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Abstract 

Background: Tuber shape and specific gravity (dry matter) are important agronomic traits in potato processing and 
impact production costs, quality, and consistency of the final processed food products such as French fries and potato 
chips. In this study, linkage and QTL mapping were performed for these two traits to allow for the implementation 
of marker-assisted selection to facilitate breeding efforts in the russet market class. Two parents, Rio Grande Russet 
(female) and Premier Russet (male) and their 205 F1 progenies were initially phenotyped for tuber shape and specific 
gravity in field trials conducted in Idaho and North Carolina in 2010 and 2011, with specific gravity also being meas-
ured in Minnesota in 2011. Progenies and parents were previously genotyped using the Illumina SolCAP Infinium 
8303 Potato SNP array, with ClusterCall and MAPpoly (R-packages) subsequently used for autotetraploid SNP calling 
and linkage mapping in this study. The 12 complete linkage groups and phenotypic data were then imported into 
QTLpoly, an R-package designed for polyploid QTL analyses.

Results: Significant QTL for tuber shape were detected on chromosomes 4, 7, and 10, with heritability estimates 
ranging from 0.09 to 0.36. Significant tuber shape QTL on chromosomes 4 and 7 were specific to Idaho and North Car-
olina environments, respectively, whereas the QTL on chromosome 10 was significant regardless of growing environ-
ment. Single marker analyses identified alleles in the parents associated with QTL on chromosomes 4, 7, and 10 that 
contributed to significant differences in tuber shape among progenies. Significant QTL were also identified for specific 
gravity on chromosomes 1 and 5 with heritability ranging from 0.12 to 0.21 and were reflected across environments.

Conclusion: Fully automated linkage mapping and QTL analysis were conducted to identify significant QTL for 
tuber shape and dry matter in a tetraploid mapping population representing the russet market class. The findings are 
important for the development of molecular markers useful to potato breeders for marker-assisted selection for the 
long tuber shape and acceptable dry matter required by the potato industry within this important market class.
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Background
Potato (Solanum tuberosum) is known as one of the four 
primary food sources worldwide [1]. According to the 
USDA National Agricultural Statistics Service [2], the 
United States produced about 19.2 million metric tons 
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in 2019. Over 65% of the potato production in the U.S. 
is used for production of processed potato products, 
such as French fries, chips, and refrigerated and frozen 
items utilized by food services [2]. Tuber shape and spe-
cific gravity (primarily reflecting starch content) are two 
essential factors for potato processing. Specific gravity 
is associated with the amount of oil used during pro-
cessing and final product quality [3]. Round and long 
tuber shapes are required by the chip-processing and 
French fry industries, respectively [4, 5]. Despite the high 
demand for processed potato products and the impor-
tance of these two traits, identification of quantitative 
trait locus (or loci) (QTL) associated with them, espe-
cially in the russet market class, have been limited. Iden-
tification of QTL associated with tuber shape and specific 
gravity could prove useful in marker assisted selection 
(MAS) to facilitate breeding.

Tuber shape is a polygenic trait of potato, with tubers 
showing a distribution from round to long [6–8]. As a 
result, multiple quantitative genetic studies have been 
performed for tuber shape using various types of map-
ping populations. A major locus, Ro, which is known to 
control tuber shape [7], has been mapped on chromo-
some 10 [4, 9, 10]. Furthermore, multiple potato research 
projects commonly reported QTL associated with tuber 
shape on chromosome 10 after analyzing full-sib dip-
loid, F2, or gynogenic di-haploid populations [8, 11–14]. 
Other chromosomes also had QTL for tuber shape. For 
example, QTL for tuber shape were found on chromo-
some 2 by Bradshaw et al. [15], Hara-Skrzypiec et al. [8], 
Meijer et al. [13], and Prashar et al. [14]. Chromosome 3, 
4, 5, and 11 had QTL for tuber shape and the regularity 
of tuber shape [8, 12, 14–16]. QTL for tuber shape were 
also found on chromosome 6 and 9 [12, 14]. A QTL for 
regularity of tuber shape was detected on chromosome 8 
by Hara-Skrzypiec et al. [8].

Specific gravity is influenced by environmental effects 
such as temperature, rainfall, and day length [17]. It was 
confirmed that not only multiple genetic loci control 
specific gravity, but also genotype × environment inter-
action is a significant factor for this trait in both tetra-
ploid and diploid potatoes [18, 19]. Freyre and Douches 
[20] performed a QTL analysis for specific gravity with 
a diploid mapping population in three different locations 
and mapped ten putative QTL on chromosomes 1, 2, 3, 
5, 7, and 11. Schäfer-Pregl et al. [21] found multiple QTL 
associated with specific gravity on all 12 potato chro-
mosomes after analyzing two populations derived from 
crosses between wild diploid potato species and di-hap-
loid lines. Li et  al. [22] also reported loci linked to this 
trait on chromosomes 2, 3, 5, 7, 8, 9, 10, and 11 through 
candidate genes- or known loci-association mapping 
in tetraploid potato populations. Li et  al. [23] identified 

specific gravity QTL on chromosomes 1, 2, and 8 after 
analyzing a Chinese tetraploid mapping population at 
three different locations for 2 years. Schönhals et al. [24] 
also observed several loci linked to tuber starch content, 
which can be interpreted as a characteristic of specific 
gravity, on chromosome 1, 3, 4, 8, 9, 10, 11, and 12.

In this study, we conducted a QTL analysis for tuber 
shape and specific gravity with an autotetraploid 
(2n = 4x = 48)  F1 mapping population representing the 
russet-skinned market class which is the primary class 
grown in North America and which is also characterized 
by long tuber shape. The  F1 population was previously 
used for studying tuber sugar concentration, processing 
quality and maturity related traits [25, 26]. In this study, 
the same mapping population was utilized for QTL anal-
yses of tuber shape and specific gravity after increasing 
its progeny number from 162 to 205 to develop improved 
linkage groups and QTL maps. Based on the QTL analy-
sis with multiple locations and years, the loci harbor-
ing positive and negative impact alleles were localized. 
New R packages, which can automatically develop the 
12 tetraploid linkage groups and QTL maps, were intro-
duced in the current study to improve efficiencies.

Methods
Plant material
The autotetraploid mapping population A05141, consist-
ing of 205 F1 progeny, was obtained from a cross between 
two North American cultivars ‘Rio Grande Russet’ 
(female parent) and ‘Premier Russet’ (male parent) [26] 
conducted at the USDA-ARS Small Grains and Potato 
Germplasm Research Unit (Aberdeen, ID). Rio Grande 
Russet was initially released as a high-quality fresh mar-
ket russet with high yield [27]. Premier Russet, which is 
resistant to reducing sugar accumulation after long-term 
cold storage, was appropriate for both processing and 
fresh market [28]. Rio Grande and Premier Russets typi-
cally have long and oblong shapes, respectively. Specific 
gravity of the parents Rio Grande Russet and Premier 
Russet were 1.075 and 1.079, respectively, when averaged 
over years and locations.

