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Potato is one of the main agricultural commodities and has high economic value. Yield is a trait that becomes a benchmark 
for user (industry and farmers) in selecting and developing varieties. The selection of superior newly potato somaclones using 
combined analysis and sustainability index (SI) is still underreported. This study aimed to identify the effect of genotype 
by environment (growing season) interactions (GEIs), as well as to select superior potato somaclones. The research was 
conducted in three years (2020 ‒ 2022) in Lembang, West Java, Indonesia. There were 38 somaclones tested in the field, 
consisting of 37 gamma ray-derived somaclones and one control genotype. The somaclones originated from commercial 
varieties Agria, Granola, Repita, and Vega. The field trial used a randomized block design that was repeated three times in 
each year. GEIs were calculated based on a combined ANOVA. Yield stability was assessed using the combined analysis 
(parametric and non-parametric), genotype plus genotype by environment interaction (GGE) biplot, and sustainability index 
(SI). Potato somaclones (G), seasons (E) and GEIs were found to have highly significant influence on yield (P < 0.01). 
According to the combined ANOVA, the GEIs impact accounted for 37.38% of the yield’s total sum of squares. Combining 
parametric and non-parametric measurements, seven somaclones, P3, P4, P5, P6, P8, P9, and P26, were selected. GGE 
biplot selected five stable somaclones, namely P3, P4, P22, P23, and P26, while SI selected eight high-yielding and stable 
somaclones, namely P3, P4, P5, P8, P13, P16, P26, and P32. Based on various stability measurements, three genotypes have 
been identified as the superior somaclones, namely P3, P4 and P26. This analysis can assist in selecting activities to determine 
superior somaclones.

Potato is an agricultural commodity that can po-
tentially be developed and has high economic value 
(Worku et al. 2018). It contains high carbohydrates 
and becomes a major global food commodity. In 

addition, potato also contains resistant starch, high 
quality proteins, vitamin C and B6, and potassium 
(de Haan et al. 2019), as well as glycoalkaloids that 
can inhibit the growth of cancer cells if consumed 



73

Agriculture (Poľnohospodárstvo), 70, 2024 (2): 72 − 86

in small portions (Friedman 2015). In cultivation, 
problems exist, such as varieties susceptible to dis-
ease and abiotic stresses, thereby reducing yield 
production (Abo-Akel et al. 2024). A key factor in-
fluencing potato yield and productivity is the vari-
ety. As such, developing superior potato clones with 
enhanced disease tolerance can significantly boost 
both yield and productivity. One of the Indonesian 
provinces with the largest potato production is West 
Java. In 2021, West Java contributed 240,482 tons 
of potato production (Central Boreau of Statistics, 
2021). This number makes it the third-highest pota-
to-producing province in Indonesia after East Java 
(324,338 tons) and Central Java (277,725 tons). 
Since West Java has a large potato growing area, the 
yield trials in West Java were considerable. 

Yield is a trait that becomes a benchmark for users 
(industry and farmers) in selecting and developing 
varieties. Potato yield is essential in overcoming 
economic, social, and environmental challenges 
(Koch et al. 2020), because the price of potatoes 
is quite good in the market, which is caused by 
the  high demand. However, potato production in 
the field is still unable to meet it. In some cases, the 
yield is greatly influenced by genetics, environment 
and their interactions (Maulana et al. 2022). Spe-
cifically, maximum potato yields require the addi-
tion of nitrogen fertilisers and also good irrigation 
management (Andrews et al. 2013; Akamis & Cal-
iskan 2023). In addition, potato yields are also very 
sensitive to humidity (Akamis & Caliskan 2023), so 
choosing the right location and planting season is 
very important in large-scale potato production.

Evaluation of potato genotypes in different en-
vironments (locations and/or growing seasons) is 
needed to select superior clones (high-yielding and 
stable). Selection in these environments, however, 
is incredibly intricate because of the impact of gen-
otype-environment interactions (GEIs) (Worku et 
al. 2018). Information on GEIs is essential for es-
timating yield performance in multi-environment or 
multi-season trials (Wicaksana et al. 2022). Unpre-
dictable micro- and macro-environmental factors, 
including humidity, rainfall, and temperature, led to 
the emergence of GEIs in multi-environment studies 
(Maulana et al. 2022). According to Worku et al. 
(2018), different growing environments provided 

different responses to the yield of each potato soma-
clone tested. The same thing also happened to other 
crops, such as sweet potatoes (Maulana et al. 2022; 
Solihin et al. 2024) and barley (Vaezi et al. 2019). 
Therefore, information on the effect of GEIs on po-
tato yields is important.

