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ABSTRACT
Research on genetic improvement for the cultivation of lulo (Solanum quitoense Lam.) in Colombia is limited. 
Specifically, research related to genotype-by-environment interaction (GEI) and stability in agronomic traits 
is scarce. This study aimed to identify superior genotypes by evaluating GEI and the stability of fruit weight 
(FW), ascorbic acid (AA), and yield among 10 half-sib families (HSF). Four trials were established at San Pedro 
de Cartago, Arboleda, Tangua and La Union of the department of Nariño (Colombia), using the randomized 
complete block design with four repetitions. To analyze GEI, the additive main effects and multiplicative in-
teraction (AMMI) model and some AMMI stability parameters were used. In Tangua, HSF7 and the control 
exhibited specific adaptation with yields of 12.82 and 13.41 t ha-1, respectively, and FW greater than 100 g. In 
Arboleda, HSF29 obtained the highest yield (16.14 t ha-1) with an FW of 100.53 g. HSF4, HSF28 and HSF49 
reached yields above 9.0 t ha-1 and a FW greater than 100 g, indicating their stability and suitability for any 
of the environments evaluated. HSF25 in AA and HSF29 in yield presented specific adaptation in Arboleda. 
Stable families across environments with good yield were HSF4, HSF28, and HSF49, with HSF4 and HSF28 
showing higher values in two of the three traits, and HSF49 excelling in all three variables. These families can 
be used in plant breeding programs as parents or distributed to farmers as improved varieties.
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The potential of lulo cultivation lies in its flavor, 
aroma and nutritional and organoleptic properties 
(Lagos-Santander et al., 2019). Agronomic traits such 
as yield and fruit quality have differential behavior 
depending on the producing areas and time. Factors 
such as genetic variability, production systems, ac-
ceptance by consumers, agro-industrial potential, 
and the possibility of integrating them into the pro-
cesses of reconversion from illicit crops to productive 
land, favor their development (Lagos et al., 2020). 

Lulo is a species of fruit in the process of domestica-
tion. It has a high level of heterozygosity, stability 
in specific niches, and generally narrow adaptability. 
The response of the lulo crop depends on the influ-
ence of the environment on the genetic expression of 
the plant, which can favor or limit the expression of 
the genetic potential (Lagos et al., 2020). In the ab-
sence of stress, conditions can occur that permit high 
yields and better production quality, while under 
conditions of biotic stress, physiological disorders ap-
pear in plants that reduce the quality and production 
of the crop (Lagos, 2023).

It is important to determine the differential behav-
ior of the genotypes or the degree of genotype envi-
ronment interaction (GEI). This behavior manifests 

independently according to the degree of presence of 
interaction in each of the environments where these 
genotypes are evaluated. It is also necessary to deter-
mine which genotypes have the lowest degree of this 
interaction without compromising yield, as these are 
considered as stable (Mejia-Salazar et al., 2020). 

The additive and multiplicative main effects model 
of interaction (AMMI) is one of the most widely 
used statistical methods to explain the proportion 
of sum of squares due to GEI. It separates the main 
effects from interaction effects. This increases preci-
sion and ensures recommendations, selection, and 
genetic gains of genotypes (Gauch et al., 2008). Usu-
ally, the results of AMMI analysis are expressed in 
plots called biplots that contain the values of geno-
types and environments using the singular vector 
technique (Szareski et al., 2017). The biplot takes 
advantage of the PCA approach to study data from 
multiple environments, allowing visualization of the 
relationship between genotypes, environments, and 
their interactions. 

The AMMI model has been widely used in Solana-
ceae to assess the performance of genotypes in terms 
of yield adaptability and stability. Cadersa et al. 
(2022) evaluated the yield of commercial tubers of 18 

