










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).

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

Fig. 1 (continued)
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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 (tm1),
time for onset of canopy decline (t2), 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 lowN. 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 eachN 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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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 cd”, where a and b represent the alleles of parent C and c 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

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 ‘c’ from the male parent E showed a high score, and
allele ‘c’was responsible for the high value inmost 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 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 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 1 Mean performance, Difference due to N level and difference of parent C and parent E, and the progeny for some selected traits under low
Nitrogen and high Nitrogen conditions

Traits Parent C Parent E Progeny

Mean Reduction (%) at Low
nitrogen compared to
high nitrogen

Mean Reduction (%) at Low
nitrogen compared to
high nitrogen

Mean Reduction (%) Low
nitrogen compared to
high nitrogenLow

Nitrogen
High
nitrogen

Low
Nitrogen

High
nitrogen

Low
Nitrogen

High
nitrogen

Plant height(cm) 31 37 17 36 43 16.7 28 35 20

Lower leaf
chlorophyll
content

46 49 6 46 49 4.8 47 52 10

Days to maturity 88 85 2.5 87 85 1.7 86 84 2

Tuber number
per plant

8 13 36.9 6 9 38.7 7 10 30

Average tuber
weight(gram)

35.2 35.4 0.5 28.7 34 15.7 24 29 17

Tuber yield per
plant(gram)

300 430 31.5 170 320 46.4 170 287 41

Nitrogen use
efficiency

57.8 26.6 117.3 37.76 22.85 65.3 34 18 89

maximum
canopy
cover(%)

40.5 50.9 20.5 31.75 46.43 31.6 27 40 33

Area under the
canopy curve
(%.thermal
day)

1138.23 1174 3.05 750.57 1139.4 34.13 649 953 32

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



Fig. 2 Difference in canopy
development process of some CE
genotypes selected randomly
based on maturity group using
raw canopy cover data and
maturity data under low N
condition, a) early maturing, b)
late maturing
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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 tm1 t1 t2 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 -0.22 0.42 0.41 0.24 -0.02 0.41 0.29 0.23 0.46 0.36 -0.22 -0.20 0.33

LCC -0.02 -0.08 0.68 0.83 -0.05 -0.10 -0.25 -0.17 -0.16 -0.19 0.00 -0.18 -0.23 -0.06 0.17 -0.15

UCC -0.16 -0.19 0.82 0.75 -0.07 -0.15 -0.20 -0.14 -0.21 -0.24 -0.05 -0.17 -0.29 -0.18 0.20 -0.19

tm1 0.17 0.50 -0.21 -0.15 0.52 0.52 0.24 0.03 0.44 0.32 0.63 0.46 0.42 -0.06 -0.09 0.39

t1 0.21 0.51 -0.09 -0.16 0.65 0.56 0.57 0.00 0.62 0.47 0.57 0.53 0.52 -0.01 -0.15 0.52

t2 -0.06 0.46 -0.12 -0.12 0.47 0.38 0.21 0.24 0.31 0.34 0.37 0.39 0.38 -0.05 -0.12 0.39

te 0.06 0.23 -0.03 -0.08 0.11 -0.06 0.32 0.69 0.07 0.14 0.12 0.04 0.04 -0.02 -0.07 0.06

Vmax 0.65 0.22 -0.12 -0.30 0.26 0.35 0.01 0.03 0.77 0.73 0.55 0.69 0.82 0.14 -0.31 0.74

AUC 0.60 0.27 -0.15 -0.30 0.32 0.31 0.11 0.25 0.94 0.75 0.43 0.57 0.70 0.05 -0.24 0.62

DTM 0.23 0.53 -0.14 -0.28 0.59 0.52 0.28 0.06 0.39 0.41 0.73 0.47 0.57 0.11 -0.13 0.57

TNPP 0.23 0.54 -0.13 -0.26 0.40 0.39 0.38 0.16 0.52 0.53 0.53 0.85 0.74 -0.37 -0.27 0.65

TYPP 0.55 0.44 -0.22 -0.36 0.39 0.38 0.24 0.17 0.73 0.73 0.57 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 0.25 0.10 -0.36 0.38 0.73 -0.04 0.23

TDM% -0.06 -0.13 0.19 0.18 0.03 0.12 -0.06 -0.03 -0.21 -0.18 0.11 -0.20 -0.21 0.01 0.34 0.07

NUE 0.55 0.41 -0.17 -0.32 0.40 0.41 0.23 0.18 0.67 0.68 0.62 0.63 0.92 0.38 0.11 0.76

Color Key -1 0 1
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



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.