Tuber shape and specific gravity measurement
A randomized complete block design with two replica-
tions of ten-hill plots was used for assessing the two par-
ents and their progeny at each location [26]. All details of 
the field experimentation were described in Massa et al. 
[26]. The A05141 population including the two parents 
were phenotyped for tuber shape and specific gravity 
in field trials conducted in Idaho and North Carolina in 
2010 and 2011, with specific gravity, also being measured 
in Minnesota in 2011. Tuber shape was visually scored 
from “1” (Compressed) to “5” (Long) (Supplementary 



Page 3 of 18Park et al. BMC Plant Biol          (2021) 21:507  

Fig. 1) [29] based on a scale developed originally by the 
NE1014 Multi-State Research Project. The specific grav-
ity was calculated based on weight in air / (weight in air 
– weight in water).

Best linear unbiased predictors (BLUPs) analyses for tuber 
shape and specific gravity
The phenotypic data for each of the traits were analyzed 
with the following mixed-effects model to get estimates 
of variance components and also for prediction of the 
genetic values for the genotypes [30–32]:

In eq. (1), yijkl is the phenotype for genotype i in repli-
cation j of year k and location l. μ is the population mean, 
Gi is the random effect of genotype i, Rj is the random 
effect of replication j within an environment, Yk is the 
fixed effect of year k, Ll is the random effect of location l, 
(GY)ik is the genotype i by year k interaction, (GL)il is the 
genotype i by location l interaction, (YL)kl is the year k by 
location l interaction, (GYL)ikl is the genotype i by year 
k by location l interaction, and Ɛijkl is the residual error. 
Each random effect is assumed to be independent from 
the rest of the random effects and have a normal distri-
bution with mean zero. The predictions for the random 
genotype effects (BLUPs) were used in the subsequent 
QTL analyses [33]. Distributions of all the BLUP datasets 
were visually evaluated to check their normality through 
histograms.

Statistics for heritability
Broad-sense heritability of tuber shape and specific grav-
ity was calculated using the following equations [34].

In eq. (2), σ 2
p  stands for the variance of mean pheno-

typic measurements across replicates.
In eq. (3), the variances of Gi, Rj, Ll, (GY)ik, (GL)il, (YL)kl, 

(GYL)ikl, and Ɛijkl are denoted by σ 2
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gl , σ
2

gyl , and 
σ 2
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were conducted by JMP Pro® Statistics, Version 12 (SAS 
Institute Inc., Cary, NC, USA).

Genotyping, SNP calling and dosage evaluation
The DNA sample quality evaluation, genotyping, and 
obtainment of SNP theta scores were conducted through 
the Illumina Infinium SolCAP SNP array (8303 SNPs), 
the Illumina iScan system, and GenomeStudio software 
(Illumina, Inc., San Diego, CA) as described in Massa 
et al. [26], Park et al. [35], and Staaf et al. [36]. The SNP 
theta values were then translated into autotetraploid 
marker genotypes (AAAA, AAAB, AABB, ABBB, and 
BBBB) by R-package, ClusterCall (version 1.5) [37].

Construction of linkage groups and QTL maps
The R-package MAPpoly (v. 0.1.0), which can analyze 
ploidy levels up to eight when using hidden Markov mod-
els (HMM), was used to develop linkage groups in this 
study [38–40]. Once the translated SNP marker data were 
imported into MAPpoly, the filter_missing, filter_segrega-
tion, make_seq_mappoly, and elim.redundant functions 
were used to filter out uninformative markers. MAP-
poly then calculated two-point recombination fractions 
between all the imported SNP markers, sorting the most 
legitimate phase between each marker pair. The two-
point analysis estimates the recombination frequency, 
the likelihood, and the LOD score for each pair of mark-
ers, providing all possible phases using the most likely 
parental genotype. The phases for each marker pair were 
then sorted based on their likelihood [41]. Unweighted 
Pair Group Method with Arithmetic Mean (UPGMA) 
hierarchical clustering method was used to group the 
selected markers into 12 linkage groups. The markers 
belonging to each linkage group were first arranged in 
order through multidimensional scaling (MDS) operated 
by an R-package, MDSMap [42]. The arranged mark-
ers were then locally re-ordered for refinement based on 
the potato reference genome PGSC Version 4.03 [43, 44]. 
This whole linkage mapping process was automated by 
MAPpoly R-package [45].

QTLpoly, an R-package designed for QTL analysis of 
polyploid organisms, was used to combine the 12 linkage 
groups with the BLUP datasets estimated from the phe-
notype data, and then to draw 12 QTL maps as described 
in da Silva Pereira et  al. [45]. In brief, a random-effect 
multiple interval mapping (REMIM) model, using the 
remim function as implemented in QTLpoly, was used 
to fit various random-effect QTL by evaluating a single 
parameter per QTL. The software then performed linear 
score statistics tests [46] at every position and compared 
its p-value to a prescribed critical value. The p-values 
showed a continuous pattern over the whole range of the 
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unit interval as a result of weighted sums of the scores 
from the profiled likelihood. If only one QTL exists in 
the model, the test is nonasymptotic or called “exact.” On 
the other hand, if there are two or more QTL, a moment-
based approximation to the null distribution is used [45, 
46]. The QTLpoly then takes the p-values resulting in 
LOP scores (LOP = − log10 (p-value)), which is used for 
intuitive visualization and comparison of the detected 
QTL and for calculation of support intervals of the QTL 
[45]. The QTL with three or higher LOP scores were 
adopted as significant QTL peaks in this study to reflect 
and not discard several QTL that were near the more typ-
ically used four or higher LOP score [G. da Silva Pereira, 
pers. comm.]. Subsequently additional validation meth-
ods were used to protect from false-positive QTL with 
the use of the three or high LOP which included checking 
the consistency of a QTL across locations and years. Fur-
thermore, allele effect and single-marker analyses were 
conducted to check how the presence or absence of a 
target allele affected the phenotype data of the two traits. 
Detailed information on those validation processes will 
be explained in the following paragraphs. The QTLpoly 
(R-package) also provides information on support inter-
vals defined as the QTL peak adjacent to zone with LOP 
higher than or equal to LOP – d, where d is a constant, 
which subtracts the highest LOP in that region [45, 47]. 
We used approximately 95% support intervals by using 
LOP – 1.5. The fit_model function in QTLpoly calculated 
the heritability of the significant QTL. They were labeled 
as “h2

QTL” in the current study. If a h2
QTL of a QTL peak is 

higher than 10%, the QTL will be considered as a major 
QTL, while a h2

QTL ≤ 10% was considered a minor QTL 
[45]. After significant QTL were determined, the closest 
SNPs to the QTL were deeply investigated.

Analyses of allele effects
The QTLpoly software provided allele effects at each SNP 
position, which are indicated by bar graphs (Supplemen-
tary Fig. 2). These effects reflect the contribution of the 
two parents to the mean of the whole mapping popula-
tion. For example, how much each homolog of the four 
homologs of the two parents adds to or subtracts from 
the mean given one of 205 observed genotypes [45]. 
The X-axis of an allele effect graph indicates the four 
homologs of both parents. For example, “a” to “d” repre-
sent the four homologs of Rio Grande Russet, and “e” to 
“h” represent the four homologs of Premier Russet (Sup-
plementary Fig. 2). The Y-axis displays the quantity of an 
allele effect on each homolog (Supplementary Fig.  2). It 
is possible to infer which parent primarily contributes 
to the disposition of the tuber shape and specific grav-
ity of their progenies through these graphs. The graphs 
also helped to confirm each allele effect vector, such as 

the quantity of either positive (= increase in) or nega-
tive (= decrease in) effect among each parent’s four 
homologs. Both the positive and negative allele effects 
on each homolog were then converted to absolute values. 
The sum of all the eight absolute values at each mapped 
locus was used to compare contributions of the mapped 
QTL. The amount of the four absolute values of each par-
ent was calculated to see the contribution of each parent 
[G. da Silva Pereira, unpublished].