RESUMEN
La investigación sobre mejoramiento genético para el cultivo de lulo (Solanum quitoense Lam.) en Colombia es limi-
tada. Especificamente, la investigación relacionada con la interacción genotipo-ambiente (IGA) y la estabilidad en 
caracteres agronómicos es escasa. Este estudio tuvo como objetivo identificar genotipos sobresalientes mediante la 
evaluación de la IGA y la estabilidad del peso del fruto (PF), ácido ascórbico (AA) y rendimiento de 10 familias de 
medio hermanos (FMH). Se establecieron cuatro ensayos en San Pedro de Cartago, Arboleda, Tangua y La Unión del 
departamento de Nariño (Colombia), utilizando el diseño de bloques completos al azar con cuatro repeticiones. Para 
analizar el IGA se utilizó el modelo aditivo de efectos principales e interacción multiplicativa (AMMI) y algunos pa-
rámetros de estabilidad AMMI. En Tangua, FMH7 y el control presentaron adaptación específica con rendimientos 
de 12,82 y 13,41 t ha-1, respectivamente y PF mayor a 100 g. En Arboleda, la FMH29 obtuvo el mayor rendimiento 
(16,14 t ha-1) con un PF de 100,53 g. FMH4, FMH28 y FMH49 alcanzaron rendimientos superiores a 9,0 t ha-1 y un 
PF mayor a 100 g, lo que indica su estabilidad e idoneidad para cualquiera de los ambientes evaluados. FMH25 en 
AA y FMH29 en rendimiento presentaron adaptación específica en Arboleda. Las familias estables en ambientes con 
buen rendimiento fueron FMH4, FMH28 y FMH49, donde FMH4 y FMH28 mostraron valores superiores en dos de 
los tres caracteres, y FMH49 destacó en las tres variables. Estas familias pueden utilizarse en programas de fitome-
joramiento como parentales o entregarse a los agricultores como variedades mejoradas.
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advanced potato clones compared to the commercial 
variety Spunta in four environments in France, identi-
fying stable and specifically adapted clones. Ceballos-
Aguirre et al. (2022) identified optimal environments 
for variables associated with cherry tomato yield and 
promising genotypes by environment across differ-
ent Colombian departments. Santacruz-Benavides et 
al. (2021), identified the GEI for 21 potato wadding 
genotypes in the department of Nariño, highlighting 
promising genotypes in terms of yield.

The hypothesis tested was that the environment 
would not affect the biological processes of different 
families of lulo’s half-siblings and that this lack of ef-
fect would be reflected in a uniform response of these 
families to the environmental conditions in San Pedro 
de Cartago, Arboleda, Tangua and La Union. Based on 
the above, the objective of this work was to estimate 
the effect of GEI on yield and fruit quality in half-sib 
families using the AMMI model and to identify the 
most stable families to make decisions about their 
usefulness, either as parents in crossing programs or 
for use by farmers.

MATERIALS AND METHODS

Ten half-sib families (10HSF) selected from a first 
cycle of a recurrent selection of 50 HSF of lulo were 
evaluated. These 50 HSF were selected for their ag-
ronomic performance under a stratified selection 
scheme. The evaluation was carried out in four medi-
um climate localities of the natural Andean region of 
the department of Nariño located between 1,700 and 
2,100 m a.s.l. during the years 2014 to 2016. The 10 
HSF were selected based on their good performance 
related to growth, yield and fruit quality variables. 
These families were evaluated in four trials located 
in the municipalities located in the department of 
Nariño (Tab. 1). In addition, a control was included, 
corresponding to ‘lulo de Castilla’, a cultivar widely 
accepted in national markets for its multiple uses as 
fresh fruit. Table 2 shows the most important charac-
teristics of the 10 HSF evaluated.

Data on fruit weight in g (FW) and ascorbic acid 
(AA) was obtained from 20 fruits per sample from 
the useful plot. Ascorbic acid (AA) was determined 

Table 1. Climatic variables, fertility, and soil texture of the locations (Colombia) used for the evaluation of 10 FMH of lulo (So-
lanum quitoense).

Locality T  
(°C)

PP  
(mm)

Latitude  
(North)

Longitude  
(West)

RH  
(%) Soil fertility Soil texture

San Pedro 18 2,396 01°32’24.8” 77°08’07.7” 93 High Cl

La Union 19 1,405 01°29’3.7” 77°13’47.3” 83 Medium L-Cl-S

Tangua 16 2,420 01°3’44.74” 77°25’12.2” 79 Medium Cl

Arboleda 19 2,219 01°30’45.0” 77°08’42.0” 80 High L-Cl-S

Texture: L: loam; Cl: clay; S: sand. T: temperature; PP: precipitation; RH: relative humidity: Source: adapted from Atlas Climatológico (IDEAM, 2010).