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 populationwas 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 Vand 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

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
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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

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

Fig. 4 Expected mean of CE
offspring for some selected trait
QTLs in different genomic
locations which indicates the
contribution of each parent for the
expected mean of each trait under
high N and low N condition in
Debre-Tabor. allele a and b from
female parent; and allele c and d
from male parent a) QTL code:
DTM_D_HN2 for marker
E32M51-1c9 on linkage group
IX, b) QTL DTM_D_LN2 for
marker PotSNP43 on linkage
group V, c) QTL code: TNPP_D_
HN for marker SPUD237 on
linkage group V, d) QTL code:
TNPP_D_LN for marker
SPUD237 on linkage group V, e)
QTL code: TYPP_D_HN for
marker PotSNP788 on linkage
group VII, f) QTL code: TYPP_
D_LN for marker SPUD237on
linkage group V
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(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 NUEQTL 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.

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

Traits High Nitrogen specific
QTLs

Low Nitrogen specific
QTLs

Low and high Nitrogen
conditions

Linkage
group

Interval(cM) Locations

Plant height(cm) ✓ V 21–27 DT and
Injibara

lower leaf chlorophyll
content

✓ II 46–57 DT and Koga

lower leaf chlorophyll
content

✓ I 42–48 Koga and
Injibara

Area under the canopy
curve

✓ V 24–38 DT and
Injibara

Area under the canopy
curve

✓ V 38–50 DT and Koga

Maximum canopy cover ✓ V 38–49 DT and Koga

Maximum canopy cover ✓ V 24–38 Koga and
Injibara

Days to maturity ✓ V 43–56 DT and
Injibara

Tuber number per plant ✓ V 26–38 DT and Koga

Tuber yield per plant ✓ V 24–38 DT, IB and
Koga

Nitrogen use efficiency ✓ 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



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
Group

Peak Marker LOD Peak
position

Interval
(cM)

explained. Variation
in%

Area under Canopy (AUC) IBLN AUC_I_LN V GP21_2007 6.14 24.7 21–26 26.2

IBHN AUC_I_HN V Mando 6.06 26.13 24–38 25.9

KOHN AUC_K_
HN1

V Mando 5 26.13 24–38 17.5

DTHN AUC_D_HN V PotSNP1146 5.3 43.5 38–47 23

KOHN AUC_K_
HN2

V PotSNP1143 4.5 47 43–50 20.1

Days to maturity (DTM) DTLN DTM_D_
LN1

IV PotSNP51 4.9 65.7 60–72 21.7

IBLN DTM_I_
LN1

V Mando 4.6 26.13 24–38 14.3

IBHN DTM_I_HN V SPUD237 5.6 31.1 26–38 24.1

IBLN DTM_I_
LN2

V PotSNP1143 7 47 43–50 29.2

DTHN DTM_D_
HN1

V Myb_t10 4.7 49.6 46–54 16.7

DTLN DTM_D_
LN2

V PotSNP43 4.8 51.6 46–56 16.6

DTHN DTM_D_
HN2

IX E32M51-1c9 4.5 54.6 51–57 15.2

Lower leaf chlorophyll
(LCC)

KOLN LCC_K_LN I PotSNP1037 4.9 44.5 42–47 21.4

DTLN LCC_D_
LN1

I E32M61-18e13 5.8 45.34 42–48 22

DTLN LCC_D_
LN2

II PotSNP1 4 51.14 46–57 15.8

DTHN LCC_D_HN II PotSNP807 5.09 51.6 46–57 22.3

KOHN LCC_K_HN II PotSNP807 9.4 51.6 49–57 37.1

DTLN LCC_D_
LN3

VIII E32M51-15 h8 5.2 81.34 77–84 20.1

Nitrogen use efficiency
(NUE)

