and high N conditions, respectively. The angles between
vectors in the biplot indicate the level of association between
traits. An angle less than 90° (acute angle) suggests presence
of strong positive correlation, an angle greater than 90° (ob-
tuse angle) suggests a weak correlation. Thus, the biplots point
out the genetic relationship between traits. As shown in the
biplots a strong correlation was observed between tuber num-
ber per plant (TNPP) and days to maturity (DTM); and NUE
and tuber yield per plant (TYPP) under low N condition.
Under high N there was strong correlation between average
tuber weight (ATW), plant height (PH), and days to maturity
(DTM); between maximum canopy cover (Vmax), Tuber
yield per plant (TYPP), tuber number per plant (TNPP) and
time at which canopy cover reaches its maximum (t1).

QTL Detection

The QTL analysis was done separately for each N level at each
location. We have done QTL analysis for all measured traits,
and we found QTL for ten traits at three experimental loca-
tions (Debre-Tabor, Injibara, and Koga) under low and high N
conditions (summarized in Table 3). A total of 52 QTLs were
identified for the ten traits distributed over 13 QTL regions on
seven of the 12 linkage groups, of which 28 QTLs were de-
tected under low N while 24 QTLs were detected under high
N conditions. Among the experimental locations, the highest
numbers of QTLs under low and high N conditions together,
were detected in Debre-Tabor and Koga (19 QTLs). The iden-
tified QTLs accounted for a 11.9 to 37.1% of the total pheno-
typic variation for low N, and 15.3 to 38.4% for high N
conditions.

Many QTLs were detected repeatedly across locations and
N levels (Table 4). We considered QTLs detected in at least
two of the three experimental locations under both low N and
high N conditions to be constitutive and N-level independent
QTLs, and QTLs that were exclusively detected in at least two
of the three experimental locations under either high N or low
N conditions as high N-specific or low-N specific QTLs. Four
QTLs were low N specific and 4 QTLs were high N specific,
suggesting the presence of QTL x N interaction. The remain-
ing 3 QTLs were detected under both N conditions. DTM,
NUE and TYPP were some of the traits that had low N spe-
cific QTLs, while high N specific QTLs were detected for
LCC, Vmax and AUC (Table 3).
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Table 1
Nitrogen and high Nitrogen conditions

Mean performance, Difference due to N level and difference of parent C and parent E, and the progeny for some selected traits under low

Traits Parent C Parent E Progeny
Mean Reduction (%) at Low Mean Reduction (%) at Low Mean Reduction (%) Low
nitrogen compared to nitrogen compared to nitrogen compared to
Low High high nitrogen Low High high nitrogen Low High high nitrogen
Nitrogen nitrogen Nitrogen nitrogen Nitrogen nitrogen
Plant height(cm) 31 37 17 36 43 16.7 28 35 20
Lower leaf 46 49 6 46 49 4.8 47 52 10
chlorophyll
content
Days to maturity 88 85 2.5 87 1.7 86 84 2
Tuber number 8 13 36.9 6 38.7 7 10 30
per plant
Average tuber 352 35.4 0.5 28.7 15.7 24 29 17
weight(gram)
Tuber yield per 300 430 315 170 320 46.4 170 287 41
plant(gram)
Nitrogen use 57.8 26.6 117.3 37.76 22.85 653 34 18 89
efficiency
maximum 40.5 50.9 20.5 31.75 4643  31.6 27 40 33
canopy
cover(%)
Area under the  1138.23 1174 3.05 750.57 11394 34.13 649 953 32

canopy curve
(%.thermal
day)

PH = Plant height, LCC =lower leaf chlorophyll content, DTM = Days to maturity, TNPP = Tuber number per plant, ATW = Average tuber weight,
TYPP = Tuber yield per plant, NUE = Nitrogen use efficiency, Vmax = maximum canopy cover, AUC = Area under the canopy curve

