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Abstract Nutrient deficiencies lead to various health
issues and are common worldwide. Potato germplasm is a
rich source of natural variations and genetic variability
present in it can be exploited for developing nutrient-rich
high-yielding potato varieties. In this study, variations in
the yield, dry matter (DM) and mineral nutrients concen-
trations were evaluated in both peeled and unpeeled tubers
of 243 highly diverse tetraploid potato accessions. These
were raised under field conditions for two consecutive
years. The germplasm studied has a wider range of varia-
tions in peeled tubers DM (13.71-27.80%), Fe
(17.08-71.03 mg/kg), Zn  (9.55-34.78 mg/kg), Cu
(2.13-13.25 mg/kg), Mn (7.04-25.15), Ca (117.4-
922.5 mg/kg), Mg (656.6-1510.6 mg/kg), S (1121.3-
3765.8 mg/kg), K (1.20-3.09%), P (0.21-0.50%) and Mo
(53.6-1164.0 ppb) concentrations compared to popular
Indian potato varieties. Higher nutrient concentrations in
whole tubers compared to tuber flesh suggest that these are
present in high concentration in the tuber peripheral layers
and peeling off the tubers results in the loss of nutrients.
Highest loss due to peeling off the tubers was observed in
Fe (35.63%) followed by Cu (22.80%), Mn (21.69%), Ca
(21.27%), Mg (12.89%), K (12.75%), Zn (10.13%), and
Mo (9.87%). The GCV and PCV for all the traits in peeled
tubers ranged from 9.67 to 29.91%, and 13.84 to 43.32%,
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respectively. Several significant positive correlations were
observed among the parameters and the first two principal
components accounted for 39.37% of total variations. The
results of this study will pave a way for the development of
nutrient-rich high-yielding potato varieties.

Keywords Potato nutrients - Dry matter - PCV - GCV -
Heritability - Genetic advance

Introduction

Mineral malnutrition has become one of the most chal-
lenging issues with an ever-increasing global population
(White and Brown 2010). Presently, around 800 million
people are malnourished (FAO, 2017) and nearly two bil-
lion individuals are suffering from hidden hunger (Allen
et al. 2006; IFPRI 2016). Among all minerals, iron and zinc
deficiencies are most prevalent (McLean et al. 2009; King
et al. 2016; Hefferon 2019). This condition is worse in
developing nations like India, where 50% of the global
micronutrient deficient population lives (USAID OMNI
2005). In these circumstances, the biofortification of staple
crops seems like a sustainable solution.

Potato (Solanum tuberosum. L) is the third most
important crop in terms of human consumption, which is
cultivated in more than 100 countries (Dutt et al. 2017,
Alsahlany et al. 2019). The global potato production is
about 300 million tonnes per year and more than 1 billion
people across the world consume it (Trapero-Mozos et al.
2018; Kennedy et al. 2019) reported that China ranks first
in potato production, followed by India. It is a staple crop
in many countries because it is easy to grow, requires less
land than other major crops, and has high nutritional value
(Mullins et al. 2006). It contributes key macro and
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micronutrients to the human diet, especially when con-
sumed with the skin (Subramanian et al. 2011). Moreover,
potato tubers contain lower concentrations of anti-nutrient
compounds such as phytates. Previous studies showed that
Fe and Zn bioavailability from potato tubers is high com-
pared to cereals (Vergara Carmona et al. 2019; Jongstra
et al. 2020). More than 50% of potatoes are produced by
developing nations (Food and Agriculture Organization of
the United Nations 2009), where the mineral malnutrition
has become an abysmal (Perez-Escamilla et al. 2018;
Wakeel et al. 2018). Different potato germplasm banks are
maintaining highly diverse potato germplasm throughout
the globe (Bradshaw et al. 2006), which could be used for
the development of nutrient-rich potato cultivars through
conventional breeding or modern genetic engineering tools.
Therefore, it is an essential crop for ensuring food and
nutritional security to fight hunger and malnutrition (Singh
et al. 2021a). The aim of the present study was to evaluate
the variation in the tuber yield, dry matter content and
mineral nutrients concentration in 243 highly diverse tet-
raploid potato accessions.

Material and method
Plant material

A panel of 243 diverse tetraploid potato accessions was
formed based upon different morphological traits. These
accessions originated from The Netherlands, Australia,
New Zealand, India, USA, UK, Norway, Canada, Colom-
bia, Peru, Hungary, Germany, Italy, Romania, France,
Mexico and some with an unknown origin were also a part
of this population (Table S1). All accessions were collected
from the Potato Germplasm Repository, Division of Crop
Improvement & Seed Technology, ICAR-Central Potato
Research Institute (CPRI), Shimla, India. The selected
potato diversity panel was grown in the experimental fields
of ICAR-Central Potato Regional Station (CPRS),
Modipurum, India (29°04°06.9” N 77°42°26.1"” E) for two
consecutive years (2019 and 2020) under uniform agro-
nomic practices and non-nutrient limited conditions. The
tubers were sown 20 cm apart within the rows whereas the
row-to-row spacing was 60 cm. NPK fertilizer was applied
in a ratio of 240: 40: 100, whereas no micronutrients were
applied to the crop artificially. After 30 days of planting,
roguing was performed to remove the off type, and plants
showing mosaics and rolling of leaves.