Various estimates for determining GEIs and for 
identifying stable somaclones including graphical, 
non-parametric, and parametric estimates. Para-
metric estimates include Wricke ecovalence (Wi2) 
(Wricke 1962), linear regression (Eberhart & Rus-
sell 1966), Shukla variance (σ2i) (Shukla 1972), co-
efficient of variation (CVi) (Francis & Kannenberg 
1978), GE variance component (θ(i)) (Plaisted 1960), 
and the mean-variance component (θi) (Plaisted 
& Peterson 1959). In addition, the non-parametric 
estimates are as follows: Thennarasu (NP(i)) (Then-
narasu 1995), nonparametric (S(i)) stability model 
(Nassar & Huhn 1987; Huehn 1990), and Kang rank 
(Kang 1988). Currently, visual/graphical estimation 
of genotypic stability has been widely used such as 
additive main effects and multiplicative interaction 
(AMMI) (Gauch 2013) and genotype plus genotype 
by environment interaction (GGE) biplot (Yan & 
Tinker 2006). In addition, the use of the sustainabil-
ity index (SI) in selecting stable genotypes has also 
been widely reported (Tuteja 2006; Filio et al. 2022; 
Maulana et al. 2023). The selection of superior gen-
otypes (stable and high yield) in diverse environ-
ments using a single stability analysis was consid-
ered less precise (Maulana et al. 2022; Wicaksana et 
al. 2022). Estimation of combined stability is much 
more accurate in the selection of high-yielding and 
stable genotypes (Vaezi et al. 2019). Using integrat-
ed stability estimations, several researchers have ef-
fectively selected the potential genotype (high yield 
and consistent) in a variety of environments, includ-
ing barley (Vaezi et al. 2019), maize (Wicaksana et 
al. 2022), sweet potato (Maulana et al. 2022), and 
black soybeans (Susanto et al. 2023). Conducting 
testing to develop varieties in various environments 
and growing seasons is important to determine the 
adaptability of these varieties. 

The selection of superior potato somaclones us-
ing sustainability index (SI) and stability analysis is 
still underreported. This is the first stability study 
of new potato somaclones using multivariate mea-
surements and sustainability index (SI), which is 
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accurate and effective for choosing high-yielding 
and stable potato somaclones. Therefore, this study 
aimed to: 1. identify the somaclones by growing 
season interactions (GEIs) on potato yield; 2. se-
lecting potato somaclones with high yield and stable 
in three years using sustainability index (SI) and sta-
bility analysis.

MATERIAL AND METHODS

Plant Materials
The genetic materials used consisted of 37 new 

potato somaclones resulting from gamma ray irra-
diation of four commercial varieties, namely Agria, 
Granola, Repita, and Vega, at doses of 10 – 50 Gy. 
One commercial variety was commonly grown by 
farmers in various regions. Namely, Granola was 

used as the control. Table 1 provides details about 
the somaclones used in this study.

Experimental design
Field tests were conducted over three years 

at Vegetable Crops Research Institute in Lem-
bang, West Java, Indonesia, located at coordinates 
6°30’49”S 107°36’33”E in 2020 (September-De-
cember), 2021 (April-July), and 2022 (Febru-
ary-May). The altitude of the experimental land 
location is 1,200 meters above sea level (masl). Ob-
servations of climatic conditions were carried out 
every month during the experiment, which are pre-
sented in Table 2. A randomized block design was 
applied in the field experiment and conducted three 
replications each year. Each experimental plot mea-
sures 2×3 m2. Fertilisation was applied using chick-
en manure at 15 t/ha, and chemical fertilisers P2O5 
200 kg/ha, N 200 kg/ha and K2O 150 kg/ha. Plant 

T  a  b  l  e   1

Potato somaclones used in experiment

No. Code Somaclones Initial Variety No. Code Genotypes Initial Variety

1 P1 G-6 Granola 20 P20 R-15 Repita

2 P2 G-7 Granola 21 P21 G-41 Granola

3 P3 G-9 Granola 22 P22 R-18 Repita

4 P4 G-10 Granola 23 P23 R-25 Repita

5 P5 G-12 Granola 24 P24 R-43 Repita

6 P6 G-16 Granola 25 P25 A-26 Agria

7 P7 G-21 Granola 26 P26 V-50 Vega

8 P8 G-22 Granola 27 P27 R-71 Repita

9 P9 G-26 Granola 28 P28 R-78 Repita

10 P10 G-40 Granola 29 P29 A-14 Agria

11 P11 G-47 Granola 30 P30 A-17 Agria

12 P12 G-48 Granola 31 P31 A-22 Agria

13 P13 G-50 Granola 32 P32 A-27 Agria

14 P14 G-51 Granola 33 P33 A-45 Agria

15 P15 R-5 Repita 34 P34 V-3 Vega

16 P16 R-6 Repita 35 P35 V-8 Vega

17 P17 R-8 Repita 36 P36 V-35 Vega

18 P18 R-10 Repita 37 P37 V-47 Vega

19 P19 R-11 Repita 38 P38 Granola Commercial variety
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maintenance included hoarding, weeding, and dis-
ease and pest management, all done to the demands 
of the individual plants. Harvesting was done when 
the plants were 100 days old, and 10 days before 
harvesting, the stems were pruned so that the tuber 
skin did not peel off when harvested.