Table 2.  Characteristics of fruit weight (FW), yield, seed/pulp ratio (RSP), fruit volume (VOL), respiration (IR) and ascorbic acid 
(AA) of 10 HSF of lulo (S. quitoense) evaluated in four localities of the department of Nariño.

HSF FW 
 (g)

Yield  
(t ha-1)

AA  
(mg/100 g)

1 88.44 8.88 34.00

4 88.35 9.57 38.77

7 105.23 9.53 37.31

22 100.44 8.19 32.39

25 105.33 9.10 34.74

28 97.43 9.02 30.39

29 98.25 10.91 29.94

36 92.97 8.61 32.93

45 97.25 6.96 34.93

49 110.78 9.92 40.18

Control (‘lulo de Castilla’) 107.73 8.83 31.08
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by Reflectoquant® previously calibrated for the 
measurement of ascorbic acid. A dilution of 10 mL 
of filtered lulo juice was made using 20 mL of oxalic 
acid; the mixture was homogenized and left to stand. 
Since the equipment gives the data in mg L-1 of solu-
tion, a correction of units was carried out using the 
following formula (Eq. 1)

  𝐴𝐴𝐴𝐴 = ##$∗&'
&('∗&)
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where, AA was ascorbic acid content (mg/100 g), SV 
solution volume (mL), SaV sample volume (ml), and 
SW sample weight (g).

Yield in t ha-1 was also evaluated by measuring total 
weight of fruit produced in the useful plot during the 
10-months production cycle.

At each location, a trial was established under a ran-
domized complete block design with 11 treatments 
and four replications. The experimental area of each 
trial was 2,160 m2. The experimental plot consisted 
of a row of six plants planted at distances of 2.5 × 
3.0 m, for an area of 45 m2. The useful plot was 30 
m2 where four central plants were used to avoid the 
border effect. 

The data obtained for the variables evaluated were 
subjected to a combined analysis of variance (ANO-
VA). When the genotype by environment interaction 
(GEI) was significant, an analysis of the effect of en-
vironment on each of the HSF was performed.

The statistical model of the combined ANDEVA used 
was (Eq. 2):
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where, Yijk was response variable of the k-th genotype 
in the j-th block and i-th environment, µ overall mean, 
Li effect of the i-th environment, B(L)ij effect of the 
j-th block within the i-th environment, Gk effect of 
the k-th genotype, (GxE)ik effect of the genotype-by-
environment interaction, eijk error associated with 
the response variable Yijk.

The analysis of the genotype-by-environment in-
teraction was done using the additive main effects 
model and multiplicative interaction - AMMI (Man-
del, 1971; Zobel et al., 1988; Gauch and Zobel, 1996) 
with the following model (Eq. 3):
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where, Ygl was response variable of each HSF and 
control at location 1, µ overall mean of the variables 
evaluated, αg deviations of the averages of HSF and 
the control, βl deviations of the location means, n 
number of principal components (PC) retained in the 
PCA with n = 1, 2, .., N, λn eigenvalue for the nth 
interaction principal component, Ygn eigenvectors for 
each genotype, δln eigenvectors for each environment, 
and ρgl residual. 

For each HSF, the average stability value (ASV) of 
AMMI was calculated, which corresponds to the 
distance from the coordinate point to the origin on 
a two-dimensional plot of PC1 scores versus PC2 
scores (Al-Naggar et al., 2020). PC1 scores contribute 
more to the sum of squares of AMMI; therefore, a 
weighted value is needed and is calculated as follows 
(Purchase et al., 2000) (Eq. 4)
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where, SSCP1 was sum of squares of PC1 of the first 
AMMI model, SSPC2 sum of squares of PC2 of the 
second AMMI model, iPC1s scores of each HSF in the 
interaction of PC1, and iPC2s scores of each HSF in 
the interaction of PC2.

If the negative or positive ASV value is of high mag-
nitude, it was determined that a HSF presented spe-
cific adaptations to certain environments. On the 
other hand, if the ASV value was smaller, the HSF 
was more stable across environments (Farshadfar et 
al., 2011; Al-Naggar et al., 2020). For yield, the YSI 
stability index is also calculated (Farshadfar, 2008), 
corresponding to: YSI = RASV + RY, where RASV is 
in the range of the AMMI stability value (ASV) and 
RY is in the range of the average yield of genotypes 
across all environments. YSI incorporates both yield 
and stability into a single criterion. The low value of 
this parameter shows desirable genotypes with high 
yield and stability. Based on YSI, for FW and AA, the 
selection index SI = RASV + RY was calculated. In 
this case, RY will be the rank of the variable consid-
ered. Likewise, based on the values of SI and YSI, the 
average was obtained the most stable genotypes was 
selected taking into account the three variables.