Soil samples from each bed of the potato fields were
randomly taken. These were analyzed for pH, electric
conductivity (EC), organic carbon percent (OC %), nitro-
gen (N), phosphorous (P), potassium (K), iron (Fe), zinc
(Zn), copper (Cu), manganese (Mn), boron (B), calcium
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(Ca), magnesium (Mg), sodium (Na) and sulfur (S). The
soil type was normal and non-saline with average pH of
6.69 and EC 0.32 Ec dsm™ '. The concentration of NPK
present in the soil were within the recommended limits of
NPK for potato. The concentrations of secondary nutrients
(Ca, Mg, Na, and S) and micronutrients (Fe, Zn, Cu, Mn,
and B) were higher than their critical limits (Table 1). This
indicates that the crop was raised under non-limiting
nutrient conditions and the variations in the tuber nutrient
content are due to their differential genetic capabilities.
The soil variations within the plots were taken care of by
planting K. Jyoti and K. Himalini potato varieties as ref-
erence checks.

The potato tubers were harvested 90 days after sowing.
The morphological traits namely prominent tuber shape,
skin color, flesh color and eye depth were recorded at the
time of harvesting. Then by following the standard protocol
(Porras et al. 2014), seven even-sized potato tubers were
collected from each accession for nutrient analysis. These
tubers were first hand-rinsed under running tap water to
remove the dirt from tuber skin. After that, these were
washed with high purity 0.1% nitric acid (HNO3) followed
by another washing with ddH,O to remove the soil traces,
if any. Firstly, the tubers were dried with the help of paper
towels and then were kept in dark for air-drying prior to
processing. Then about 0.5 mm tuber peel was removed by
using a high quality stainless steel vegetable peeler fol-
lowed by chopping off the tubers with a knife for the same
quality. The vegetable peelers, knives, petri plates and
plastic ware were washed with 0.5% HNO; acid followed
by ddH,O prior to use. Then chopped tuber samples were
kept at 70° C in glass petri plates for oven drying. Then the

Table 1 Summary of all measured soil characteristics

Parameter Average SD (&)Y
N kg/ha 279.25 7.52 2.69
P kg/ha 141.40 9.70 6.86
K kg /ha 194.65 12.42 6.38
Fe ppm 13.78 2.12 15.42
Zn ppm 2.82 0.23 8.00
Cu ppm 2.09 0.24 11.63
Mn ppm 10.63 1.80 16.93
B ppm 0.50 0.03 6.79
Ca ppm 684.92 68.54 10.01
Mg ppm 112.92 7.26 6.43
Na ppm 36.97 7.29 19.71
S ppm 50.58 8.69 17.19
pH 6.69 0.18 2.66
EC (dsm-1) 0.32 0.08 26.07
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percentage of dry matter (DM) was calculated using the
following formula:

D ight
Dry Matter(%) = WY WEIB 100

~ Fresh Weigh

Then oven-dried samples were ground and then digested
with nitric acid (69%) and perchloric acid (70%). The acid
digested tuber samples were diluted 100 times using
ddH,O. The micronutrient analysis was performed by using
inductively coupled plasma mass spectrometry (iCAP 7000
Series ICP-OES, Thermo ScientiﬁcTM). The mineral con-
centration was analyzed for Fe, Zn, Cu, Mn, Ca, Mg, S, and
Mo. The content of Phosphorus (P) in potato tubers was
measured by taking 5 ml from each digested potato tuber
sample. Then 10 ml of vanadate-molybdate solution was
added to it and the final 50 ml volume was prepared by the
addition of ddH,O. Then the samples were kept at room
temperature for 20 min. Then the readings were observed
by using a spectrophotometer (UV-1700 PharmaSpec
Shimadzu™") at 420 nm wavelength. The concentration of
K in potato samples was determined by taking 1 g of dried
potato tuber powder from each sample. Then 50 ml of 2%
acetic acid was added and samples were kept overnight for
pre-digestion. The next day, these were mechanically
shaken for 40 min. After that, samples were filtered by
using Whatman No. 42 filter papers and the filtrates were
used to measure the K concentration using of flame pho-
tometer (Elico® CL378). The reference genotypes have
statistically similar concentrations for every nutrient in
different blocks. The homogeneity in the soil samples, in
terms of nutrient concentration and reference checks at
different sites in the field signified a homogenous envi-
ronment for nutrients. It was crucial to maintain uniformity
within the field and between the years to reduce the
influence of environmental factors on tuber nutrient
concentration.