Data collection
Tuber yield per plot [kg] is the observed trait at 

harvest time (100 days after planting) from a 2×3 m2 

plot of each somaclone. The data were converted to 
t/ha. A digital scale was utilized to weigh each so-
maclone’s yield.

Data analysis
The GEIs were estimated using a combined anal-

ysis of variance (ANOVA) on all somaclones tested. 
The calculation follows the equation: 

Yijkl = μ + Gi + Ej + GEij + Rk(j) + Bl(k) + εijkl                 (1)

where: Yijkl represents the tuber yield in plot l of so-
maclone i, and the tuber yield in year j of each repli-
cation k; μ represent the total average value on tuber 
yield trait; Gi − influence of somaclone e; Ej rep-
resent the influence of the year; GEij represent the 
influence of somaclone i − by − year j interactions; 

Rk(j) represents the influence of replicate k on year j; 
Bl(k) represents the influence of replicate k on plot l; 
and εijkl represent the influence error of somaclone i 
in plot l and replicate k of year j, respectively.

The stable potato somaclones were identified by 
utilizing combined stability models (parametric and 
nonparametric). Linear regressions follow the Eber-
hart and Russell (1966) method. Potato somaclone 
will show stable yield conditions if the regression 
slope (bi) is 1 and the variance deviation (S2di) is 0. 
In accordance with Plaisted and Peterson (1959), the 
mean-variance component (θi) was computed using 
the following formula: 
				                              2

As per Plaisted (1960) calculation, the GE variance 
component (θ(i)) was:
			                                          (3

As per Wricke (1962) calculation, the Wricke’s Eco-
valence (Wi2) was:
					                   (4)

As per Shukla (1972) calculation, Shukla’s stability 
variance was: 
					                   (5)

As per Francis and Kannenberg (1978) calculation, 
the coefficient of variance (CVi) was:
					                  (6)

where: xij represents the yield of somaclone i in 
year j; Xi. represents the mean yield of somaclone i;  
X.j − average yield of year j; X,, represents the mean 
yield of all somaclones tested; p − the number of po-
tato somaclone; q − the number of years; SDg rep-
resents the standard deviation value of a somaclone 
mean across year.

In accordance with Nassar and Huhn (1987) and 
Huehn (1990), stability nonparametric (S(i)) models 
were implemented using the formula: 
							     
	

T  a  b  l  e   2

Climate conditions during field trials

Years
2020

(September-
December)

2021 
(April-July)

2022
(February-

May)

Rainfall [mm]

Minimum 31.00 11.00 27.50

Maximum 389.30 384.40 357.00

Mean 180.29 168.94 202.13

Temperature [OC]

Minimum 20.62 20.10 23.69

Maximum 26.34 25.30 25.97

Mean 22.51 23.72 25.03

Relative Humidity [%]

Minimum 84.67 71.57 72.17

Maximum 92.00 88.63 90.03

Mean 88.91 81.24 83.27
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where: rij represents the rank in year j from somaclone 
i; ri represents the average rank across three years 
for each somaclone, and N represents the number 
of years. In accordance with Thennarasu (1995), 
stability parameters (NP(i)) were computed as:
		

where: r*ij represents the rank of somaclone 
‘i’ in year ‘j’ (the data must be adjusted first);  
M*di − media rank of adjusted data; Mdi represents 
the same parameter derived from the raw data;  
N represents the number of years. The nonparametric 
stability measure (KR) proposed by Kang (1988). 
This strategy assigned 1 (one) weighting to yield 
performance and stability variance to select stable 
and high-yielding potato somaclones. To estimate 
the combined stability measures (parametric and 
nonparametric), we used the online software 
STABILITYSOFT (Pour-aboughadareh et al. 2019). 
Hierarchical Clustering Analysis (HCA) was used to 
integrate the stability of potato somaclones based on 
ranks of combined stability assessment.

The GGE biplot model utilizing the formula 
from Yan and Tinker (2006) was:
					               (15)

where: Yij represents the mean performance of 
somaclone i in year j; Yj represents the mean 
performance for all somaclone in year j; λ1 is the 
singular value of PC1; λ2 is the singular value of 
PC2; ζi1 is the PC1 score and ζi2 is the PC2 score for 
somaclone i; ƞj1 is the PC1 score and ƞj2 is the PC2 
score, for year j; ɛij is the model’s residual linked 
to the somaclone i in year j. In this research, the 
GGE biplot used is the which won where pattern. 
To calculate the GGE biplot, use the online software 
PBStat.

Using the following formula, the sustainability 
index (SI) was calculated (Tuteja 2006):

							     
where: Y represents the potato somaclones’ mean 

performance, σn denotes the standard deviation, 
and YM indicates the somaclones’ best performance 
throughout any given year. The SI values were 
arbitrarily divided into five groups: very high (above 
80%), high (61% to 80%), moderate (41% to 60%), 
low (21% to 40%), and very low (up to 20%). The 
SI was computed using Ms. Excel 2013.