RESULTS AND DISCUSSION 

The combined AMMI analysis of variance (ANO-
VA) of the HSF showed that the effects on the fruit 
weight of lulo (FW) were highly significant (P<0.01) 
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for genotypes (HSF and control), significant (P<0.05) 
for localities (environment) and for the genotype-by-
environment interaction (GEI) (Tab. 3). The AMMI 
model showed that of the sums of squares gener-
ated, the environment contributed 8.14%, the geno-
type-by-environment interaction (GEI) contributed 
13.68% and the effect of genotypes (HSF and control) 
contributed 37.22%. The results revealed that the 
HSF of lulo had different adaptability to the environ-
ment. However, the effects of genotypes (HSF) were 
the main cause of total FW variation. Additionally, 
decomposition of the interaction effects into princi-
pal components (PC) of the AMMI model indicated 

that the first principal component (PC1) contributed 
67.82% of the total variance of the interaction and 
PC2 contributed 23.79%, for a total cumulative vari-
ance of 91.6%.

The combined ANOVA (Tab. 3) for ascorbic acid (AA) 
shows highly significant differences for locations, 
treatments and for GEI, indicating that the families 
behave differently in the environments evaluated. 
Of the total variance, 64.04% is contributed by the 
locations, followed by error with 16.98 and interac-
tion with 7.49%. PC1 contributed 62.72% of the to-
tal variance of the interaction, followed by PC2 with 

Table 3.  AMMI ANOVA for fruit weight (FW), ascorbic acid (AA) and yield of 10 lulo genotypes evaluated in four environments 
of the Andean region of the department of Nariño (Colombia).

Fruit weight (FW)

Source DF SS MS F Pr(>F) %SS

Environment (E) 3 1901.97 633.99* 4.99 0.003 8.14

Repetition/E 12 1523.45 126.95* 1.89 0.042 6.52

Genotypes (G) 10 8693.52 869.35* 8.16 6·10-10 37.22

GEI 30 3195 106.5* 1.59 0.042 13.68

Error 120 8040.82 67.01 34.43

IPCA %V %VAc

IPCA1 12 2166.74 180.56* 2.58 0.004 67.82 67.82

IPCA2 10 759.98 76.00ns 1.09 0.38 23.79 91.6

Ascorbic acid (AA)

Source DF SS MS F Pr(>F) %SS

Environment (E) 3 10471.91 3490.64* 244.48 6·10-51 64.04

Repetition/E 12 171.33 14.28ns 0.62 0.82 1.05

Genotypes (G) 10 1709.3 170.93* 4.19 5·10-05 10.45

GEI 30 1224.69 40.82* 1.76 0.017 7.49

Error 120 2776.03 23.13 16.98

IPCA %V %VAc

IPCA1 12 768.12 64.01* 2.85 0.002 62.72 62.72

IPCA2 10 401.97 40.2ns 1.79 0.07 32.82 95.54

Yield

Source DF SS MS F Pr(>F) %SS

Environment (E) 3 1166.4 388.8* 10.01 6·10-06 43.82

Repetition/E 12 465.94 38.83* 7.88 1·10-10 17.5

Genotypes (G) 10 156.53 15.65ns 1.67 0.096 5.88

GEI 30 281.54 9.38* 1.9 0.008 10.58

Error 120 591.42 4.93 22.22

IPCA %V %VAc

IPCA1 12 195.42 16.28* 2.56 0.005 69.43 69.43

IPCA2 10 53.91 5.39ns 0.85 0.582 19.15 88.58

* significance of the source, ns = non-significance of the source; %SS: percentage of sum of squares explained by the corresponding VF; IPCA: principal component 
analysis of interaction; %V = percentage of variance explained by the PC; %VAc: percentage of cumulative variance-explained by the PCs.
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32.82%. These two PCs presented a cumulative vari-
ance of 95.54%, where PC1 was significant. 