Statistical analysis

The analysis of variance (ANOVA) was performed by
using package ‘Ime4’ in R. The environmental variance,
genotypic variance, phenotypic variance, environmental
coefficient of variation (ECV), genotypic coefficient of
variation (GCV), phenotypic coefficient of variation
(PCV), heritability (Hz) (broad sense), Genetic advance
(GA), and genetic advance as percentage of the mean
(GAM) were calculated using ‘variability’ package. To
determine the genetic relations among the nutrients, DM
and yield traits Pearson correlation coefficients were cal-
culated using package ‘corrplot’ in R. Cluster analysis was
performed using Gower distances in R using the ‘daisy’
function and a dendrogram was constructed based on
k-medoids clustering method using ‘pam’ (Partitioning

Around Medoids) function of package ‘cluster’ based on
nutrient and DM data. The number of clusters and quality
of clustering were determined by the average silhouette
method. Principal component analysis (PCA) was per-
formed to capture most of the variability in original data
for nutrients. Prior to PCA, the data was standardized by
scaling the data to have a mean of ‘0’ and SD of ‘I’.

Results and discussion

Characterization of potato germplasm for tuber
nutrient concentrations

Tubers harvested in the years 2020 and 2021 were analyzed
for Fe, Zn, Cu, Mn, Ca, Mg, S, K, P and Mo concentrations
(Table S2). Cultivated potato varieties, Kufri Jyoti and
Kufri Himalini were used as checks in the study. In tuber
flesh, Kufri Jyoti and Kufri Himalini had a mean Fe con-
centration of 21.51 ppm and 27.72 ppm, respectively and
mean Zn concentrations were 13.28 ppm and 21.69 ppm,
respectively (Table 2). Whereas, in the diversity panel Fe
concentration in the potato tuber flesh ranged from 17.08 to
71.03 ppm, Zn from 9.55 to 34.78 ppm, Cu from 2.13 to
13.25 ppm and Mn 7.04-25.15 ppm. Likewise, a wide
range of variations was observed for other nutrients in the
potato tuber flesh and whole tuber samples compared to the
checks. Higher nutrient concentrations were observed in
whole tubers than peeled tubers with an exemption of S in
which a slightly higher concentration was observed in tuber
flesh. This indicates that outer layers near the periderm of
potato tubers have more concentrations of nutrients than
the cortex. These results are in agreement with previous
reports (Wszelaki et al. 2005; Subramanian et al. 2011;
Sharma et al. 2017). The percent losses due to peeling off
the potatoes were calculated (Table S3). The highest loss
due to peeling off the tubers were observed in Fe (35.63%)
followed by Cu (22.80%), Mn (21.69%), Ca (21.27%), Mg
(12.89%), K (12.75%), Zn (10.13%), and Mo (9.87%)
(Fig. 1). Previously, Sharma et al. (2017) also reported
39.87%, 21.75%, 15.36% and 12.46% loss of Fe, Mn, Cu
and Zn due to peeling off the potato tubers. The reason
behind high concentrations of Fe Ca and Mn in the tuber
surface layers is its low mobility in the phloem, whereas a
slightly higher concentration of sulfur in tuber flesh might
be because of its high mobility in the phloem (Subramanian
et al. 2011; Singh et al. 2020a). The summary statistics for
the two year’s data for nutrients in tuber flesh and whole
are provided in Tables 3 and 4, respectively.
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Table 2 Comparison of

. . . Nutrient Micronutrient concentrations (on the basis of 2 years mean values)

micronutrient concentration

between popular tetraploid K. Jyoti K. Himalini Range in the AM Panel

potato varieties (Kufri Jyoti and

Kufri Himalini) and accessions TF* WT#* TF wT TF wT

in the association-mapping

panel Fe (ppm) 21.51 42.21 27.72 38.64 17.08-71.03 27.60-87.08
Zn (ppm) 13.28 16.74 21.69 23.47 9.55-34.78 11.82-35.63
Cu (ppm) 4.14 5.65 5.78 6.93 2.13-13.25 3.0-14.83
Mn (ppm) 11.34 16.55 16.56 19.82 7.04-25.15 9.37-39.70
Ca (ppm) 572.74 600.87 382.59 515.25 117.43-922.49 186.74-1062.79
Mg (ppm) 1031.65 1279.88 938.23 1087.22 656.56-1510.58 770.94-2022.64
S (ppm) 1898.64 1828.29 2444.27 2303.80 1121.31-3765.08 1111.05-3870.28
P (%) 0.33 0.34 0.28 0.30 0.21-0.50 0.20-0.57
K (%) 2.11 2.44 2.36 2.61 1.20-3.09 1.79-3.53
Mo (ppb) 322.90 315.60 122.60 214.30 53.60-1164.0 30.47-1080.0

*Tuber Flesh; **Whole Tuber

Fig. 1 Percent distribution of
micro, secondary and
macronutrients in tuber flesh

and peel based on two years %
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There were significant variations among the accessions for
Fe, Zn, Mn and Cu concentrations in peeled as well as in
whole tubers. Our findings suggest a much wider range of
Fe content in peeled tubers than previously reported by
(Burgos et al. 2007; Paget et al. 2014; Singh et al. 2020b).
However, Dalamu et al. (2017, 2019) reported somewhat
similar ranges of Fe content (14.90-67.13 mg/kg and
19.28-63.94 mg/kg) in peeled potato tubers, whereas a
wider range of Fe content (17.13 to 164.83 mg/kg) in
peeled has been reported by Abebe et al. (2012). Average
Fe concentrations in the accession varied from 27.60 to
87.60 mg/kg in whole tubers. This is a much wider range
of Fe content in whole tubers than previously published
reports (reviewed by Singh et al. 2021b). However, Andre
et al. (2007) reported a broader range of Fe content
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Mineral Nutrients

(29.87-157.96 mg/kg) in whole tubers with a mean of
54.95 in 74 Andean potato cultivars.