The CxE population is a backcross population with three
alleles. Thus, we treated it as a CP population type (population
resulting from a cross between heterogeneous, heterozygous
and homozygous diploid parents) in the MapQTL model, be-
cause all other models in Map QTL assume a maximum of
two alleles. Consequently, the genotypes were coded with “ab
x c¢d”, where a and b represent the alleles of parent C and ¢ and
d represent the alleles of parent E with possible genotypes ac,
ad, bc, and bd. In our backcross population, one of the alleles
derived from the C parent is in fact identical to one of the E-
derived alleles, but haplotype information is not available, so
it was not possible to distinguish which allele is which. For
example, the QTLs identified for days to maturity (DTM) on
linkage group IX under low and on linkage group V under
high N conditions at Debre-Tabor indicate that, the ‘c’ allele
from the E-parent most likely contributes to late maturity type
in this population (Fig. 4a and b). The QTL identified on
chromosome V with peak marker SPAD237 for tuber number
per plant detected under both N conditions showed a similar
positive contribution of the E parent-derived allele (Fig. 4c
and d). For tuber yield per plant, however, a specific combi-
nation of C- and E-derived alleles was linked to high tuber
yields (Fig. 4e and f) for each of the QTLs.

The identification of similar QTLs for plant height, maxi-
mum canopy cover and tuber number per plant with similar
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allele contributor under both N conditions suggests that the
same gene effect may be responsible for these QTLs.
However, the QTLs identified for tuber yield per plant had
different allele contributors for low and high N levels.
Overall, as shown in Fig. 4, the CE progeny that had the
alleles corresponding to ‘a’ from the female parent C and
allele ‘¢’ from the male parent E showed a high score, and
allele ‘c’ was responsible for the high value in most listed traits
under low and high N conditions.

Of the 13 QTL regions, four genomic regions, i.e. on link-
age group V between 21 and 38 cM, 38-56 cM, and 58-70 cM,
and on linkage group IV between 60 and 72 c¢cM contained
QTL regions accumulating QTLs for more than one trait un-
der different N conditions and locations. The peak markers for
the QTL regions on chromosome V were more than 20 cM
apart, which might indicate these are indeed independent QTL
regions. However, we do not have sufficient marker informa-
tion and recombinants to confirm this. The QTLs for AUC,
PH, Vmax, DTM, TNPP, TYPP and NUE co-localized be-
tween 21 and 38 c¢cM on linkage group V. QTLs for DTM
and PH under both N conditions, and Vmax, AUC and
TYPP under high N conditions co-located between 38 and
56 ¢cM on linkage group V. This co-localization of QTLs of
different traits in the same chromosomal regions suggests the
existence of physiological and/or genetic relationships
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Table 2 Coefficients of correlations (r) between various physiological and agronomic traits, of the mapping population under low N and high N
conditions

Treatments High N
Traits PH SNPP LCC UCC tml tl 2 te Vmax AUC DTM TNPP TYPP ATW TDM% NUE
Low N PH 0.88 0.13 0.01 -0.09 0.22 0.40 0.19 0.02 0.78 0.60 0.41 0.48 0.67 0.23 -0.24 0.58
SNPP 0.08 0.51 -0.26 -022 042 0.41 0.24 -0.02 041 0.29 0.23 0.46 0.36 -0.22  -0.20 0.33

Lcc -0.02 -008 0.68 083 -005 -010 -025 -0.17 -0.16 -0.19 0.00 -0.18 -0.23 -0.06  0.17 -0.15
ucc -0.16  -0.19 082 0.75 -0.07 -0.15 -020 -0.14 -021 -024 -0.05 -0.17 -0.29 -0.18  0.20 -0.19

tm] 0.17 0.50 -021 -0.15 052 052 024 0.03 0.44 032 0.63 0.46 0.42 -0.06  -0.09 0.39
tl 0.21 0.51 -0.09 -0.16 0.65 056  0.57 0.00  0.62 047 057 053 0.52 -0.01  -0.15 0.52
2 -0.06 046  -0.12 -0.12 047 038  0.21 024  0.31 034 037 039 0.38 -0.05  -0.12 0.39
te 0.06 0.23 -0.03  -0.08 0.11 -0.06 032 0.69 0.07 0.14  0.12  0.04 0.04 -0.02  -0.07 0.06