DTLN NUE_D_
LN1

IV PotSNP51 5.34 65.7 60–72 23.2

KOHN NUE_K_HN V PotSNP573 5.5 15.5 0–21 23.7

DTLN NUE_D_
LN2

V Mando 4.9 26.13 24–38 16.4

KOLN NUE_K_LN V SPUD237 8.11 31.1 26–38 33.1

Plant height (PH) IBLN PH_I_LN1 V PBSQ 5.4 24.4 21–26 18.7

IBHN PH_I_HN1 V GP21_2007 6.24 24.7 21–26 20.5

KOLN PH_K_LN1 V GP21_2007 7.14 24.7 21–27 22.5

KOHN PH_K_HN1 V GP21_2007 5.7 24.7 24–38 16.6

IBLN PH_I_LN2 V Myb_t10 4.6 49.6 46–54 20.4

IBHN PH_I_HN2 V Myb_t10 5.2 49.6 46–54 22.8

KOHN PH_K_HN2 V E32M61-9 h5 5.3 61.3 58–70 15.3

KOLN PH_K_LN2 V E32M61-9 h5 6.2 61.3 58–70 26.5

Stem number/plant (SNPP) KOLN SNPP_K_
LN

V E32M61-9 h5 4.6 61.3 58–70 20.5

Tuber number/plant (TNPP) DTHN TNPP_D_
HN

V SPUD237 5.4 31.1 26–38 23.3

DTLN TNPP_D_
LN

V SPUD237 6.9 31.1 26–38 28.9

IBHN TNPP_I_HN V SPUD237 5.8 31.1 26–38 24.9

KOHN TNPP_K_
HN

V SPUD237 5.3 31.1 26–38 23.1

KOLN TNPP_K_
LN

V SPUD237 6 31.1 26–38 25.7

Tuber yield/plant (TYPP) KOHN TYPP_K_
HN

V PBSQ 7.4 24.4 21–26 30.5
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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 ×
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

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

Table 4 (continued)

Traits Environment QTL name Linkage
Group

Peak Marker LOD Peak
position

Interval
(cM)

explained. Variation
in%

KOLN TYPP_K_
LN1

V Mando 6.3 26.13 24–38 21.5

DTLN TYPP_D_
LN

V SPUD237 8.2 31.1 26–38 33.2

IBLN TYPP_I_LN V SPUD237 4.7 31.1 26–38 20.7

IBHN TYPP_I_HN V PotSNP1143 5.3 47 43–50 22.9

KOLN TYPP_K_
LN2

V E32M61-9 h5 4.6 61.3 58–70 20.2

DTHN TYPP_D_
HN

VII PotSNP788 7.4 42.1 39–49 26.6

Upper leaf chlorophyll
(UCC)

DTLN UCC_D_
LN1

I STM5136 4.5 23 18–27 16.5

DTLN UCC_D_
LN2

II PotSNP1111 4.6 112.5 106–115 16.7

DTLN UCC_D_
LN3

V potSNP90 6 51.6 46–56 13.2

DTLN UCC_D_
LN4

VII potSNP542 5.5 89.2 86–91 11.9

Maximum canopy cover
(Vmax)

IBLN Vmax_I_LN V Mando 5.9 26.13 24–28 25.2

IBHN Vmax_I_HN V Mando 5.4 26.13 24–38 23.4

KOHN Vmax_K_
HN1

V Mando 4.5 26.13 24–38 15.8

KOLN Vmax_K_
LN

V GP21_2007 9.8 24.7 21–27 38.4

DTHN Vmax_D_
HN

V PotSNP1146 5.3 43.5 38–47 23.2

KOHN Vmax_K_
HN2

V PotSNP1143 4.7 47 43–49 20.9

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
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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 QEI.

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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