Zinc

The Zn content ranged from 9.55 to 34.78 mg/kg with a
mean of 1848 mg/kg in peeled tubers and
11.82-35.63 mg/kg with an average of 20.55 mg/kg in
whole tubers. Singh et al. (2021c), reported a little higher
mean concentration (22.56 mg/kg) of Zn in whole tubers of
100 potato accessions. The highest Zn concentration was
observed in CP 1304, followed by CP 2397 and CP 1468.
The ranges observed are slightly higher than the ranges
reported in the earlier studies (Abebe et al. 2012; Andre et
at. 2007; Brown et al. 2011; Haynes et al. 2012; Sharma
et al. 2017; Subramanian et al. 2017), while Dalamu et al.
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< (2017, 2019) reported a slightly wider range of Zn content
= |2 potato tubers.
g |¢ g3s
S @ 553
= o Manganese
5 In the case of peeled tubers, Mn content varied from 7.04 to
s g‘ 382 25.15 mg/kg, which is slightly lower than the Mn content
& ° e <ex reported by Singh et al. (2020b) (7.27-29.80 mg/kg) and
Sharma et al. (14.19-29.86 mg/kg) in Solanum tuberosum
3 ssp. andigena germplasm and Indian potato varieties,
& 2 + % ~ respectively. The average Mn content in whole tubers
v S o2 5 ranged from 9.37 to 39.70 mg/kg, which is higher than
earlier reports published by Haynes et al. (2012)
(7.8-12.9 mg/kg), Singh et al. (2021c) (7.20-28.40 mg/kg)
and Subramanian et al. (2017) (3.9-11.7 mg/kg). Sharma
I et al. (2017) reported a somewhat similar range of Mn in
=l = § =9 3 whole tubers of Indian potato varieties.
~E|2" 825
Copper
%\_ o § s There were fewer variations in potatoes for Cu content than
i 2s el e in other micronutrients and there was a slight difference
= g7 222 between the ranges of Cu in peeled (2.13—13.25 mg/kg)
and whole tubers (3.00-14.83 mg/kg). Similar ranges of Cu
in potato germplasm had been reported in the previous
e o studies (Rivero et al. 2003; Haynes et al. 2012; Subrama-
& NN B nian et al. 2017). The accessions JEX/A-1152 and CP 2086
5 E & g ‘:E ; had the highest Cu concentrations. In peeled tubers, only
10 accessions had a Cu concentration of more than 8 mg/
§ " kg, whereas in whole tubers 47 accessions had a Cu con-
% % Q‘ centration of more than 8 mg/kg.
21 & < — 0
SE [T 278
£ Calcium
3 g
k: g Q‘ The mean Ca concentration varied from 117.43 mg/kg in
—q§ S‘ © 88 = CP 4433 to 922.49 mg/kg in CP 4452 in peeled tubers.
210 o T3 Similarly, the lowest average Ca concentration 186.74 mg/
% kg was observed in CP 4433 and the highest average Ca
a S concentration of 1062.79 mg/kg was observed in CP 4452
: g_ f{w in whole tuber samples. In tuber flesh, only five accessions
g \S ﬁ § 5 i had Ca concentrations more the 600 mg/kg while in the
§ N - o case of whole tubers twenty accessions had Ca concen-
8 trations more than 600 mg/kg. In general, Ca contents lies
‘§ = § within the previously reported ranges for potato. Andre
g g ; - - et al. (2007) reported a range for Ca content in potatoes
g5 =z =L from 271.09 mg/kg to 1092.93 mg/kg in Andean cultivars
§ = - “ o and Subramanian et al. (2017) reported a range for Ca
m content from 100 mg/kg to 700 mg/kg by analyzing the
= % g commonwealth potato collection. The overall mean for Ca
g g =8 (3 content in whole tubers was 436.08 mg/kg, which is higher
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= than the mean Ca content reported by Subramanian et al.
= § (2017) but it is less than the mean Ca content reported by
g I;L 292 Andre et al. (2007).
s = gec
Magnesium
7
~ g — © - The magnesium content in peeled tubers varied from
e S 223 656.56 mg/kg to 1510.58 mg/kg with a mean of
- - 1006.07 mg/kg and in whole tubers, it ranged from
778.94 mg/kg to 2022.64 mg/kg with a mean of
@ 1154.94 mg/kg. Our range for Mg content in potatoes lies
~ ¢ within the previously reported range (450-2200 mg/kg)
€ |E 538 (Patil et al. 2016). In peeled tubers 41.98% and whole
. - tubers, 38.27% of the total number of accessions had Mg
content higher than their overall mean values. The lowest-
o ranked accession for Mg content was CP 1633 in both
|8 g 8 =S peeled and unpeeled tubers and CP 2285 was the highest-
% =2 I ranked accession in peeled tubers, while CP 3318 had the
A highest Mg content in the case of whole tubers.
8 o
2 § & g § o Sulfur
SE|RS =3¢
There were significant variations among the accessions for
S concentrations in potato tubers. The S content varied
g &E o from 1121.31 mg/kg in JEX/A-705 to 3765.08 mg/kg in
\:J @ § S 2% CP 1225 in tuber flesh. Our ranges for S concentration in
©) =T g =3 potatoes are within the previously reported range
(400-4000 mg/kg) (Patil et al. 2016). The mean S content
- in tuber flesh was 2011.73 mg/kg and in the whole tubers,
ElE = it was 1948.08 mg/kg. In the case of tuber flesh, eight
; é 2 " oo - accessions had an S content of more than 3000 mg/kg,
oy S i ; 3 g while in the case of whole tuber samples only two acces-
< sions had S content more than 3000 mg/kg. A slightly
§ higher concentration of sulfur in the tuber flesh are might
3 2 O,§ o — be because of its phloem mobility. These results are in
£13 g S— 32 agreement with Subramanian et al. (2011).
sl ¢ Potassium
HEE
; f % 5 § § There were notable variations for K content in the peeled as
£ N - a o well as unpeeled tubers. In peeled tubers, it varied from
§ 1.20 to 3.09% whereas in whole tubers K content varied
§ 3 from 1.79 to 3.53%. In tuber flesh, the least K concentra-
ERie & tion was found in JEX/A-638 and CP 4175 had the highest
g & é 29 g K content. There were only two accessions in with more
§ 2 S 2 =g than 3% K content in tuber flesh, while in the case of whole
:;: tubers there were thirteen accessions with more than 3% K
<+ content.
2 =
z E 288
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Table 5 Comparison of Solanum tuberosum and Solanum tuberosum ssp. andigena germplasm with popular potato varieties for different
nutrient concentrations in tuber flesh, dry matter content and yield