Vmax | 0.65 022 -0.12 -030 026 035 0.01 0.03 077 073 055 0.69 0.82 0.14  -0.31 0.74
AUC 0.60 027 -0.15 -030 032 031 0.11 025 1094 075 043 0.57 0.70 0.05  -0.24 0.62
DTM 0.23 0.53 -0.14  -028 059 052 028 0.06  0.39 0.41 0.73 047 0.57 0.11 -0.13 0.57
TNPP | 0.23 054 -0.13 -026 040 039 038 0.16  0.52 0.53 053 0.85 0.74 -0.37  -0.27 0.65
TYPP | 0.55 044 -022 -036 039 038 024 0.17 073 0.73 057  0.66 0.87 0.27  -0.30 0.87
ATW 0.46 -0.11  -0.11  -0.15  0.05 0.10  -0.18 0.01 0.27 025 010 -036 038 073  -0.04 0.23
TDM% | -0.06  -0.13 0.19  0.18 0.03 0.12  -0.06 -0.03 -021 -0.18 0.11 -020  -0.21 0.01 0.34 0.07
NUE 0.55 0.41 -0.17  -032 040 041 0.23 0.18 0.67 068 062  0.63 0.92 038  0.11 0.76

Colorkey [N o [

Ph = Plant Height, SNPP = stem number per plant, LCC = Lower leaves chlorophyll content, UCC = upper leaf chlorophyll content tm1 = inflection
point in canopy building phase, t1 = canopy stabilized, t2 = on set of canopy decline, te = time canopy cover zero, Vmax = maximum canopy cover in
percent, AUC = total area under the canopy, DTM = days to maturity, TNPP = Tuber Number Per Plant, TYPP = Tuber Yield Per Plant, ATW = Average
Tuber Weight, TDM% = Tuber Dry Matter in percent, NUE = Nitrogen use efficiency
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a Principal components biplot (50.97%)

PC-2 (14.29%)

PC-1 (36.69%)

b Principal components biplot (53.87%)

PC-2 (11.45%)

PC-1 (42.43%)

Fig. 3 a) Bi-plot of PC1 viz. PC2 from principal component analysis
showing the distribution and similarities among 100 CE potato genotypes
under low N, b) Bi-plot of PC1 viz. PC2 from principal component
analysis showing distribution and similarities among 100 CE potato ge-
notypes under high N

between these traits. NUE and DTM under low N conditions
shared the same QTL region (60-72 cM) on linkage group IV,
explaining 23.2% and 21.7% of the total phenotypic variation
of NUE and DTM respectively. In total, 77% of the detected
QTLs were located on linkage group V, grouped into 4 cluster
regions. From these 4 QTL cluster regions, the region between
21 and 38 cM accumulated most QTLs for NUE and related
traits. Environments are described in Table 4, QTL names are
given as trait name followed by location and the N-levels e.g.
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AUC I LN: Area under canopy (AUC); Location, Injibara
(I); N-Level (LN), low N.

Discussion

Breeding for higher yields in crops can be successful via the
monitoring and selection for the component physiological
traits that determine biomass partitioning and production,
and the identification of QTLs that control the heritable vari-
ation of these traits (Tuberosa et al. 2008). This is especially
true for improving yields under stressful conditions, like low
nutrient availability. In the present study, the CXE backcross
diploid potato population was evaluated under field conditions
to identify QTLs that contribute to NUE and related traits
under low and high N availability in potato.