In yield, highly significant differences (P<0.01) were 
observed for locations and for the GEI, indicating 
that the HSF and the control behaved differentially 
in the environments evaluated. The genotypes did 
not show significant differences; however, the GEI is 
of most importance to find potential genotypes with 
specific or general adaptations to the environments 
of Nariño. Of the total variance, the highest percent-
age was contributed by the locations with 43.82%, 
followed by the error with 22.22%. GEI contribut-
ed 10.58% and genotypes 5.88%. PC1 contributed 

69.43% of the total variance of the interaction, fol-
lowed by PC2 with 19.15%, for a cumulative variance 
of 88.85%. PC1 was significant (Tab. 3).

In all three variables (FW, AA and yield), the AMMI1 
biplots graphically represent stability, which is given 
by the relationship between IPCA1 and the addi-
tive effect of genotypes and environment; moreover, 
IPCA1 explains between 62 and 69% of the total vari-
ation implied in the GEI. The AMMI2 model was also 
chosen, revealing stable environments and genotypes 
located close to the origin with low scores for the two 
interaction axes (IPCA1 and IPCA2) (Nafisah et al., 
2020).
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Figure 1.  Graphical representation of the biplots of the AMMI analysis for fruit weight (FW) recorded in nine HSFs of lulo and 
evaluated in four environments of the Andean region of the department of Nariño (Colombia). A: PC1 as a function of 
FW (AMMI1 model); B: biplot of PC1 vs. PC2 (AMMI2 model).

Table 4.  AMMI stability value (ASV), orders and stability indices (SI) for fruit weight (FW), ascorbic acid (AA) and fruit yield 
for lulo half-sib families (HSF) evaluated in four locations in the department of Nariño (Colombia).

HSF FW Or1 ASV Or2 SI1 AA Or3 ASV1 Or4 SI2 Yield Or5 ASV2 Or6 YSI SIa
C 107.04 2 0.20 1 3 31.08 9 0.41 5 14 8.5 9 2.82 10 19 12.0

4 88.35 11 0.27 2 13 38.77 2 0.09 1 3 9.57 2 0.5 3 5 7.0

28 97.43 7 0.39 3 10 30.39 10 0.29 2 11 9.02 6 0.33 1 7 9.7

45 97.25 8 0.50 4 12 34.93 4 0.58 9 13 6.96 11 1.04 5 16 13.7

49 110.44 1 0.60 5 6 40.18 1 0.35 4 5 9.56 3 1.4 6 9 6.7

22 100.44 5 0.68 6 11 32.39 8 0.81 11 19 8.19 10 2.01 7 17 15.7

36 92.97 9 0.82 7 16 32.93 7 0.56 8 15 8.61 8 0.47 2 10 13.7

29 98.25 6 1.49 8 14 29.94 11 0.48 7 18 10.91 1 3.65 11 12 14.7

7 105.22 4 1.66 9 13 37.31 3 0.29 2 5 9.53 4 2.29 8 12 10.0

25 105.33 3 2.79 10 13 34.74 5 0.74 10 15 9.10 5 2.35 9 14 14.0

1 88.44 10 2.88 11 21 34.00 6 0.42 6 12 8.88 7 0.89 4 11 14.7

C= control; HSF = half-sib family; Or1 = order of FP; ASV = AMMI stability parameter for FW; Or2 = ASV order of FW; SI1= selection index for FW; Or3 = order 
of AA; ASV1 = AMMI stability parameter for AA; Or4 = ASV1 order of AA; SI2 = selection index for AA; Or5 = order of yield; ASV2 = AMMI stability parameter 
for yield; Or6 = ASV2 order of yield; YSI = selection index for yield; SIa = average selection index.
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The AMMI1 model for FW (Fig. 1A), shows that 
genotypes HSF49, HSF22, HSF25, HSF7 and control 
lie to the right of the vertical line, thus outperform-
ing the overall FP average (99.2 g). HSF49 obtained 
the highest FW average with 110.44 g. Families HSF1 
(88.44 g) and HSF4 (88.35 g) recorded the lowest FW 
averages (Tab. 4).

The most stable HSFs were 4, 22, 28, 29, 36, 45, 
49 and the control; although families 4, 36, 45, 28 
and 29 showed lower FWs than the overall mean. 
Of all the genotypes, control and HSF49 obtained 
the highest FW averages and were stable. Regard-
ing environments, Tangua (100.03 g) and Arboleda 
(103.77 g) stood out, with FWs exceeding the other 
locations and within the 26 and 30 caliber (Icontec, 
2002). These calibers are the most suitable for fresh 
marketing (Muñoz et al., 2013). The most stable en-
vironment was Tangua. Environmental stability is 
important to demonstrate the reliability of genotype 
ranking in each environment with respect to the rat-
ing of the environments in question (De Oliveira et 
al., 2014).