RESULTS

Somaclone-by-growing season interactions (GEIs) 
on potato yields 

Table 3 displayed the results of the combined 
ANOVA for potato somaclones assessed throughout 
three growing seasons. Table 3 shows that the yield 
varied significantly (p < 0.01) across somaclones 
(genotype/G), environment (growing season/E) and 
GEIs. The highest difference was shown by envi-
ronmental influence (season) at 41.49%, while the 
GEIs influence was 37.38%, and somaclones were 
21.14%. 

There are variations in potato yield perfor-
mance under various environments, in this case, 
the growing season or year in Lembang, West Java, 
Indonesia, as indicated by the significant effect of 
somaclones, environment, and their interactions. 
Table 3 presented that the average yield range 
across the three growing seasons was from 7.66 t/ha 
(growing season 1) to 55.81 t/ha (growing season 2). 
The average data for the three growing seasons re-
corded an average yield of 26.90 t/ha. The resulting 
coefficient of variation (CV) value is included in the 
moderate category (14.64%). These results confirm 
that it is necessary to out further testing using stabil-
ity analysis to obtain high-yielding and stable potato 
somaclones at three growing seasons.

Visually, heatmap GEIs divided the environment 
(growing seasons) into two clusters (Figure 1). The 
first environmental group consisted of Y2 (growing 
season 2021), whereas the members of the second 
environmental group were Y1 (growing season 
2020) and Y3 (growing season 2022). The pota-
to somaclones tested had a range of scattered col-
ours, according to the GEIs response pattern shown 
in Figure 1. The GEIs’ magnitude is shown by the 
colours in this pattern. A dense colour indicates a 
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strong and positive interaction between the potato 
somaclone being tested and its environment, and 
vice versa (Pham et al. 2022). P5, P8 and P27 show 
the most intense colours against Y1. This means all 
three have the highest values in the second growing 
season (2021) compared to the other somaclones. 
Likewise, P11 has a positive interaction with Y2. 
The variations in the interaction patterns between 
the potato somaclones tested showed differences in 
the response of each tested potato to changes in the 
growing season. Differences in the growing season 
can also be seen in Table 2, where each test year has 

a different average rainfall, temperature and humid-
ity.

Stability analysis of potato yield using combined 
stability (parametric and non-parametric)

The average yield and parameters of the com-
bined stability analysis of potato somaclones are 
shown in Table 4. The average yield ranged from 
11.34 to 29.45 t/ha, where 20 somaclones were 
identified as having yields greater than the average 
(>20.18 t/ha), while the other 18 somaclones had be-
low-average yields. According to the model (Eber-
hart & Russell 1966), estimations of the regression 
coefficient (bi) = 1 and low S2di (close to zero) were 
used to determine genotype stability. The bi-mea-
surement identified P3, P20 and P26 as somaclones 
that have low GEIs (stable), while S2di identified 
P4, P23 and P6 as stable somaclones. Based on the 
coefficient of variation (CVi) parametric stability 
model, P32, P16 and P13 were classified as the most 
stable somaclones. The mean-variance component 
(θi) assigned P7, P27, and P38 as the most stable 
somaclones. The most stable somaclones according 
to three different parametric stability measures (GE 
Plaisted variance component (θ(i), Shukla stability 
variance (σ2i), and Wricke equivalent (Wi2)) were 
P4, P23 and P26.

Stability estimation for each somaclone using a 
non-parametric stability model showed that the S(1) 
and S(2) measurements identified the P23, P5 and P4 
somaclones as the most stable (Table 5). S(3) iden-

T  a  b  l  e   3

Combined ANOVA of potato yield during three years di Lembang, West Java, Indonesia 

Source Df SS MS F   SS [%]

Total 341 26.09 −   * −   −

Genotypes (G) 37 3.50 0.09  2.36 ** 21.14

Season (E) 2 6.87 3.44 31.54 ** 41.49

Replication 6 0.65 0.11   2.72 * − 

Interactions (GEIs) 74 6.19 0.08   2.09 ** 37.38

Error 222 8.89 0.04  *  −  −

CV [%] 14.64 −   − −   − − 

Mean [t/ha] 26.90 −   −  −  − − 

Df − degree freedom; SS − sum of square; MS − mean of square; *P < 0.05; **P < 0.01

Figure 1. GEIs heatmap between potato somaclones and 
the environment during three growing seasons. Somaclones 
code see Table 1. Y1 − first years (2020); Y2 − second years 
(2021); Y3 − third years (2022).
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tified somaclones P5, P23 and P4 as the most sta-
ble, and S(6) identified somaclones P5, P4 and P6 as 
the most stable somaclones. NP(1) identified P23, P4 
and P26 as the most stable somaclones, NP(2) identi-
fied P26, P4 and P3 as the most stable somaclones, 
NP(3) identified P4, P26 and P6 as the most stable 
somaclones, NP(4) identified P5, P4 and P6 as the 
most stable somaclones, while KR identified the P4, 
P13 and P3 as the most stable somaclones. Table 5 
displays each measurement’s stability rank. Table 5 
indicates that the P4 somaclone was the most sta-
ble since it had the lowest mean rank (AR), whereas 
P27 had the greatest AR and was the least stable or 
adaptive somaclone in a given region/ season.