The pooled analysis of variance showed significant differ-
ences between genotypes, locations, N levels, and their
interaction for most measured traits. Nitrogen availability
affects various physiological processes and morphological
traits of the potato crop. TYPP, TNPP, and Vmax were
among the traits that were strongly affected by N level in
our study. Vos and Biemond (1992) reported that N availabil-
ity affects the rate of canopy development, leaf appearance,
final leaf size and rate of photosynthesis. N supply was also
suggested to affect onset of tuberization, final tuber yield and
harvest index (Ewing and Struik 1992; Vos 1995; Vos &
MacKerron2000; Ospina et al. 2014). In our study, area under
the canopy curve (AUC) was significantly affected by the
level of applied N. Similarly, Grindlay (1997) and Ospina
et al. (2014) reported that limitation in N supply affects cano-
py cover negatively, resulting in reduction in the amount of
solar radiation intercepted and the overall photosynthetic

capacity.
QTL Identification

To date, only a few studies report QTLs regulating potato
responses to abiotic stress (Anithakumari et al. 2011, 2012;
Khan et al. 2014; Ospina 2016). Our study detected multi-
location as well as multi-treatment QTLs for NUE and
NUE-related traits. Most of the 52 identified QTLs explained
more than 15% of the total phenotypic variation of the trait.
Four genomic regions which harbor QTLs affecting more
than one trait were identified on linkage group V and on linkage
group IV under different N levels and locations. AUC, PH,
Vmax, DTM, TNPP, TYPP and NUE QTLs co-localized on
linkage group V between 21 and 38 cM and most of the
QTLs had the same peak markers, indicating that a single gene
with pleiotropic effects may contribute more to this cluster of
traits or that the measured traits are physiologically and/or mor-
phologically linked (El-Soda et al. 2014). These traits had a
strong positive correlation with NUE and with each other
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under both N conditions. The colocalization of yield and canopy
traits is in line with Haverkort et al. (1991) and Vos (2009) who
reported a strong correlation of canopy cover with intercepted
photosynthetically active radiation and tuber yield. The strong
positive association of traits with NUE and co-localization in the
same QTL region make the traits interesting for breeders to
consider them as a selection criterion to improve NUE in the
potato breeding programs. This region was found previously to
harbour QTLs for multiple traits under different abiotic stresses
and normal growing conditions. Anithakumari et al. (2012) in
their drought tolerance study found that the same region was
associated with shoot fresh weight, tuber number, tuber weight

ac ad bc bd
Genotypes

and root length under drought stress and recovery conditions.
QTLs associated with foliage maturity and late blight resistance
were also identified in this region under normal potato growing
conditions (Visker et al. 2005; McCord et al. 2011). Khan et al.
(2014) in their drought tolerance study also reported that this
QTL region harboured QTLs for plant height, chlorophyll con-
tent, tuber number and tuber weight under drought and well-
watered conditions, indicating that the region is a potential QTL
region for most important agronomic and physiological traits of
potato. This region of linkage group V in the potato genome is
strongly linked to early maturity and initiation of tuberization,
for which the CDF1 gene was shown to be responsible
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Table 3
under both N level conditions

List of agronomic and physiological traits for which QTLs were found in more than one location under low or high N specific conditions and

Traits High Nitrogen specific Low Nitrogen specific Low and high Nitrogen Linkage Interval(cM) Locations
QTLs QTLs conditions group
Plant height(cm) v A% 21-27 DT and
Injibara
lower leaf chlorophyll v/ I 46-57 DT and Koga
content
lower leaf chlorophyll v I 42-48 Koga and
content Injibara
Area under the canopy v A% 24-38 DT and
curve Injibara
Area under the canopy v v 38-50 DT and Koga
curve
Maximum canopy cover v/ A\ 3849 DT and Koga
Maximum canopy cover v \% 24-38 Koga and
Injibara
Days to maturity v A% 43-56 DT and
Injibara
Tuber number per plant v \Y% 26-38 DT and Koga
Tuber yield per plant v \% 24-38 DT, IB and
Koga
Nitrogen use efficiency v v 24-38 DT and Koga