In the graphical representation of the contribution 
of genotypes and environments to the interaction, 
considering the two IPCs (Fig. 1B), genotypes lo-
cated close to the origin of the biplot contribute to 
the interaction with low percentages, hence they are 
considered stable and of higher adaptability to the 
environments where they were evaluated (Gordón-
Mendoza, 2020). According to these criteria, control, 
HSF4 and HSF45 showed greater stability across the 
locations evaluated, with averages between 88.35 
g and 97.25 g, except for control which had a FW 
(107.04 g), higher than the general mean (Tab. 4).

Families 36, 1, 29, 22 and 25 found in the vertices rep-
resented by points showed greater interaction and, in 
turn, have greater specific adaptation to the environ-
ments of the corresponding zone formed by the poly-
gon of variation (Rodríguez-González et al., 2011; 
Liu et al., 2022). Thus, the Tangua environment was 
in the upper right sector of figure 1B, where HSF36 
stands out with a FW of 92.97 g. The Cartago envi-
ronment was in the lower right sector where HSF1 
and HSF29 stand out as the most adapted, with aver-
ages of 88.44 and 98.25 g. On the lower left side, La 
Union with HSF22 was located as the most adapted 
to this environment with a FW of 100.44 g. Finally, 
in the upper left sector Arboleda was located with 
HSF25 with FW of 105.33 g.

These averages exceed those found by Lagos et al. 
(2015) in 50 HSF of lulo, and Álvarez et al. (2016), in 
a collection of 15 genotypes collected in municipali-
ties of the department of Nariño, classified as mod-
erately resistant and resistant to Meloidogyne spp., 
with values ranging between 52.6 and 81.5 g that 
are cataloged in caliber 26 and 30 (Icontec, 2002). In 
addition to the influence of the environment on the 
expression of the FW, agronomic practices must be 
considered to improve fruit quality at harvest time. 
Ardila et al. (2015) recommend improving fruit qual-
ity by pruning productive branches and managing 
bunches per branch to obtain a higher percentage of 
fruit in the extra and first category with 40 bunches 
per plant and four to five stems per plant.

The ASV represents the distance between each geno-
type and the origin of the AMMI biplot. This stability 
parameter is ranked from highest to lowest, with the 
lowest the one that is closest to the origin, indicating 
higher stability (Liu et al., 2022). Consequently, ASV 
values established that the control, HSF4 and HSF28 
are stable. High ASV values indicated that genotypes 
HSF25 and HSF1 are unstable (Tab. 4). An ideal gen-
otype should have a high average for the evaluated 
trait and a low ASV (Al Naggar et al., 2020). This de-
scription corresponds to the control, HSF49, HSF28 
and HSF22, which had high average FW and lower 
and moderate ASV values that produced low selec-
tion indices (SI1). This makes them suitable to be 
selected as parents or to improve this trait (Tab. 4).

Genotypes HSF29 and HSF7 could be potentials for 
validating FW performance and specific adaptability, 
considering that they have high FW averages. The 
high ASV results indicated that HSF1 is unstable and 
not adapted to the environments where it was evalu-
ated and presents the low average for FW (Al-Naggar 
et al., 2020).

Figure 2A shows that ascorbic acid (AA) of HSFs 
25, 45, 7, 4 and 49 exceed the overall mean (AA = 
34.04 mg/100 g), while HSF1 is similar. The AA val-
ues of these families greatly exceed those of Bastidas 
and Cuaspud (2018), who evaluated the agronomic 
performance of 10 HSF under conditions of the mu-
nicipality of Tangua, in the department of Nariño; 
González et al. (2014), who evaluated commercial 
fruits of crops from Valle del Cauca, Colombia, and 
Matarazzo et al. (2013), who evaluated fruits from 
the experimental farm of the Federal University of 
Viçosa, located in the municipality of Viçosa (MG). 
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This could be due to the low proportion of enzymes 
that reduce ascorbic acid, such as ascorbate oxidase, 
in these families and their reduced performance or 
functional ability compared to the genotypes under 
study by the authors. 