Trait Solanum tuberosum Solanum tuberosum ssp. andigena Popular Indian Varieties

Number 178 Number 26 Number 39

Range Mean Range Mean Range Mean
Fe (ppm) 17.08-71.03 31.68 22.12-50.82 31.53 21.51-58.80 31.45
Zn (ppm) 10.57-34.78 18.37 14.44-26.51 21.26 9.55-26.18 17.09
Mn (ppm) 7.04-25.15 12.72 10.73-24.15 15.81 9.29-24.73 15.60
Cu (ppm) 2.13-10.18 4.69 4.68-13.25 6.95 3.05-8.46 5.13
Ca (ppm) 117.43-922.49 330.97 197.25-625.92 402.39 178.69-745.71 362.12
Mg (ppm) 656.56-1510.58 1004.22 798.89-1426.14 1054.43 746.37-1254.60 982.27
S (ppm) 1185.03-3765.08 1977.96 1121.31-2682.72 2011.83 1412.36-3199.35 2165.81
P (%) 0.21-0.50 0.33 0.23-0.44 0.35 0.22-0.45 0.33

K (%) 1.54-3.09 2.15 1.20-2.74 2.13 1.62-2.84 2.12

Mo (ppb) 53.60-1164.00 267.89 68.40-534.4 166.35 66.67-940.8 272.03
DM (%) 13.74-29.00 19.62 15.85-25.97 19.84 14.58-23.96 18.37
Yield kg/plot” 3.9-22.50 12.01 3.55-16.75 9.02 11.30-24.00 16.25

“Plot size 3.6 m?

M Irregular W Brown

M Long-Oblong M Dark-purple

® Oblate ™ Red
Oblong Purple
W Obovate M Light-purple
M Ovate M Light-pink
H Ovoid H pink
M Pear-shaped M Pinkish Brown
H Reniform B White-cream
H Round H Yellow
(@]
M Deep
M Cream
® Medium
M purple
® Medium Deep
® White
Protruding
Yellow
M Shallow
H Yellow-Cream
l’ﬂ ® Very Deep

Fig. 2 Pie chart depicting the variability in the diverse tetraploid potato accessions used in this study in terms of predominant a tuber shape,
b skin color, ¢ eye depth and (4) flesh color(A)
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Fig. 3 Frequency distribution
of tetraploid potato accessions
for grain micronutrients (Fe, Zn,
Cu, Mn, Ca, Mg, S, P, and K) in
tuber flesh and whole tubers
based on two years data.
Figures represent grain a Iron
b Zinc ¢ manganese d Copper
e Calcium, f Magnesium,

g Sulfur concentrations (ppm)
and h Phosphorus, i Potassium
concentrations in percent
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Fig. 3 continued (F) 80 80
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Phosphorus

There were large differences among the potato accessions
for P content in peeled and unpeeled tubers. The mean P
content in tuber flesh ranged from 0.21% in CP 4316 to
0.50% in CP 4163. The P concentration in the majority of
accessions ranged between 0.3 — 0.4%. Only three acces-
sions (CP 3816, CP 1435 and CP 4163) had more than
0.45% P content in tuber flesh.