PH = Plant height, LCC = lower leaf chlorophyll content, AUC = Area under the canopy curve, Vmax = Maximum canopy cover, DTM = Days to
maturity, TNPP = Tuber number per plant, TYPP = Tuber yield per plant, NUE = Nitrogen use efficiency. DT = Debre-Tabor, IB = Injibara

(Kloosterman et al. 2013). In our study, earliness has a profound
influence on NUE regardless of N level, and our results are in
line with the findings of Zebarth et al. (2004) and Ospina et al.
(2014). For the most effective use of the QTLs in this region for
NUE improvement programs in potato, it may be necessary to
see whether the NUE QTL effects are not caused by variation in
the CDF1 gene, and to identify the genes that regulate the NUE
related traits. If the genes are different from CDF1 gene but
linked with it, disentangling the earliness gene from the genes
that regulate NUE and other NUE related traits may be helpful
or even required to improve these traits.

Additional QTLs for DTM and PH under both N condi-
tions, Vmax, AUC and TYPP under high N conditions, and
UCC under low N condition (in total about 11 QTLs) were
co-located in the region ranging from 38 to 56 cM on
linkage group V. Previously QTLs associated with foliage
traits were also identified in this region: QTLs for fresh
biomass (Anithakumari et al. 2011), plant height, shoot
fresh weight and shoot dry weight under drought stress
and recovery condition (Anithakumari et al. 2012), for
fresh and dry harvest index and stem diameter under
drought and well-watered condition (Khan et al. 2014)
were identified in this region. Most of the QTLs detected
in this region are more than 20 cM downstream of the
CDF1 gene, and may constitute different loci, independent
of the earliness locus. This region may be used as a poten-
tial source of genes for NUE improvement.
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The QTL region at 58-70 cM on linkage group V harbored
4 QTLs for PH, SNPP and TYPP particularly under low N
conditions in Koga. Similarly, Anithakumari et al. (2012) de-
tected QTLs for plant height, stem number, shoot fresh weight
and shoot dry weight in this region under drought stress con-
ditions. These QTLs related to growth and yield under both
drought stress and N deficiency conditions are more likely to
be independent of maturity, and are potential targets for im-
proving growth under marginal conditions like the test-sites of
our trials in Ethiopia.

In addition to the multi-QTL locus on chromosome V,
NUE and DTM also shared the same QTL region on linkage
group IV under low N conditions. The strong phenotypic cor-
relation between NUE and DTM and the colocalization of
their QTLs at several regions indicates that NUE and DTM
are genetically strongly related.

In general, the strong positive correlation of TYPP and
NUE with DTM, Vmax, AUC, PH and their coinciding
QTLs as reported in this study highlight the genetic and phys-
iological relationship between these traits. Notably, the clus-
tered QTLs had a similar additive effect: Parent E contributed
the responsible allele for high performance values for the
abovementioned traits under low and high N conditions. The
traits may be causally related and thus could be simultaneous-
ly improved in potato breeding. Especially linkage group V
may be enriched with the N metabolism genes. Coincidence
of QTL for traits with QTL effects in the same direction may
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Table 4 QTLs detected for ten agronomic and physiological traits under low and high N conditions in the CxE mapping population