Single‑marker analyses by investigating BLUP segregation 
depending on genotype
After checking the allele effect of the QTL, single-marker 
analysis was pursued to check whether the allele effects 
were actually reflected in the original phenotype data or 
not, as well as to find the most fitted genetic models such 
as additive, simplex-dominant, etc. When a target QTL 
and the linked SNP marker were selected, we separated 
BLUP data by genotype, giving us two to five different 
groups. We then compared averages of the BLUPs of each 
genotype group to check whether a significant mean dif-
ference existed between two genotype groups or not. The 
presence of the significant mean difference can indirectly 
reveal allele effects on phenotype. For instance, if the “B” 
allele of an SNP marker is associated with an increase in 
specific gravity and has an additive impact, the greater 
number of B alleles in a genotype would be expected 
to confer a higher specific gravity. Tukey-Kramer mean 
comparison test (JMP Pro® Statistics, Version 12; SAS 
Institute Inc., Cary, NC, USA) was used for the single-
marker analysis (p-value < 0.05).

Results
Marker selection and linkage group construction
Two hundred five individuals of the A05141 mapping 
population and their parents, Rio Grande Russet and Pre-
mier Russet, were genotyped with the SolCAP Infinium 
8303 potato SNP array. Illumina GenomeStudio software 
was used to analyze the array data and calculate theta 
value scores of each individual for 8303 SNP loci. Clus-
terCall uses the theta values to determine 5630 polyploid 
marker genotypes. Since MAPpoly cannot analyze the 
SNPs having no-call in either the two parents, 141 SNP 
markers were removed (Supplementary Table  1). Within 
MAPpoly, the filter_missing function filtered out 1724 
markers with 20% or more no-calls. The filter_segregation 
function then performed the chi-squared (χ2) test, which 
matches expected genotype frequencies against observed 
frequencies and calculates the associated p-value. Bon-
ferroni correction was used to distinguish informative 
markers (p-value < 0.05). The make_seq_mappoly argu-
ment omitted additional 171 markers, which significantly 
did not meet the expected segregation ratios based on 
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Mendelian inheritance. The “elim.redundant” argument 
automatically identified and removed 215 redundant 
markers. During the two-point and MDS processes, 1020 
markers were additionally omitted, which were uninform-
ative, co-segregating, or not belonging to one of the 12 
linkage groups.

A total of 2359 SNPs were subsequently used for con-
structing the final 12 linkage groups, which represent 
the base potato chromosome number. The number of 
the selected SNP markers per chromosome ranged 
from 290 on chromosome 1 to 100 on chromosome 12 
(Table 1). The length of each linkage group varied from 
149 cM for chromosome 1 to 54 cM for chromosome 5 
(Fig. 1; Table 1). Among the selected markers, 1786 and 
1974 SNPs segregated in Rio Grande Russet and Pre-
mier Russet, respectively, while 1365 SNPs segregated 
in both parents (Fig.1; Table  1). Rio Grande Russet 
and Premier Russet had 1223.5 and 1242.2 cM genetic 
map lengths, respectively, and they covered 94% of the 
potato physical map (Table  1). High concordance was 
observed between SNP marker positions of the linkage 
and PGSC version 4.03 physical maps since MAPpoly 
used the physical maps for refinement of the linkage 
groups. The average distance between contiguous SNPs 
was 0.69 and 0.63 cM for Rio Grande Russet and Pre-
mier Russet. The 12 complete autotetraploid linkage 
groups for each parent were visualized in Supplemen-
tary Fig. 3.

Statistical analyses of phenotype data & heritability
Tuber shape
The tuber shape score “one”, representative of a com-
pressed shape (Supplementary Fig.  1) was not observed 
across the two locations over 2 years, so that the A05141 
progeny ranged from two to five for tuber shape ratings 
(Supplementary Fig.  4; Supplementary Table  2). The 
mixed model (1) was used to analyze the raw tuber shape 
phenotype data, and to convert the raw data to BLUP 
values. Variance component estimates of tuber shape 
were organized in Table  2. Interestingly, the variance of 
location effect was the largest among the several other 
random effects, explaining the significant association 
between tuber shape and features of each location. On 
the other hand, the variance of the year × location effect 
was essentially zero. The broad-sense heritability of the 
tuber shape was 0.57.

Nine different BLUP datasets were derived, depend-
ing on the combination of BLUP effects of each clone 
with respect to tuber shape. For example, the first data-
set, “TS_clo,” was composed of the BLUPs of pooled 
phenotypic data across all the two-years and two loca-
tions, with the “TS” being an abbreviation for tuber 
shape. The second set, “TS_clo_ID” had the BLUPs of 
interaction between clone and Idaho location. Like-
wise, the third to ninth BLUP datasets had different 
combinations of the effects. Although the total prog-
eny number used for genetic mapping was 205, each 
BLUP dataset has less than 205 BLUPs and different 

Table 1 Linkage group summary for the two parents: Rio Grande Russet and Premier Russet

a The number of mapped single nucleotide polymorphisms
b Linkage group lengths in centiMorgans
c Map coverage relative to PGSC Version 4.03 pseudomolecules
d Chromosome number

No. Mapped SNPs a Map Length (cM) b Map Coverage c

Chr d Total Rio Grande 
Russet

Premier Russet Rio Grande 
Russet

Premier Russet Rio Grande 
Russet

Premier Russet

1 290 237 246 149 149 0.98 0.98

2 263 184 219 109 114 0.75 0.76

3 241 185 241 109 109 0.97 0.97

4 271 209 199 137 137 1.00 0.97

5 124 81 109 54 54 0.94 0.93

6 241 180 204 119 119 1.00 1.00

7 104 79 96 71 86 0.91 0.88

8 233 182 212 97 97 0.98 0.98

9 204 157 150 77 78 0.91 0.92

10 139 89 124 124 122 0.96 0.95

11 149 126 111 103.1 103.1 0.93 0.94

12 100 77 63 75 75 0.92 0.91

Total 2359 1786 1974 1224 1242 0.94 0.94
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numbers of BLUPs because several clones in this previ-
ously unselected population had poor field emergence 
or did not grow well during the growing seasons. The 
description of the nine BLUP datasets was summarized 
in Supplementary Table 3. Distribution patterns of the 
nine BLUP datasets approximated normal distributions 
with the exception being TS clo ID with some skewness 
in distribution observed (Supplementary Fig. 5).