P in Whole Tuber (%)

Frequency
N
T

3 1.5 2.5 3.5
K in Whole Tuber (%)

Dry matter

There was no significant difference in the DM in peeled
and whole tubers. The DM content in unpeeled tubers
varied from 13.02 to 28.47% with an average of 18.65%.
Abebe et al. (2012) reported 23.49% dry matter in potato
varieties grown at two distinct locations in Ethiopia.
Subramanian et al. (2017) also reported significantly high
DM in potato accessions ranging from 17.3 to 48.4% with a
mean of 28.9% maintained at Commonwealth Potato
Collection, United Kingdom. These variations in the
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Fig. 4 Boxplots representing
variation in tetraploid potato
nutrient concentrations in tuber
flesh and whole tuber samples
for the years 2019 and 2020.
Potential outliers are
represented by circles. The
analysis for K and Mo was
performed only for 1 year
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Table 6 A tabular representation of F-values from analysis of variance (ANOVA) for year and genotype and genetic variability components for
nutrients, dry matter content and yield traits in potato genotypes based on peeled tubers

Trait F values from Environmental Genotypic Phenotypic Heritability Genetic ~ Genetic Advance as

ANOVA (Year) Coefficient of Coefficient of Coefficient of (Broad Sense) Advance percentage of mean
Variance Variance Variance

Fe 0.0002™ 26.632 20.4394 33.5713 0.3707 8.107  25.6352

Zn 3.8402 ™ 19.0544 18.834 26.7916 0.4942 5.0389 27.2742

Mn 9.7353%%* 21.8035 25.5573 33.5941 0.5788 5.4126 40.0529

Cu 12.5485%*% 20.2985 299113 36.1485 0.6847 2.5509 50.9851

Ca 148.9471#%%* 38.8214 19.232 43.324 0.1971 60.4307 17.5869

Mg 8.4528%* 13.8064 12.2766 18.4751 0.4415 169.068  16.8048

S 116.4982%3#:* 27.385 9.6658 29.0408 0.1108 133.3239  6.6273
101.2701 #%:* 7.746 15.2125 17.1385 0.7879 0.0932  27.8055

DM  4.7068* 7.3266 11.7372 13.8363 0.7196 3.9878 20.5105

Yield 12.940%** 10.5919 31.2833 33.0277 0.8972 7.5526 61.0394

ECV, GCV and PCV environmental, genetic and phenotypic coefficient of variation as %; H2 broad-sense heritability; GA genetic Advance;

GAM genetic advance over mean

ns, not significant; ***Significant at P < 0.001; **Significant at P < 0.05; *Significant at P < 0.05

Table 7 A tabular representation of F-values from analysis of variance (ANOVA) for year and genotype, and genetic variability components
for nutrients, and dry matter content in potato genotypes based on whole tubers

Trait F values from Environmental Genotypic Phenotypic Heritability Genetic  Genetic Advance as

ANOVA (Year) Coefficient of Coefficient of Coefficient of (Broad Sense) Advance percentage of mean
Variance Variance Variance

Fe 3.4301 ™ 23.0996 16.5888 28.4391 0.3403 9.7966 19.9336

Zn 4.9024* 17.0240 17.2697 24.2499 0.5072 5.2072 25.3354

Mn 14043 ™ 19.2627 23.1126 30.0873 0.5901 6.3100 36.5746

Cu 63.569%** 20.6027 27.4066 34.2870 0.6389 2.9245 45.1274

Ca 171.2438%#:#: 30.1045 20.4785 36.4095 0.3163 103.4703  23.7273

Mg  0.003™ 11.8705 16.7893 20.5619 0.6667 326.1609 28.2404

S 134.6894 % 23.8748 9.83310 25.8204 0.1450 150.2765  7.7141
58.0573*** 9.48750 14.4647 17.2886 0.7000 0.0912 24.9301

DM  1.296™ 6.90660 11.9672 13.8171 0.7501 4.0391 21.3515

ECV, GCV and PCV environmental, genetic and phenotypic coefficient of variation as %; H2 broad-sense heritability; GA genetic Advance;

GAM genetic advance over mean

ns, not significant; ***Significant at P < 0.001; **Sgnificant at P < 0.05; *Significant at P < 0.05

nutrient concentrations indicate that different accessions
have differential genetic capabilities for mineral accumu-
lation, as these accessions were grown under uniform
conditions.