Traits Environment QTL name  Linkage Peak Marker LOD Peak Interval explained. Variation
Group position (cM) in%
Area under Canopy (AUC)  IBLN AUCILIN V GP21_2007 6.14 247 21-26 26.2
IBHN AUC I HN V Mando 6.06 26.13 24-38 259
KOHN AUC_K_ \% Mando 5 26.13 24-38 17.5
HN1
DTHN AUC_ D HN V PotSNP1146 5.3 435 38-47 23
KOHN AUC_K_ \% PotSNP1143 45 47 43-50 20.1
HN2
Days to maturity (DTM) DTLN DIMD IV PotSNP51 49 657 60-72 217
LN1
IBLN DTM I \% Mando 4.6 26.13 24-38 14.3
LN1
IBHN DIM I HN V SPUD237 5.6 31.1 26-38 24.1
IBLN DIM I \% PotSNP1143 47 43-50 29.2
LN2
DTHN DIMD  V Myb_t10 47 496 46-54 16.7
HN1
DTLN DIMD  V PotSNP43 48 516 46-56 16.6
LN2
DTHN DTM D IX E32M51-1¢9 4.5 54.6 51-57 15.2
HN2
Lower leaf chlorophyll KOLN LCC K LN 1 PotSNP1037 4.9 44.5 42-47 21.4
(LCC) DTLN LCCD 1 E32M61-18¢13 58 4534 42-48 22
LN1
DTLN LCC D II PotSNP1 4 51.14 46-57 15.8
LN2
DTHN LCC D HN 1I PotSNP807 509 51.6 46-57 223
KOHN LCC K HN 1II PotSNP807 9.4 51.6 49-57 37.1
DTLN LCC D_ Vil E32M51-15h8 5.2 81.34 77-84 20.1
LN3
Nitrogen use efficiency DTLN NUE D_ v PotSNP51 534  65.7 60-72 232
(NUE) LN1
KOHN NUE K HN V PotSNP573 55 15.5 0-21 23.7
DTLN NUE D \% Mando 49 26.13 24-38 16.4
LN2
KOLN NUE K IN V SPUD237 811 31.1 26-38 33.1
Plant height (PH) IBLN PHIINI V PBSQ 54 24.4 21-26 18.7
IBHN PHIHNI V GP21 2007 624 247 21-26 20.5
KOLN PH K IN1 V GP21 2007 7.14 247 21-27 22.5
KOHN PH K HN1 V GP21 2007 5.7 24.7 24-38 16.6
IBLN PHIIN2 V Myb t10 4.6 49.6 46-54 20.4
IBHN PHIHN2 V Myb t10 5.2 49.6 46-54 22.8
KOHN PH K HN2 V E32M61-9 h5 53 61.3 58-70 153
KOLN PH K IN2 V E32M61-9 h5 6.2 61.3 58-70 26.5
Stem number/plant (SNPP) KOLN SNPP K v E32M61-9 hS 4.6 61.3 58-70 20.5
LN
Tuber number/plant (TNPP) DTHN TNPP DV SPUD237 5.4 31.1 26-38 233
HN
DTLN TNPP DV SPUD237 6.9 31.1 26-38 28.9
LN
IBHN TNPP I HN V SPUD237 5.8 31.1 26-38 249
KOHN TNPP KV SPUD237 53 31.1 26-38 23.1
HN
KOLN TNPP KV SPUD237 6 31.1 26-38 257
LN
Tuber yield/plant (TYPP) KOHN TYPP K  V PBSQ 7.4 24.4 21-26 30.5
HN
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Table 4 (continued)

Traits Environment QTL name  Linkage Peak Marker LOD Peak Interval explained. Variation
Group position (cM) in%
KOLN TYPP K  V Mando 6.3 26.13 24-38 21.5
LN1
DTLN TYPP D \% SPUD237 8.2 31.1 26-38 332
LN
IBLN TYPP I LN V SPUD237 4.7 31.1 26-38 20.7
IBHN TYPP I HN V PotSNP1143 53 47 43-50 229
KOLN TYPP KV E32M61-9 h5 4.6 61.3 58-70 20.2
LN2
DTHN TYPP D Vil PotSNP788 74 42.1 39-49 26.6
HN
Upper leaf chlorophyll DTLN UCC_D_ 1 STM5136 4.5 23 18-27 16.5
(UCC) LN1
DTLN UCC_D_ I PotSNP1111 46 1125 106-115 16.7
LN2
DTLN UCC_D_ \% potSNP90 6 51.6 46-56 13.2
LN3
DTLN UCC_D_ Vil potSNP542 5.5 89.2 8691 11.9
LN4
Maximum canopy cover IBLN Vmax I LN V Mando 59 26.13 24-28 252
(Vmax) IBHN Vmax I HN V Mando 54 2613 2438 234
KOHN Vmax K \Y Mando 4.5 26.13 24-38 15.8
HNI
KOLN Vmax KV GP21_2007 9.8 24.7 21-27 384
LN
DTHN Vmax DV PotSNP1146 5.3 435 38-47 232
HN
KOHN Vmax KV PotSNP1143 4.7 47 43-49 20.9
HN2