Specific gravity
The specific gravity of the A05141 progeny was segre-
gated in all the environments, including the three loca-
tions and 2 years (Supplementary Table  2). In the same 
manner as with tuber shape, the raw specific gravity data 

was converted to BLUPs based on the mixed model (1). 
Table  2 summarized variance component estimates of 
specific gravity. Variances of location and year × loca-
tion effects were significantly higher than other random 
effects, reflecting the high impact of location effect. 
The variance of clone × year was zero (Table 2), result-
ing in the absence of the BLUP datasets of the interac-
tions between clone and year (e.g., SG_clo_2010 and 
SG_clo_2011) (Supplementary Table  3), with “SG” indi-
cating specific gravity. In total, nine BLUP datasets were 
obtained. All nine of the specific gravity BLUP datasets 
were normal or close to a normal distribution (Supple-
mentary Fig.  5). As introduced above, the titles of each 
BLUP dataset are named after the combination of BLUP 

Fig. 1 Distribution of the 2359 SNP markers employed for QTL mapping in this study. The 12 numbers at the top represent potato chromosomes. 
SNPs unique to Rio Grande Russet are shown with green lines, those unique to Premier Russet are shown with pink lines, and those shared between 
the two parents are shown with black lines. The scale bar on the left indicates genetic distance in centiMorgans (cM)
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components. The broad-sense heritability of the specific 
gravity was 0.42.

QTL for tuber shape and specific gravity
After obtaining the BLUP datasets (Supplementary 
Table 3), the 12 complete linkage groups and the BLUPs 
were imported into QTLpoly. Through the remim func-
tion, QTL mapping was automatically performed by the 
computer, resulting in QTL maps, detailed information 
on the mapped QTL such as chromosome number, LOP 
score, location, support intervals, h2

QTL, and closest SNP 
markers to the mapped QTL (Figs. 2 and 3; Table 3). By 
using the argument, qtl_effects in QTLpoly, it was possi-
ble to investigate allele effects of the SNP markers where 
the significant QTL are located (Supplementary Fig.  2). 
A total of 13 and 11 QTL were reported for tuber shape 
and specific gravity, respectively (Table 3). The positions 
of the mapped QTL for tuber shape in this study were 
compared with locations of tuber shape associated QTL 
reported by references in Table 4.

QTL for tuber shape
Significant QTL associated with tuber shape were 
detected on chromosome 4, 7, and 10 (Fig. 2a; Table 3). 
All the support intervals of the significant QTL were pro-
vided in Fig. 3a.

The significant QTL peak near 86.75 cM of chromo-
some 10 consistently appeared across two locations and 
years. Even though the TS_clo_NC BLUP dataset had 
its most significant QTL at 79.09 cM, the LOP score 
at the position, 86.75 cM, was also much higher than 

the threshold, proving the significance of the QTL at 
86.75 cM (Fig.  2a; Table  3). The LOP scores of the nine 
QTL ranged from 4.31 to 9.08, and all their h2

QTL ranged 
from 18 to 36%. Except for the SNP marker solcap_
snp_c1_11535, which was closely associated with SNP 
TS_QTL_ch10_c, the remaining eight QTL on chromo-
some 10 were most closely aligned with SNP solcap_snp_
c1_15594 (Table 3).

One significant QTL peak was repeatedly detected at 
6.78 cM on chromosome 4 across the three BLUP data-
sets, TS_clo, TS_clo_ID, and TS_clo_ID_2010 (Fig.  2a; 
Table  3). The LOP scores of them ranged from 3.11 to 
3.54, and their h2

QTL ranged from 0.09 to 0.12. The closest 
SNP marker was solcap_snp_c2_54790.

Chromosome 7 also harbored a major QTL 
(LOP = 3.25; h2

QTL = 11%) at 47.66 cM (Fig.  2a; Table  3) 
when the TS_clo_NC_2011 BLUP dataset was analyzed. 
The closest SNP was solcap_snp_c2_26012. Allele effects 
of the SNPs of the mapped QTL were shown in Supple-
mentary Fig. 2a. All detailed figure values for each allele 
effect were arranged in Supplementary Table 4.

QTL for specific gravity
Eleven significant QTL for specific gravity appeared on 
chromosomes 1 and 5 (Fig.  2b; Table  3). Their support 
intervals were reported in Fig.  3b and Table  3. Inter-
estingly, all QTL had a major effect on specific gravity 
because their h2

QTL ranged from 12 to 21%.
Chromosome 1 showed five significant QTL. Three 

QTL, SG_QTL_chr01_a, _c, and _e, were located near 
122 cM, with the remaining two, SG_QTL_chr01_b and 
_d, observed at 141.26 cM (Fig.  2b; Table  3). A total of 

Table 2 Variance component estimates of tuber shape and specific gravity

a Variance component
b Standard error
c “Clone” indicates a genetic effect of a clone

Tuber Shape Specific Gravity

Random Effect Var a Component Std Error b Random Effect Var a Component Std Error b

clone c 0.1699089 0.0367514 clone 2.02E-05 6.50E-06

location 0.2792218 0.4001046 location 6.10E-05 1.01E-04

rep [year,location] 0.008989 0.0068642 rep [year,location] 8.00E-07 1.30E-06

clone*year 0.0031053 0.0188942 clone*year 0 0

clone*location 0.138096 0.0311013 clone*location 2.20E-05 9.20E-06

year*location 0 0 year*location 6.64E-05 7.97E-05

clone*year*location 0.0713052 0.0269068 clone*year*location 1.07E-05 1.15E-05

Residual 0.3023925 0.0168895 Residual 2.27E-04 1.14E-05

Total 0.9730186 0.4018347 Total 4.08E-04 1.10E-04

Fixed Effect Estimate Std Error b Fixed Effect Estimate Std Error b

Intercept 3.9237789 0.377372 Intercept 1.0772061 0.0062750

year[2010] 0.0153177 0.038452 year[2010] −0.0015120 0.0043460
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Table 3 Summary of QTL for tuber shape (TS) and specific gravity (SG)

a The same BLUP datasets described in Supplementary Table 3
b Chromosome numbers
c The bold figures indicate the locations of the mapped QTL peak and numbers in the parentheses showing ranges of their support intervals; The unit is centiMorgans 
(cM)
d The most adjacent SNPs to each QTL peak were presented in this column; “solcap_snp_” was omitted at the beginning of all the SNP marker names

Labelsof QTL Traits a chr b LOP score Heritability of 
mapped QTL (h2

QTL)
QTL Position(Support 
Interval)[Unit: cM] c

Most 
closely 
associated
SNPs d

TS_QTL_ch04_a TS_clo 4 3.11 0.09 6.78(0.00–70.48) c2_54790

TS_QTL_ch04_b TS_clo_ID 4 3.27 0.11 6.78(0.00–6.78) c2_54790

TS_QTL_ch04_c TS_clo_ID_2010 4 3.54 0.12 6.78(0.00–40.75) c2_54790

TS_QTL_ch07_a TS_clo_NC_2011 7 3.25 0.11 47.66
(31.23–85.71)

c2_26012

TS_QTL_ch10_a TS_clo 10 7.10 0.28 86.75
(79.09–88.09)

c1_15594

TS_QTL_ch10_b TS_clo_ID 10 4.50 0.18 86.75
(79.09–95.37)

c1_15594

TS_QTL_ch10_c TS_clo_NC 10 9.08 0.36 79.09
(79.09–86.75)

c1_11535

TS_QTL_ch10_d TS_clo_2010 10 7.70 0.32 86.75
(79.09–93.38)