Cluster analysis/ HCA (dendrogram) was also 
conducted to classify potato somaclones. In this in-
vestigation, the dendrogram separated the potato so-

maclones into two primary clusters (Figure 2). The 
first cluster (KI) is an unstable somaclone cluster. 
Three sub-clusters were created from this cluster, 
namely the first unstable medium yield sub-clusters 
consisting of somaclones P2, P37, P21, P34, P32, 
P1, P15, and P10. The second, unstable low yield 
sub-clusters consisted of somaclones P17, P19, P20, 
P28, P36, P14, P31, P33, P25, P7, P35, P12, P27, 
P38, P18, and P29. The third, unstable high-yield 
sub-clusters consisted of somaclones P13, P16, and 
P11, which have a high average yield and a high av-
erage stability rank. The second group (K2) is a sta-
ble somaclone cluster. There were two sub-clusters 
inside this cluster: the stable high-yield sub-cluster 
included genotypes P5, P8, P6, P9, P3, P26, and P4. 
They were greater than the overall average yield and 
had a low average stability rank. The second, stable 

Figure 2. Potato somaclones grouping based on stability rank. For somaclones code see Table 1.
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low-yield sub-clusters consisted of genotypes P22, 
P30, P23, and P24. They had low yields and were 
unstable in all test seasons.

Stability analysis based on GGE biplot
A visualization of yield stability for 37 potato 

somaclones with one control genotype is presented 
in Figure 3. PC1 and PC2 accounted for 54.3 and 
26.3%, respectively, of the overall yield variation. 
The GGE biplot (‘which won where’ pattern) shows 
that the three growing seasons had eight sectors 
with different peak somaclones. Each environment 
(growing season) was in a different sector, where 
the first planting season was in sector 1, containing 
P27 as the peak somaclone. Sector two has a peak 
somaclone of P29, sector 3 has a peak somaclone of 
P25, sector 4 has a peak somaclone of P27, sector 
5 has no peak somaclone, sector 6 contains plant-
ing season 3 with a peak somaclone of P12, sector 7 
contains planting season 2 and peak somaclone P11, 
while sector 8 contains the peak somaclone of P6. 
Top-performing somaclones in each sector suggest 
high yields in that sector’s environment. The yields 
of somaclones that are near the central axis (0.00) 
are relatively stable. In this test, the stable soma-
clones were P3, P4, P22, P23, and P26.

Estimating the stability of potato yields using the 
sustainability index (SI)

Table 6 presents the findings from the sustaina-

bility index (SI) analysis. Potato yields are predict-
ed to have SI values between low (23.25%) to very 
high (91.63%). Moderate SI values ​​were indicated 
by somaclones P6, P11, P14, P15, P18, P20, P23, 
P24, P25, and P31. High SI values ​​were indicated 
by somaclones P3, P4, P5, P8, P13, P16, P26, P29, 
P30, and P33. While the very high SI value is shown 
by P32 (91.63%).

Significant variations in various growing sea-
sons were found by the estimated analysis of vari-
ance in SI for potato yields, demonstrating genetic 
variability within the analysed someclones. The so-
maclone with the best performance was P32, which 
had an average yield of 23.62 t/ha and an SI value 
of 91.63% (very high) (Table 6). According to Ver-
ma et al. (2013), the best performance with a high 
SI value can be interpreted as a measure of how 
closely the best and average performances are re-
lated. The next best somaclone with high yield and 
high SI value was P3 (29.88 t/ha with SI = 66.72%),  
P4 (30.47 t/ha with SI = 61.28%), P5 (37.60 t/ha with 
SI = 73.14 %), P8 (36.73 t/ha with SI = 65.36%), 
P13 (33.55 t/ha with SI = 74.00%), P16 (35.52 t/ha 
with SI = 80.01 %), and P26 (29.08 t/ha with SI = 
72.81). Several other somaclones had high SI values ​​
but low yields (below average) namely P29 (20.15 
t/ha with SI = 68.09%), P30 (22.03 t/ha with SI = 
67.39%), and P33 (18.99 t/ha with SI = 72.19%). 
These somaclones were identified as stable but low 
yields. Other somaclones with high yields above av-
erage but with low and moderate SI, suggested that 
the somaclone’s performance varied depending on 
the growing season or that it would give better in a 
favorable growing season. Meanwhile, somaclones 
with low yields and low SI showed poor adaptability 
and yield performance.