The mean tuber yield by potato varieties (16.25 kg/plot)
was higher in the case compared to potato germplasm
(12.01 kg/plot). The lowest mean tuber yield (9.02 kg/plot)
was obtained in Solanum tuberosum ssp. andigena germ-
plasm. For most of the nutrients in tuber flesh, there was no
significant difference in the mean values of potato germ-
plasm and varieties. However, wider ranges for all the

nutrients and DM were observed in the Solanum tuberosum
germplasm. The average values for Zn, Mn, Cu, Ca, Mg
and P were slightly higher in the Solanum tuberosum ssp.
andigena germplasm (Table 5).

Several accessions with high concentrations of
micronutrients (Fe, Zn, Cu, Mn) in tuber flesh were found
in this study (Table S4). Some accessions are a rich source
of an individual nutrient, and some accessions are a rich
source of several nutrients. For example, genotype CP 1685
had a high concentration of Fe, Zn, S and K with mean
concentrations of 55.70 ppm, 28.80 ppm, 3565.30 ppm and
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Fig. 5 Correlation among the
nutrients in the tuber flesh of
243 tetraploid potato accessions
based on two years data. Fe ‘
Correlations significant at
p < 0.01 are presented. Positive
correlations are shaded with z

. n
blue color and negative
correlations are shaded with red
color

Fe
Zn
Mn

Cu
Ca

Mg

Mo

Fig. 6 Cluster analysis based < _

on Gower distance dissimilarity e

matrix for tuber yield, dry

matter content and nutrient L

concentrations in tuber flesh as

well as in whole tubers in 243 £ o

tetraploid potato accession E’ o 7]
o P
o
g
o

2.81%, respectively. Two accessions belonging to S.
tuberosum L. ssp. andigena, JEX/A-288 and JEX/A-361
had high concentrations of both calcium and magnesium.
These variations in the nutrient concentrations indicate that
different accessions have differential genetic capabilities
for mineral accumulation, as these accessions were grown
under uniform conditions. The potato accessions exhibiting
high nutrient contents could be used as parental lines to
catalyze the breeding programs aimed to develop nutrient-
rich, high-yielding potato varieties.
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Morphological characterization

Extensive variations were observed in the potato germ-
plasm in terms of tuber shape, eye depth skin color, and
flesh color (Table S5). The genotypes were categorized into
10 groups based on predominant tuber shape. The majority
of potato genotypes in this AM panel have predominant
tuber shapes round (40%), ovoid (36%) and oblong (13%).
The variations in tuber eye depth were characterized by
making five categories based on predominant eye depth;
(1) protruding, (2) shallow, (3) medium, (4) medium-deep
and (5) deep. More than half of the genotypes (60%) have
shallow eyes while medium deep eyes were observed in
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Fig. 8 Principal component analysis loading plot based on 10 different nutrient concentrations, dry matter content and yield data of 243
tetraploid potato accessions based on two years data. a PCA of nutrient concentrations in tuber flesh (TF). In this, PC1 explains 23.85% variation
while PC2 explains 15.52% variation. b PCA of nutrient concentrations in whole tubers (WT). In this, PC1 describes 22.97% variation and PC2

describes 18.16% variation

21% genotypes and 11% genotypes have medium eye
depth. The white-cream tuber skin color was observed in
47% population (115 accessions), followed by yellow color
in 71 accessions (29%). However, a small portion of the
potato accessions has red, purple, dark purple and pink
tuber skin color. White and cream flesh colors were present
in the majority, whereas four genotypes have purple tuber
flesh color (Fig. 2).

Analysis of variance

The frequency distributions of nutrient content in potato
tuber flesh and whole tuber are presented in Fig. 3. The
continuous distribution of tuber nutrient content showed
that these as quantitatively inherited traits. All nutrients
showed continuous distribution and higher ranges of all
nutrients were observed in the whole tubers in comparison
to tuber flesh except sulfur. Potential outliers were identi-
fied based on two years data. The dry matter content
remain almost similar in both the years and there was not
much difference observed in the DM between peeled and
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whole tubers. The concentrations of Mn, Ca and S were
higher in the year 2020, whereas Cu and Fe concentrations
were a little higher for the year 2019 (Fig. 4). This varia-
tion might be because of the environmental effect. The
ANOVA showed that in peeled tubers, the genotype x year
interaction components were significant for all the nutrients
except Fe and Zn (Table 6), whereas in the case of whole
tubers the genotype X year interaction components were
significant for all the nutrients except Fe, Mn and Mg
(Table 7). The genotype x year interaction components
were significant for DM content in peeled tubers but not in
whole tubers.

Estimation of genetic variability parameters

The ECV, GCV and PCV for the 10 nutrients and DM for
tuber flesh ranged from 7.33 to 38.82%, 9.67 to 29.91%,
and 13.84 to 43.32% respectively. Among all traits, Cu
showed the highest GCV (29.91%), whereas Ca showed the
highest PCV (43.32%) (Table 6). Among all parameters,
H? estimates ranged from 0.11 to 0.79. GAM ranged from
6.63 to 50.99% for S and Cu, respectively. In whole tuber
samples, ECV, GCV and PCV ranged from 6.91 to
30.10%, 9.83 to 27.41%, and 13.82 to 36.41% respectively.
Similar to tuber flesh samples, Cu showed the highest GCV
(27.41%) and Ca showed the highest PCV (36.41%) in
whole tubers, too (Table 7). The H? estimates ranged from
0.15 to 0.75. The GAM ranged from 7.71 to 45.13% for S
and Cu, respectively. However, among all the parameters
highest H? (0.90) and GAM (61.04%) were observed for
tuber yield.