c1_15594

TS_QTL_ch10_e TS_clo_2011 10 7.64 0.34 86.75
(79.09–93.38)

c1_15594

TS_QTL_ch10_f TS_clo_ID_2010 10 4.31 0.19 86.75
(74.94–95.37)

c1_15594

TS_QTL_ch10_g TS_clo_ID_2011 10 7.07 0.31 86.75
(79.09–93.38)

c1_15594

TS_QTL_ch10_h TS_clo_NC_2010 10 7.23 0.31 86.75
(79.09–93.38)

c1_15594

TS_QTL_ch10_i TS_clo_NC_2011 10 8.24 0.33 86.75
(79.09–88.09)

c1_15594

SG_QTL_ch01_a SG_clo 1 3.19 0.12 122.30
(96.30–149.24)

c1_1847

SG_QTL_ch01_b SG_clo_NC 1 3.88 0.19 141.26
(136.13–149.24)

c2_49905

SG_QTL_ch01_c SG_clo_ID_2011 1 3.15 0.13 121.23
(79.47–149.24)

c2_7053

SG_QTL_ch01_d SG_clo_NC_2011 1 3.32 0.16 141.26
(136.13–149.24)

c2_49905

SG_QTL_ch01_e SG_clo_MN_2011 1 3.27 0.14 122.30
(91.69–149.24)

c1_1847

SG_QTL_ch05_a SG_clo 5 3.94 0.21 51.63
(43.55–54.04)

c2_3452

SG_QTL_ch05_b SG_clo_ID 5 3.61 0.18 51.63
(33.00–54.04)

c2_3452

SG_QTL_ch05_c SG_clo_MN 5 3.24 0.15 43.55
(32.00–54.04)

c2_42406

SG_QTL_ch05_d SG_clo_ID_2010 5 3.05 0.17 51.63
(33.00–54.04)

c2_3452

SG_QTL_ch05_e SG_clo_ID_2011 5 3.47 0.18 51.63
(43.55–54.04)

c2_3452

SG_QTL_ch05_f SG_clo_MN_2011 5 3.92 0.20 51.63
(33.00–54.04)

c2_3452
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Table 4 Location comparison of QTL and linked SNPs between the A05141 mapping population and previously published references 
on molecular markers associated with potato tuber shape

a The titles of the mapped QTL and the BLUP data sets used
b The SNPs where the significant QTL peaks are located
c Physical map position of the SNPs above; Physical map position of each SNP was obtained by SPUD database
d SNPs or other diversity array technology (DArT) markers analyzed by references; Those markers are linked to tuber shape and eye depth
e The physical map position of the SNP and DArT markers analyzed by references
f The distance between SNPs identified in this study and other SNPs (or DArT markers) studied in the references
a  “solcap_snp_” was omitted at the beginning of all the SNP marker names

QTL a

(Traits)
ch SNPs b Phy. Map. Pos. c Molecular markers 

from references d
References Reference

Marker phy. Map. 
Pos. e

Dist. Bet. our SNP 
and reference SNP 
(cM) f

TS_QTL_ch04_a
(TS_clo)
TS_QTL_ch04_b
(TS_clo_ID)
TS_QTL_ch04_c
(TS_clo_ID_2010)

4 ac2_54790 1,151,453 pPt-651,535 Hara-Skrzypiec et al. 
2018

~ 8,825,900 7.67

TS_QTL_ch10_a
(TS_clo)
TS_QTL_ch10_b
(TS_clo_ID)
TS_QTL_ch10_d
(TS_clo_2010)
TS_QTL_ch10_e
(TS_clo_2011)
TS_QTL_ch10_f
(TS_clo_ID_2010)
TS_QTL_ch10_g
(TS_clo_ID_2011)
TS_QTL_ch10_h
(TS_clo_NC_2010)
TS_QTL_ch10_i
(TS_clo_NC_2011)

10 ac1_15594 50,187,264 ac2_27831 A. Massa, pers. comm. 50,806,407 0.62

pPt-559,534 Hara-Skrzypiec et al. 
2018

~ 49,356,600 0.83

ac2_45606 Endelman & Jansky 
2016

48,218,820 1.97

ac2_25485 Endelman & Jansky 
2016

48,737,840 1.45

ac1_16351 Endelman & Jansky 
2016

48,761,642 1.43

ac1_8020 Endelman & Jansky 
2016

48,863,048 1.32

ac1_11540 Endelman & Jansky 
2016

49,659,510 0.53

ac2_27795 Endelman & Jansky 
2016

50,458,044 0.27

ac2_27821 Endelman & Jansky 
2016

50,649,574 0.46

ac2_27829 Endelman & Jansky 
2016

50,782,097 0.59

ac2_53946 Endelman & Jansky 
2016

51,926,830 1.74

TS_QTL_ch10_c
(TS_clo_NC)

10 ac1_11535 49,553,136 ac2_27831 A. Massa, pers. comm. 50,806,407 1.25

pPt-559,534 Hara-Skrzypiec et al. 
2018

~ 49,356,600 0.20

ac2_45606 Endelman & Jansky 
2016

48,218,820 1.33

ac2_25485 Endelman & Jansky 
2016

48,737,840 0.82

ac1_16351 Endelman & Jansky 
2016

48,761,642 0.79

ac1_8020 Endelman & Jansky 
2016

48,863,048 0.69

ac1_11540 Endelman & Jansky 
2016

49,659,510 0.11

ac2_27795 Endelman & Jansky 
2016

50,458,044 0.90

ac2_27821 Endelman & Jansky 
2016

50,649,574 1.10

ac2_27829 Endelman & Jansky 
2016

50,782,097 1.23

ac2_53946 Endelman & Jansky 
2016

51,926,830 2.37
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three SNPs, solcap_snp_c1_1847, solcap_snp_c2_49905, 
and solcap_snp_c2_7053, were detected near the five 
QTL (Table  3). The LOP scores the QTL ranged from 
3.15 to 3.88 (Fig.  2b). Their h2

QTL were between 12 and 
19% (Table 3).

Five QTL at 51.63 cM on chromosome 5 were consist-
ently detected from the five different BLUP datasets, 
SG_clo, SG_clo_ID, SG_clo_ID_2010, SG_clo_ID_2011, 
and SG_clo_MN_2011. In the SG_clo_MN BLUP data-
set, SG_QTL_ch05_c was located at 43.55 cM (Fig.  2b; 
Table 3). The LOP scores of the QTL were between 3.05 
and 3.94. The h2

QTL of the six QTL ranged from 15 to 
21%. SNP solcap_snp_c2_42406 was closely linked to 
SG_QTL_ch05_c with the remaining five QTL aligned 
with solcap_snp_c2_3452 (Table  3). Supplementary 
Fig. 2b displayed allele effects of the SNPs linked to the 
six mapped QTL, and Supplementary Table 4 organized 
each allele effect value.