DISCUSSION

The results of the combined ANOVA on the 
potato somaclones tested showed that the effect of 
growing season is the most contributed to the diver-
sity of potato yields (41.49%), followed by GEIs ef-
fects (E) (37.38%), and somaclone effects (21.14%) 
(Table 3). Researchers have also reported that GEIs 
affect potato yields (Worku et al. 2018). The inter-
action patterns and groupings between the potato 

Figure 3. Stability analysis on 38 genotypes of potato soma-
clones based on GGE biplot; Y1 − first years (2020); Y2 − 
second years (2021); Y3 − third years (2022).
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somaclones tested and their growing season (envi-
ronment) are also displayed in the heatmap GEIs 
(Figure 1). There are two primary clusters of the en-

vironment. The potato somaclones tested had a di-
verse and distributed coloration, as seen by the GEIs 
response pattern displayed in Figure 1. This suggests 

T  a  b  l  e   6

Sustainability Index (SI) of potato yield during three growing seasons

Code M1 M2 M3 mean stdev YM SI Criteria
P1 16.83 46.04 24.32 29.06 12.38 46.04 36.23 Low 
P2 17.08 52.56 28.52 32.72 14.79 52.56 34.11 Low 
P3 20.40 34.73 34.50 29.88 6.70 34.73 66.72 High
P4 22.22 38.72 30.46 30.47 6.74 38.72 61.28 High
P5 34.51 44.61 33.68 37.60 4.97 44.61 73.14 High
P6 19.89 47.55 31.98 33.14 11.32 47.55 45.89 Moderate
P7 17.43 9.79 37.09 21.44 11.50 37.09 26.78 Low 
P8 35.68 45.65 28.87 36.73 6.89 45.65 65.36 High
P9 16.45 46.51 29.12 30.69 12.32 46.51 39.50 Low 
P10 11.89 41.52 33.33 28.92 12.49 41.52 39.55 Low 
P11 23.99 55.81 37.98 39.26 13.02 55.81 47.01 Moderate
P12 9.04 39.71 38.62 29.12 14.21 39.71 37.57 Low 
P13 30.27 39.57 30.81 33.55 4.27 39.57 74.00 High
P14 7.66 22.90 26.03 18.86 8.02 26.03 41.64 Moderate
P15 16.45 37.81 39.30 31.19 10.44 39.30 52.80 Moderate
P16 29.75 37.57 39.23 35.52 4.13 39.23 80.01 High
P17 9.80 40.43 35.76 28.66 13.47 40.43 37.57 Low 
P18 26.19 31.17 14.56 23.98 6.96 31.17 54.58 Moderate
P19 18.62 36.29 12.52 22.48 10.08 36.29 34.16 Low 
P20 23.60 38.77 15.08 25.82 9.80 38.77 41.31 Moderate
P21 13.23 46.75 29.31 29.76 13.69 46.75 34.38 Low 
P22 14.43 34.00 16.83 21.75 8.72 34.00 38.33 Low 
P23 12.03 32.00 22.45 22.16 8.15 32.00 43.78 Moderate
P24 22.86 35.04 19.91 25.94 6.55 35.04 55.33 Moderate
P25 10.36 13.92 21.08 15.12 4.46 21.08 50.56 Moderate
P26 21.73 31.97 29.08 27.59 4.31 31.97 72.81 High
P27 36.32 30.59 9.21 25.37 11.67 36.32 37.74 Low 
P28 8.23 31.07 19.95 19.75 9.33 31.07 33.54 Low 
P29 24.78 18.19 17.49 20.15 3.28 24.78 68.09 High
P30 16.69 22.77 26.62 22.03 4.09 26.62 67.39 High
P31 9.10 20.77 24.87 18.25 6.68 24.87 46.51 Moderate
P32 24.67 22.24 23.96 23.62 1.02 24.67 91.63 Very High
P33 14.32 20.93 21.71 18.99 3.32 21.71 72.19 High
P34 16.83 48.29 20.91 28.68 13.97 48.29 30.45 Low 
P35 9.33 52.37 27.72 29.81 17.63 52.37 23.25 Low 
P36 7.77 28.77 21.24 19.26 8.69 28.77 36.73 Low 
P37 15.43 51.33 27.19 31.32 14.94 51.33 31.90 Low 
P38 12.53 20.16 38.18 23.62 10.75 38.18 33.70 Low 
For somaclones code see Table 1. M1 − first years (2020); M2 − second years (2021); M3 − third years (2022); stdev − 
standard deviation; YM − yield maximum; MR − moderate resistance.
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an interaction with the growing season (environ-
ment). The intensity of the simulated GEIs is shown 
by the ensuing colour difference, and the dense co-
lour denotes strong positive interactions (Pham et 
al. 2022; Susanto et al. 2023). In this study, P5, P8 
and P27 showed the most intense colour against Y2. 
This means that all three have the strongest inter-
action response and have the highest value in the 
second year of the planting season (2021) compared 
to the others. It shows that variations in potato yields 
are strongly influenced by the environment; in this 
study, changes in growing seasons.