DTLN = Debre-Tabor low N, DTHN = Debre-Tabor high N, IBLN = Injibara low N, IBHN = Injibara high N, KOLN =Koga low N, KOHN =Koga

high N

not provide conclusive evidence, but it offers additional evi-
dence that the two traits are functionally associated (Thumma
et.al. 2001). The ultimate evidence that two correlated traits
are causally correlated may require identification of the puta-
tive candidate genes underlying the traits.

QTL x Environment Interaction

Quantitative traits are influenced by the environment and have
a tendency to express variable degrees of Genotype X
Environment Interaction (GEI). The analysis of variance in
this study indicated presence of GEI. However, the G x N
level interaction was low as compared G x location interac-
tion. Gallais and Coque (2005) in their maize NUE genetic
variation study reported that although the genotype by N level
interaction was low, different traits and genes may underlie the
genetic variation in NUE at high N and low N level; the
variation at high N was mainly due to variation in N uptake
while at low N level both components of NUE had a signifi-
cant contribution to the total NUE variation. This implies that
the genes that control NUE at low N may be different from
those at high N conditions. This may be reflected in QTL x

@ Springer

Environment interaction (QEI). GEI is determined by all the
trait-underlying genes of all QTLs combined, while QEI indi-
cates the interaction of a single QTL with the environment.
The presence of highly significant GEI typically may or may
not indicate the presence of QEI (Wei et al. 2012). Most of the
identified QTLs were present only under low N or high N
conditions, and only some of them under both N conditions,
at least over two experimental locations. QTLs identified at
either low N or high N condition are N level dependent, adap-
tive QTLs, while QTLs identified under both N condition are
N level independent, constitutive QTLs. The occurrence of
adaptive QTLs specific for N level suggests the presence of
QTL x N interaction. Our study was conducted in three dif-
ferent locations, and two production seasons (rainfed and irri-
gation production) which are different in several environmen-
tal factors (altitude, temperature, soil type and water availabil-
ity) under low and high N conditions. This difference in envi-
ronmental factors will have contributed to QEI. However, the
QTLs identified for TNPP, TYPP, NUE, Vmax, and AUC
were shared in both rain-fed and irrigation production seasons,
suggesting that these QTLs are not production season specific.
The difference in number of QTLs between locations was
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almost similar to the difference in number of QTL between N
levels, indicating QTL x location and QTL x N level interac-
tion had similar contribution to the total QEIL.

Implications for Breeding

In our study, most measured physiological and agronomic
traits had a strong correlation with NUE and co-localized in
the same QTL regions. This coincidence of QTLs for NUE
with other NUE related traits would suggest the NUE related
traits played a role in the NUE performance of potato geno-
types (have a causal relationship with NUE). However, to
have evidence for causal relationship, identification of the
genes that regulate the expression of these correlated traits
should be considered in the future study. Moreover, the result
suggested that when we simultaneously improve NUE and
NUE related traits undesirable genetic linkage and pleiotropy
should be considered in the future breeding. Fine mapping and
identification of candidate genes is also required to obtain
more information about the above mentioned QTL regions
simultaneously controlling NUE and related traits. This study
can be considered as a first exploratory work on the genetic
relation of NUE and related traits under low and high N con-
dition in potato. Most of the QTLs identified in this study were
different across environments, suggesting the use of these
QTLs would be difficult in breeding. As a result, to verify
whether the identified QTLs in this study are stably expressed
in different environments and of use in breeding for general
stability, multiple field trials will be required to be conducted
in different environments.
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