Allele effects of the mapped QTL
Allele effect analyses of tuber shape QTL
Among the 104 allele effects (four homologs × two par-
ents × 13 QTL), 51 positive and 53 negative allele effects 
were observed (Supplementary Fig.  2a; Supplementary 
Table  4). When the absolute values of the two parents’ 
allele effects were investigated, Rio Grande Russet and 
Premier Russet provided 1.77 (40%) and 2.61 (60%) con-
tributions to tuber shape. The contribution of Rio Grande 
Russet was greater at TS_QTL_ch04_a (54%) and TS_
QTL_ch07_a (51%). The influence of Premier Russet was 
greater at TS_QTL_ch04_b (53%), TS_QTL_ch04_c (53%), 
TS_QTL_ch04_a (54%), TS_QTL_ch10_a (61%), TS_
QTL_ch10_b (55%), TS_QTL_ch10_c (70%), TS_QTL_
ch10_d (61%), TS_QTL_ch10_e (63%), TS_QTL_ch10_f 
(64%), TS_QTL_ch10_g (55%), TS_QTL_ch10_h (62%), 
and TS_QTL_ch10_i (64%) (Supplementary Table 4). The 
sums of the eight absolute allele effects of the nine QTL 
on chromosome 10 (TS_QTL_ch10_a to_i) were 0.33, 
0.39, 0.51, 0.36, 0.38, 0.28, 0.44, 0.39, and 0.42, respec-
tively (Supplementary Table 4). Those of the three QTL 
on chromosome 4 (TS_QTL_ch04_a to _c) were 0.16, 
0.29, and 0.21, respectively. Finally, the TS_QTL_ch07_a 
showed 0.22 (Supplementary Table 4).

Allele effect analyses of specific gravity QTL
While investigating the 88 allele effects for specific grav-
ity (four homologs × two parents × 11 QTL), 22 posi-
tive and 22 negative effects were observed in Rio Grande 
Russet as well as 29 positive, and 15 negative effects 
were detected in Premier Russet. Rio Grande Russet 
and Premier Russet’s contribution for specific grav-
ity were 0.0155 (58%) and 0.0113 (42%), respectively 

(Supplementary Fig. 2b; Supplementary Table 4). When 
contributions of Rio Grande Russet and Premier Russet 
for the 11 specific gravity QTL were compared, the influ-
ence of Rio Grande Russet was persistently stronger than 
Premier Russet (Supplementary Table  4). The sums of 
absolute values of the eight allele effects of the five QTL 
on chromosome 1 (SG_QTL_ch01_a to_e) were 0.0019, 
0.0043, 0.0019, 0.0026, and 0.0022, respectively (Supple-
mentary Table 4). Those of the six QTL on chromosome 
5 (SG_QTL_ch05_a to _f) were 0.0023, 0.0026, 0.0021, 
0.0021, 0.0022, and 0.0025, respectively (Supplementary 
Table 4).

Single‑marker analyses by investigating BLUP segregation 
depending on genotype
Single-marker analysis was performed to indirectly 
monitor changes in the two traits due to the presence (or 
absence) of an allele of the SNPs linked to a QTL. Sig-
nificant mean differences between genotype groups were 
detected for SNP markers, solcap_snp_c2_54790, sol-
cap_snp_c2_26012, and solcap_snp_c1_11535 for tuber 
shape, and solcap_snp_c2_49905, solcap_snp_c2_3452, 
and solcap_snp_c2_42406 for specific gravity (Supple-
mentary Fig. 6).

Discussion
Potential feasibility of fully automated linkage and QTL 
mapping of tetraploid potatoes
Until the early 2000’s, QTL analyses of tetraploid map-
ping populations of potato had not been extensively 
conducted relative to diploid potatoes because of a lack 
of both adequate informative molecular markers and 
the necessary high-performance software required for 
tetraploid QTL analysis [35]. About a decade ago, the 
development and improvement of potato SNP arrays and 
suitable software such as TetraploidSNPMap (TPMSNP) 
[48] encouraged potato researchers to directly implement 
QTL analysis with tetraploid mapping populations of 
potato [12, 26, 33, 35, 42, 44, 48–53]. Although TPMSNP 
opened a new chapter in tetraploid QTL analysis by using 
SNP dosage information to construct a linkage group and 
perform QTL interval mapping, the marker phasing anal-
ysis in TPMSNP is not entirely automated and requires 
manual input. Consequently, new beginners’ entry or 
urgent application while performing a potato breed-
ing program had been discouraged. The two R-packages 
(MAPpoly and QTLpoly) used in this study overcame the 
manual marker phasing with these two software having 
automated most components of genetic and QTL map-
ping. As a result, the elapsed time for linkage mapping 
was considerably reduced. Furthermore, the selected 
2359 SNPs were evenly distributed across the 12 linkage 
groups, and genome coverage rates of the genetic maps 
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were high. (Fig.  1; Table  1). The successful outcomes of 
our research proved the feasibility of fully automated 
QTL analysis for tetraploid potatoes and expanded the 

useful information that can be used for the first stage of 
MAS development for tuber shape and specific gravity in 
the russet market class.

Fig. 2 QTL maps for Tuber Shape and Specific Gravity. a. Tuber Shape. b. Specific Gravity. BLUP data abbreviations: tuber shape (TS), specific gravity 
(SG), a genetic effect of clones (clo), Idaho (ID), North Carolina (NC), Minnesota (MN) location effects, 2010 (2010), and 2011 (2011) year effects; 
Locations of the significant QTL peaks were marked by triangles. Y axis represents LOP score, which is equal to – log10 (p-value)
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Tuber shape QTL on chromosome 10
A major QTL for tuber shape in this mapping popula-
tion was detected on chromosome 10. Except for the 

TS_QTL_ch10_c, all the other tuber shape QTL on 
chromosome 10 were observed at 86.75 cM and dis-
played high LOP scores (Table  3). Even though the 

Fig. 3 Location of significant QTL peaks and their support intervals. a. Tuber Shape. b. Specific Gravity. The X axes in Fig.3a and b represent 12 
different potato chromosomes. The black bars indicate lengths of each chromosome, respectively. The color bars indicate lengths of each support 
interval. Those support intervals were labeled in the same way described in Fig. 2
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TS_QTL_ch10_c QTL peak was 7.66 cM away from the 
others in the genetic map, the support intervals of all 
nine QTL on chromosome 10 mostly overlapped each 
other and were narrow, suggesting the presence of sin-
gle major locus impacting tuber shape on this chromo-
some (Fig. 3a). The hypothesis was also supported by the 
narrow gap (0.63 cM) between the physical map location 
of solcap_snp_c1_11535 linked to TS_QTL_ch10_c and 
those of solcap_snp_c1_15594 linked to the other eight 
QTL (Table 3). When the two SNPs’ physical map loca-
tions were compared with those of 11 reference SNPs 
previously associated with tuber shape QTL (Table  4), 
the average distance was only one cM [A. Massa, pers. 
comm., 8, 11]. The frequent reproducibility of the QTL 
in multiple studies authenticates the presence of a major 
gene(s) involving tuber shape formation near solcap_
snp_c1_15594 and solcap_snp_c1_11535 in the russet 
mapping population.