Significant variation indicates that one or more 
potato somaclones that have different responses to 
changes in the growing season, probably due to the 
genetic background of the potato somaclones used. 
The population used a result of gamma-ray muta-
tions previously propagated through a tissue culture 
process (Krishna et al. 2016). Variations that occur 
during tissue culture are somaclonal variations that 
are epigenetic (not genetic), causing the traits being 
tested to be unstable, usually caused by environ-
mental conditions (Ferreira et al. 2023). Although it 
was conducted up to 6× subcultures, selection activ-
ities in the field proved that some somaclones were 
phenotypically unstable. Nonetheless, this variation 
can be employed in potato genetic improvement 
projects to create genetic diversity and support the 
release of new superior varieties that are resistant to 
abiotic stresses brought on by seasonal and climatic 
variations as well as diseases and pests (Hoque & 
Morshad 2014; Krishna et al. 2016). It shows that 
the response of potato somaclones to environmental 
changes is very high so further testing is needed to 
obtain potato somaclones that can adapt to environ-
mental changes.

The emergence of the effect of GEIs, which 
makes a large contribution, shows that potato yields 
vary in each experimental season. This makes the 
potato breeding program less efficient (Maulana et 
al. 2022; Wicaksana et al. 2022). There are strong 
interactions (GEIs), possibly caused by significant 
differences in environmental conditions (Table 2). 
Several researchers also revealed that environmen-
tal differences and growing seasons could cause 
significant variations in crop yields (Maulana et al. 
2022; Wicaksana et al. 2022; Utami et al. 2023). 
Thus, the selection of superior genotypes must be 

carried out using various advanced statistical analy-
ses. GEIs have also been shown in other research to 
significantly impact crop yields, including sweet po-
tato yields (Ngailo et al. 2019; Maulana et al. 2022), 
soybeans (Susanto et al. 2022), and maize (Wicak-
sana et al. 2022). The presence of significant GEIs 
necessitates further analysis with various approach-
es to estimate the stability of the results (Vaezi et 
al. 2019; Maulana et al. 2023). Therefore, various 
stability measures were used to classify potato so-
maclones into a more defined group.

Several techniques have been used in conjunc-
tion with the average results of somaclone stability 
ranks as a selection index (Vaezi et al. 2019; Mau-
lana et al. 2022). To identify the superior potato so-
maclones, this study employed the GGE biplot, sus-
tainability index (SI), and combined stability analy-
sis (parametric and nonparametric). Table 4 displays 
the findings of the potato somaclones’ parametric 
and non-parametric stability analyses, while Table 
5 displays the stability ranks. Based on Table 4 and 
Table 5, it can be seen that each stability has dif-
ferences in estimating stable somaclones. However, 
there are three stability models that exhibit the same 
pattern in assessing genotype stability. Namely the 
Wricke equivalence stability model (Wi2), the Shuk-
la stability variance (σ2i), and the Plaisted GE vari-
ance component (θ(i)), with P4 as the most stable so-
maclone. It shows that the three measurements (Wi2, 
σ2i, θ(i)) have the equivalent abilities in assessing the 
stability performance of potato yields, so one of the 
three models can be used to select stable somaclones 
(Vaezi et al. 2019; Maulana et al. 2022). Based on 
the average rank (AR), the P4 somaclone also has a 
small value, so it was declared the most stable soma-
clone. The same thing was also conveyed by (Vaezi 
et al. 2019), who stated that the genotype with the 
lowest average rank had the highest stable yield in 
multi-location testing.

Potato somaclones were categorized into dis-
tinct groups using cluster analysis (dendrogram). 
Figure 2 shows the outcomes of the dendrogram 
analysis. The dendrogram analysis divides the po-
tato somaclones into two primary clusters. The first 
cluster (KI) is an unstable somaclone cluster. Three 
sub-clusters were created from this cluster, namely 
unstable medium yield sub-cluster consisting of so-
maclones P2, P37, P21, P34, P32, P1, P15, and P10. 
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The second, unstable low yield sub-clusters consists 
of somaclones P17, P19, P20, P28, P36, P14, P31, 
P33, P25, P7, P35, P12, P27, P38, P18, and P29. 
The third, unstable high-yield sub-clusters consist 
of soma-clones P13, P16 and P11 with high aver-
age values for yield and stability rank’s. As opposed 
to stable somaclones, specific adapted somaclones 
have more advantages in responding to environ-
mental changes (Ngailo et al. 2019). Therefore, so-
ma-clones in the third sub-cluster are highly recom-
mended as candidates for environmentally specific 
superior varieties.