Correlation and cluster analysis

Correlation among the nutrients was estimated in both
peeled and whole tubers. Among the micronutrients in
tuber flesh Fe content was positively correlated with Zn
(r* = 0.30%**), Zn was positively correlated with Mn
(2 = 0.29***) and Cu (r* = 0.37***) and Mn were corre-
lated with Cu (1> = 0.35%**). Earlier, Andre et al. (2007)
and Dalamu et al. (2019) reported a positive correlation
between Fe and Zn concentration. In the case of secondary
nutrients and macronutrients, Ca was positively correlated
to Mg (?=027%%), S (*=028%%) and K
(r2 = 0.21**%), but negatively correlated with Mo (r2 = -
0.22#**) Positive correlations were also found between
Mg-S (1> = 0.28***) and Mg-P (1> = 0.31**%). Mn was
significantly associated with S (r* = 0.40%%*). Abebe et al.
(2012) reported significant correlations between P-Fe and
P-Zn. In contrast, we do not found significant correlations
between P-Fe and P-Zn. Dry matter was negatively

@ Springer

correlated to all the nutrients except Mo. Other significant
correlations were also found between micro, secondary and
macronutrients (Fig. 5). The association among the selec-
ted traits and their contribution to diversity was validated
by multivariate analysis. The k-medoids cluster analysis
based upon Gower distance was performed to study asso-
ciations among the parameters for appointing the potato
accessions to different clusters (Fig. 6). To find out the
Gower distance a dissimilarity matrix of 29,403 dissimi-
larities varied from 0.03906 to 0.39727 with a mean of
0.18127 has been generated. Majorly, accessions were
grouped into seven clusters, which are again sub-grouped
into different clusters (Table S6). However, based upon the
average silhouette method they were divided into two
major clusters, where clusters comprised 75 and 168
genotypes, respectively (Fig. 7). If these clusters were
divided into three clusters, then 7 genotypes from the
bigger cluster formed a separate cluster. The selection and
crossing of these potato accessions from different clusters
would be useful to bring together the desirable genes for
nutritional breeding.

Principal component analysis

The principal component analysis was performed to
achieve partial visualization of the data in a reduced
dimension. The outcomes of the nutrients in tuber flesh in
243 potato accessions were estimated using PCA. PCI1
explained 23.85% variation and was positively loaded with
DM, P and Mo, and the rest of the elements were loaded
negatively. PC2 explained 15.52% variation and was pos-
itively loaded with tuber yield, DM, Mn and Cu and neg-
atively loaded with Fe, Zn, Ca, Mg, S, P, K and Mo. PC3
and PC4 explained 10.30% and 8.70% variations. On PC1,
negatively loaded Zn, Mn, Cu, S and positively loaded Mo
were dominant variables, whereas on PC2 negatively loa-
ded Mg, P, Mo and Fe were dominant variables (Fig. 8). In
the case of whole tuber samples PC1, PC2 and PC3
explained 22.97%, 18.16% and 10.33% variation, respec-
tively. PC1 was positively loaded with DM, Fe, Mg, P, and
Mo and negatively loaded with tuber yield, Zn, Mn, Cu,
Ca, S and K. PC2 were positively loaded with all mineral
nutrients except Cu. In PC2, tuber yield and DM were two
positively loaded variables. Mg, S and Fe were negatively
dominating variables on PC2 (Fig. 8). The details of
loading of all the nutrients, DM and tuber yield on the first
two principal components and the variances explained by
every component are presented in the Table S7.



Physiol Mol Biol Plants (June 2022) 28(6):1233-1248

1247

Conclusions

A huge portion of the global population is suffering from
mineral deficiencies especially in the developing countries
where people cannot consume a diversified diet or dietary
supplements due to monetary issues. Potato is the world’s
most consumed non-grain crop thus its biofortification can
reduce the mineral deficiencies. The nutrient-rich potato
varieties can be developed through traditional or modern
breeding methods. However, the availability of potato lines
with a better genetic architecture to accumulate the min-
erals from the soil to the tubers can speed up the potato
breeding programs aimed to develop nutrient-rich potato
varieties. In the present study, potato germplasm comprises
178 accession from Solanum tuberosum, 26 accessions
from Solanum tuberosum ssp. andigena germplasm and 39
popular potato varieties have been studied for 10 minerals
concentrations, DM content and yield. Tremendous varia-
tions for selected traits were found in this germplasm. The
accessions with high levels of nutrients, DM and yield
would lead to the addition of value to potato products and
can also be used as parental lines to generate biofortified
potatoes.
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