A candidate gene for the major QTL found on chro-
mosome 10 in this study is the Ro locus. The single 
dominant gene (or locus), Ro, was first postulated by 
Masson [7], and it is known to confer round shape which 
is dominant to long shape. Van Eck et al. [9] mapped the 
Ro locus between TAc13b and Tac20 RFLP markers after 
analyzing a mapping population obtained from the cross 
between a female parent having S. phureja and Chip-
pewa genetic background and a male parent carrying S. 
vernei and S. tuberosum. Chen et al. [4] localized the Ro 
locus on chromosome 10 between two BACs, PA28 and 
PA13_16, based on a full-sib diploid population. Li et al. 
[54] also mapped the Ro locus and another locus associ-
ated with eye depth on the same chromosome between 
STM0051 (SSR) and CT240 (RFLP) markers while 
studying a diploid family. Since physical map locations 
of STM0051, solcap_snp_c1_15594, and solcap_snp_
c1_11535 were available in Spud DB [43, 55], we checked 
the distance between STM0051 (physical map position: 
~ 23,484,600) and solcap_snp_c1_15594 or solcap_snp_
c1_11535 (Table 4). CT240 could not be compared with 
them because its physical map location was not available 
in Spud DB. At least 26 MB or longer gaps were observed 
between STM0051 and solcap_snp_c1_11535 (or sol-
cap_snp_c1_15594), making it challenging to conclude 
whether the QTL identified on chromosome 10 of our 
study are localized in close proximity to the Ro locus. 
On the other hand, evidence showing the proximity of 
solcap_snp_c1_11535 (or solcap_snp_c1_15594) to Ro 
locus was observed in Endelman and Jansky [11]. For 
instance, they found nine SNP markers (EJ_SNPs) near 
the Ro locus (Table  4). When the physical map posi-
tions of the EJ_SNPs were compared with those of sol-
cap_snp_c1_11535 and solcap_snp_c1_15594 through 
Spud DB, it was revealed that the EJ_SNPs encompassed 

the two SNPs (Table 4). Furthermore, a QTL and a can-
didate SNP (solcap_snp_c2_27831) for tuber shape on 
chromosome 10 was previously identified in the map-
ping population (A05141) used in this study (Table  4) 
[A. Massa, pers. comm.]. With this mapping popula-
tion representing the russet market class, which is 
characterized by long tubers, it may be that the QTL 
identified as impacting tuber shape on chromosome 10 
may be closely associated with the Ro locus. Fine map-
ping would be needed with a larger population size and 
more molecular markers, including known Ro locus 
linked markers, to clarify the proximity of those SNP 
markers to Ro locus. According to Spud DB, all the 12 
SNPs mentioned above are close to the Bel1-homeotic 
protein gene (PGSC0003DMG400019142). Sharma 
et  al. [56] reported that Bel1-like genes, including 
PGSC0003DMG400019142 on chromosome 10, have a 
key role in tuber development. Additional studies have 
also reported other QTL, besides Ro, being associated 
with tuber appearance (e.g., eye depth) on chromosome 
10, [8, 9, 11, 14, 54]. Therefore, chromosome 10 appears 
to be a chromosome having a major impact on tuber 
shape based on our findings and those of others.

Tuber shape QTL on chromosome 4 and 7
A QTL at 6.78 cM on chromosome 4 seemed to be 
uniquely associated with Idaho’s environmental con-
ditions relative to North Carolina with that QTL peak 
being exclusively observed in the BLUP datasets associ-
ated with Idaho (e.g., TS_clo_ID and TS_clo_ID_2010). 
Only one TS_clo_ID among the nine BLUP datasets 
showed skewness toward long tuber shape (Supplemen-
tary Fig. 5), reinforcing the argument of the more robust 
relationship between the QTL on chromosome 4 and 
Idaho environment. Conversely, the QTL at 47.66 cM 
on chromosome 7 reflects North Carolina’s location 
and 2011-year effects from the BLUP dataset, TS_clo_
NC_2011 (Table 3). Table 2 also supports this argument 
with the amount of variance for location and clone × 
location effects being relatively higher than other effects. 
This is contrast to the QTL for tuber shape at 86.75 cM 
on chromosome 10 which was of major consequence 
across all nine BLUP datasets, indicating this QTL as 
being less impacted by growing environment relative to 
the QTL identified on chromosomes 4 and 7.

In our review of publications reporting QTL associated 
with tuber shape, none reported QTL immediately adja-
cent to TS_QTL_ch04_a, _b, _c, and TS_QTL_ch07_a. 
In 2018, Hara-Skrzypiec et  al. [8] reported one DArT 
marker on chromosome 4. However, the pPt-651,535 
DArT marker was 7.67 cM away from solcap_snp_
c2_54790, which was linked to TS_QTL_ch04_a, _b, 
and _c (Tables  3 & 4). Further research is warranted 
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to determine whether pPt-651,535 and solcap_snp_
c2_54790 represent the same locus or not. Meanwhile, 
these results reveal that two or more genes associated 
with tuber shape appear to be present on chromosome 4.

From the results and discussion, it becomes appar-
ent that with the exception of the tuber shape QTL on 
chromosome 10, the other tuber shape QTL detected 
on chromosomes 4 and 7 in this mapping population 
were exclusively expressed in either Idaho or North 
Carolina environments, demonstrating the signifi-
cance of the genotype × geological environment effect 
on those QTL. For example, any local biotic or abi-
otic stresses might cause early maturity or unexpected 
senescence, impacting the plant’s ability to achieve full 
size and length under a specific environment relative to 
another. Therefore, additional analysis for QTL of sig-
nificance in certain environments may be warranted 
to facilitate their use in MAS in differing produc-
tion regions. Meanwhile, a zero variance estimate for 
the two environmental interaction effects (location x 
year) was reported in Table 2, indicating that the loca-
tion effect was independent of the year effect. In other 
words, the effect of location was the same regardless of 
years and vice versa.

Allele effects of tuber shape QTL & single‑marker analyses
Through the visualized allele effects (Supplementary 
Fig.  2a) and single-marker analyses (Supplementary 
Fig. 6a), detailed features of each allele effect were scru-
tinized, such as the homologs where each allele is located 
and their impact.

The phased genotypes of the Rio Grande Russet and 
Premier Russet at SNP solcap_snp_c1_11535 were 
BBBB and BABB, respectively (Supplementary Fig.  3). 
When the allele effects of the QTL at 79.09 and 86.75 cM 
on chromosome 10 were compared, the most signifi-
cant negative allele had been consistently observed on 
homolog f of Premier Russet (Supplementary Fig.  2a; 
Supplementary Table 4). Based on the results, it was con-
firmed that the allele A located on the homolog f is linked 
to a significant negative (or rounding) effect on tuber 
shape. Single-marker analysis for solcap_snp_c1_11535 
also supports this argument. The progeny segregated 
into to two genotype groups at solcap_snp_c1_11535, 
depending on the presence or absence of the A allele 
(Supplementary Fig.  6a). The genotypic group having 
the A allele had a significantly lower mean (− 0.18) than 
the mean (0.23) of the other group. However, this find-
ing was not observed in solcap_snp_c1_15594, which is 
a marker linked to the QTL at 86.75 cM where genotypic 
groups were not significantly different from each other 
(data not shown), even though separated by 7.7 cM from 
solcap_snp_c1_11535.