The second group (K2) is a stable somaclone 
cluster. This cluster is divided into two sub-clusters, 
namely the first stable high-yield sub-cluster con-
sisting of somaclones P5, P8, P6, P9, P3, P26, and 
P4. They have yields greater than the overall average 
and have a low average stability rank. This group is 
ideal, because it has high yields (above the overall 
average) and is stable in the three test growing sea-
sons (Vaezi et al. 2019; Maulana et al. 2022). The 
second group is stable low-yield sub-clusters con-
sisting of somaclones P22, P30, P23, and P24. They 
had low yields and were unstable in all test seasons. 
By using combined stability analysis, a number of 
researchers have also been successful in choosing 
stable and high-yielding genotypes, including soy-
beans (Susanto et al. 2023), maize (Wicaksana et 
al. 2022), sweet potato (Maulana et al. 2022), and 
barley (Vaezi et al. 2019). Thus, the somaclones in 
the high-yielding and stable sub-cluster can be pro-
posed as a candidate for superior potato somaclones.

Visualization of potato yield stability using GGE 
biplot (Figure 3). Based on Figure 3, the GGE biplot 
graph accounts for 80.60% (PC1 and PC2) of the 
total variation for 38 potato somaclones. The ‘which 
won where’ pattern shows that the three growing 
seasons have seven sectors with different top pota-
to soma-clones. Three sectors have environmental 
points (planting seasons), namely sector 1 with P27 
as the top somaclone, sector 6 with P12 as the top 
somaclone, and sector 7 with P11 as the top soma-
clone. Somaclones that are at the top of each sector 
indicate that these somaclones have high yields in 
environments located in that sector (Maulana et al. 
2023). The peak somaclones in the sector containing 
the environment showed that these somaclones had 
the best yields in the growing environment (Must-

amu et al. 2018). Therefore, these somaclones are 
suitable to be used as environment-specific.

The GGE biplot analysis results indicated that 
a number of identified somaclones were located in 
close proximity to the axis centre. The somaclones 
were P3, P4, P22, P23, and P26. Numerous stud-
ies found that stable genotypes were those that were 
near the central axis (0.00) (Mustamu et al. 2018; 
Wicaksana et al. 2022). The results of GGE biplot, 
parametric and non-parametric, and biplot measure-
ments illustrated a comparable ability to choose the 
ideal somaclones (high yielding and stable). Table 6 
displays the findings of the sustainability index (SI) 
investigation. According to several studies, a high 
SI value denotes a genotype’s stability rate (Bose et 
al.  2014; Filio et al. 2023; Utami et al. 2023). Ac-
cording to Tuteja et al. (2006), there are five catego-
ries of SI values: very high, high, medium, low, and 
very low. This hierarchy serves as the foundation for 
the distribution of SI values. In this research, potato 
yields showed SI values between 23.25% (Low) to 
91.63% (Very High). High SI values ​​were indicated 
by somaclones P3, P4, P5, P8, P13, P16, P26, P29, 
P30, and P33. While the very high SI value is shown 
by P32 (91.63%). This somaclone showed the best 
performance with an average yield of 23.62 t/ha 
(Table 6). A high SI value for the best performance 
might be interpreted as a measure of how closely the 
average and best performances are related (Verma 
et al. 2013; Filio et al. 2023). The next ideal soma-
clones were P3, P4, P5, P8, P13, P16, and P26, all 
with high SI values and high yielding. Other soma-
clones with low average yields and SI values ​​are the 
least ideal genotypes (Filio et al. 2023; Maulana et 
al. 2023). So, in this measurement, these genotypes 
were not selected as superior genotypes. Potato so-
maclones with low SI values but high yields may 
also be caused by epigenetic effects, where changes 
in gene expression are influenced by the environ-
ment, which causes DNA methylation so that the 
phenotype ‘as if’ changes and will come back when 
the environment supports it.

Generally, the GGE biplot selected five stable 
somaclones, namely P3, P4, P22, P23, and P26. 
Combining parametric and non-parametric mea-
surements selected seven somaclones P3, P4, P5, 
P6, P8, P9, and P26, while SI selected eight supe-
rior somaclones, namely: P3, P4, P5, P8, P13, P16, 



P26, and P32. Based on a combination of stability 
model approaches, three new ideal somaclones were 
selected in the three testing seasons, namely geno-
types P3, P4 and P26. Thus, the three selected potato 
somaclones can be suggested as the new potential 
cultivars with high yields and consistency in three 
testing seasons and as material for future research 
on potatoes.

CONCLUSIONS

Potato yields are strongly influenced by the ef-
fects of genotype (somaclones), growing season, 
and GEIs. GEIs gave the highest contribution to po-
tato yield variation, which was 37.36%. Combining 
parametric and non-parametric measurements se-
lected seven somaclones P3, P4, P5, P6, P8, P9, and 
P26. GGE biplot selected five stable somaclones, 
namely P3, P4, P22, P23, and P26, while SI selected 
eight high-yielding and stable somaclones, namely: 
P3, P4, P5, P8, P13, P16, P26, and P32. Based on 
a combination of various stability measurements, 
three potato somaclones were selected that had high 
yields and were stable for three growing seasons, 
namely somaclones P3, P4 and P26. These three 
somaclones can be recommended as new superior 
somaclones and as material for the next potato plant 
breeding program.
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