The phased genotypes of the Rio Grande Russet and 
Premier Russet at SNP solcap_snp_c2_54790 were 
BABA and BBBA, respectively (Supplementary Fig.  3). 
Interestingly, while analyzing the QTL (TS_QTL_
ch04_a to _c) at 6.78 cM on chromosome 4, positive 
allele effects were continuously detected on homolog b, 
d, and h where the allele A is located (Supplementary 
Fig. 2a). On the other hand, negative allele effects were 
constantly observed on homolog a, e, and f, where B 
allele is detected (Supplementary Fig.  2a). This reflects 
the A allele of solcap_snp_c2_54790 importantly con-
tributes to lengthened tuber shape (at least under the 
Idaho environment). The single-marker analysis for 
solcap_snp_c2_54790 showed that the mean of each 
genotype group decreased in an additive fashion as the 
number of B alleles in each genotype group increased 
(Supplementary Fig. 6a), reinforcing the observed rela-
tionship between the A allele and longer tuber shape. 
Especially, the presence and absence of the A allele 
resulted in a significant difference in genotypic means 
(Supplementary Fig.  6a). Based on the results above, 
investigating the information on solcap_snp_c1_11535 
and solcap_snp_c2_54790 seems to be a promising 
starting point for developing a successful MAS for a 
preferred tuber shape. The phased genotypes of the 
Rio Grande Russet and Premier Russet at solcap_snp_
c2_26012 located on chromosome 7 at 47.66 cM were 
ABAB and BABB, respectively (Supplementary Fig.  3). 
Positive allele effects of the QTL were observed on 
homolog b, d, g and h. Negative allele effects of the 
same QTL were detected on homolog a, c, e, and f (Sup-
plementary Fig.  2a). In general, positive and negative 
effects were matched B and A allele, respectively, except 
for homolog e, which had B allele but showed a negative 
effect (Supplementary Fig. 3; Supplementary Fig. 2a). In 
Supplementary Fig.  6a, unlike the previous two exam-
ples, the mean did not continuously increase as the 
number of one type allele (A or B) increases. However, 
the significant mean difference was observed between 
the ABBB genotype group and two other genotype 
groups (AABB and AAAB); thus, the allele B’s additive 
dosage effect for longer tuber shape is assumed. Further 
research projects with fine-mapping are necessary to 
determine an appropriate genetic model of the QTL at 
47.66 cM on chromosome 7.

Specific gravity QTL on chromosomes 5 and 1
Significant QTL for specific gravity were detected on 
chromosome 5 while examining SG clo, SG_clo_ID, SG_
clo_MN, SG_clo_ID_2010, SG_clo_ID_2011, and SG_clo_
MN_2011. Except for the SG_QTL_ch05_c, all the other 
specific gravity QTL on chromosome 5 were observed 
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at 51.63 cM with 0.15 to 0.21 h2
QTL. Even though SG_

QTL_ch05_c was 8.08 cM away from the others, the 
range between 43.55 and 54.04 cM of support intervals 
of all the six QTL had overlapped each other, suggest-
ing the presence of single gene instead of multiple genes 
(Fig. 3b). Interestingly, this QTL was not observed from 
any BLUP data associated with North Carolina environ-
mental effects, indicating the conditional influence of the 
QTL. In the previous studies, QTL for specific gravity 
on chromosome 5 were reported, supporting the impor-
tance of studying the chromosome 5 to achieve efficient 
MAS [20–22].

On chromosome 1, three different positions (121.23, 
122.30, and 141.26 cM) harbored significant QTL 
depending on BLUP datasets. Interestingly, two BLUP 
datasets associated with North Carolina (SG_clo_NC and 
SG_clo_NC_2011) produced QTL peak on 141.26 cM, but 
the other three BLUP datasets (SG_clo, SG_clo_ID_2011, 
and SG_clo_MN_2011) resulted in their QTL perks near 
122 cM. Furthermore, no QTL was detected from any 
BLUP data related to the 2010-year effect. Based on those 
results, there would be two (or more) QTL on chromo-
some 1, and the QTL would be significantly affected by 
year and location effects. Table  2 showed much higher 
variances in location and year × location effects com-
pared to other variances, supporting the significant G × E 
impact on the QTL. Freyre and Douches [20] and Li et al. 
[23] commonly found specific gravity QTL on chromo-
some 1. Schönhals et  al. [24] reported the AGPaseS_
snp1612 marker, which is linked to tuber starch content, 
and was localized on chromosome 1. However, the 
accordance of the QTL locations between the references 
and this study could not be confirmed due to the lack 
of physical map location information of the reference 
markers.

Allele effects of specific gravity QTL & single‑marker 
analyses
As described in tuber-shape QTL analyses above, Sup-
plementary Figs. 2b and 6b were used to identify allelic 
effects of the QTL for specific gravity. When the allele 
effects of the QTL at 43.55 and 51.63 cM on chromo-
some 5 were compared, the homologs b, c, and g had 
negative alleles, with the remainder of the homologs 
having positive alleles. The phased genotypes of the 
Rio Grande Russet and Premier Russet at solcap_snp_
c2_3452 were BAAB and BAAA, respectively. Unlike 
the SNP examples discussed in the tuber shape, a 
specific linkage phase (e.g., coupling or repulsion) 
between a SNP allele (A or B) and positive (or negative) 
was not detected. Besides, vague differences among 
the genotype groups were persistently observed from 
the single-marker analyses for the solcap_snp_c2_3452 

across the five BLUP datasets even though significant 
mean difference existed between AABB and AAAA 
genotypic groups (Supplementary Fig. 6b). The single-
marker analysis of solcap_snp_c2_42406 on chromo-
some 5 and solcap_snp_c2_49905 on chromosome 1 
also showed a similar pattern (Supplementary Fig. 6b). 
Therefore, an appropriate genetic model was not 
found, and the use of the three SNPs for MAS does 
not appear promising. Chromosome walking or fine-
mapping near the solcap_snp_c2_3452, solcap_snp_
c2_42406, and solcap_snp_c2_49905 SNP markers is 
necessary to find an appropriate polymorphism asso-
ciated with specific gravity useful for MAS. Bulked-
segregant analysis for the three SNPs with greater 
population numbers and varied potato clones would 
also be helpful.

Meanwhile, the solcap_snp_c1_1847 and solcap_snp_
c2_7053, which were linked to the QTL on chromosome 
1, could not be investigated because the means of differ-
ent genotype groups were not significantly different from 
each other (data not included).

Conclusion
Long or oblong russet potato varieties with an appro-
priate specific gravity are required by the potato 
industry for the production of French fries. This study 
provided important genetic information associated 
with longer tuber shape across growing environments, 
which significantly affects the russet-skinned market 
class. Similar to previously published findings, a major 
QTL on chromosome 10 was identified in this rus-
set mapping population associated with tuber shape 
across growing environments with environment-
specific QTL also being identified on chromosomes 
4 and 7 that were of consequence in Idaho and North 
Carolina environments, respectively. Significant QTL 
for specific gravity were oftentimes specific to certain 
growing environments. For example, a QTL for chro-
mosome 5 was identified with significance in Idaho 
and Minnesota, but not in North Carolina. Two addi-
tional significant QTL were discovered in close proxim-
ity on chromosome 1, but with one being significant in 
North Carolina whereas the other was of more signifi-
cance in Idaho and Minnesota. The results of this study 
have identified QTL that can be further explored for 
the development of markers useful for marker-assisted 
selection in the russet market.
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