HSF49, HSF4 and HSF7 were categorized as stable, 
given their low SI2 value and had the highest AA val-
ues, between 37.31 and 40.18 mg/100 g (Tab. 4). In 
contrast, HSF25, HSF49 and HSF36 were classified as 
unstable (Fig. 2A). The averages of the other fami-
lies evaluated ranged from 29.94 to 32.39 mg/100 g 
across environments. These are considered low, but 
with high agroindustrial potential as the minimum 
daily consumption per person is 50 mg (Fonseca et 
al., 2013), which would be met by the consump-
tion of two fruits of any family evaluated. Among 
the locality averages, the highest average was Car-
tago (44.39 mg/100 g), followed by Arboleda (35.18 
mg/100 g), Tangua (34.07 mg/100 g) and La Union 
(22.66 mg/100 g).

The environments Arboleda and La Union with a 
positive PC1 and PC2 close to zero (Fig. 2B) have 
little participation on the interaction effect. These 
environments group HSF49, with an average of 42.9 
mg/100 g. HSF25 is close to the Arboleda vector; 
therefore, it has a specific adaptation to this environ-
ment with an AA value of 41.03 mg/100 g. HSF45 is 
adapted to the Cartago locality with an AA content 
of 49.05 mg/100 g. These three families had the high-
est averages among the families and could be consid-
ered as important sources of vitamin C for human 
consumption and agroindustrial transformation.

Cartago had a yield of 8.87 t ha-1 and La Union had 
the lowest average with 4.85 t ha-1 (Fig. 3), due to the 
presence of important outbreaks of fruit gall midge 
(Neoleucinodes elegantalis) during the evaluation pe-
riod. These outbreaks are facilitated by the altitude 
of the locality (1,405 m a.s.l.) and its temperature 
(19°C), which are within the infestation range for 
lulo (Díaz and Brochero, 2012). The pests generate 
losses in production by affecting fruit at color stages 
2 and 3 (Icontec, 2002).

Cartago stood out for the lowest contribution to the 
GEI and Arboleda, Tangua and La Union had a high 
contribution to the GEI (Fig. 3B), indicating more 
variability and less stability. This variability affects 
how genotypes perform across different environ-
ments, confirming that environmental factors play a 
larger role in yield variation than genetic factors, as 
supported by De Oliveira et al. (2015). In addition, the 
variation in average yield is lower for genotypes than 
for environments (Fig. 3). HSF29 stands out with the 
highest average across environments at 10.91 t ha-1 
while HSF45 had the lowest average at 6.96 t ha-1.

The graphical representation of the contribution of 
genotypes and environments to the interaction con-
sidering the first two axes (Fig. 3B) shows that fami-
lies 29, 49, 22, 4, 45 and control form a polygon of 
variation. Among these, HSF49 does not present a 
specific adaptation and its behavior varies according 
to the environment, marking it as unstable (Cebal-
los, 2012). Similarly, HSF36 and HSF25 do not adapt 
to any specific environment, indicating they are also 
unstable. 
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The length of the vectors indicates the capacity of 
evaluated localities to discriminate the specific ad-
aptation of the families (Yan et al., 2000). Control 
and HSF7 show specific adaptation to Tangua, with 
yields of 12.82 and 13.41 t ha-1, respectively. In La 
Union, HSF4, located at the extreme end of the vec-
tor, is therefore adapted to this environment, with 
6.14 t ha-1, yield that is considered low with respect 
to the others. In Cartago, HSF22 stands out with spe-
cific adaptation to this environment, with a yield of 
9.11 t ha-1 and in Arboleda, HSF29 with the highest 
average with 16.14 t ha-1 (Fig. 3B). Thus, the influ-
ence of environments is responsible for the variation 
by genotype and genotype-by-environment interac-
tion (Kizilgeci et al., 2019).

In table 4, low ASV values for HSFs 4, 28, 36, and 1 es-
tablish that they are stable. High ASV values indicate 
that genotypes HSF25, control, and HSF29 are unsta-
ble. ASV is used in the simultaneous selection of high 
yielding and stable genotypes (Sharifi et al., 2017). 
Stability alone is not a suitable selection criterion as 
stable genotypes may not be high-yielding, so the si-
multaneous use of yield and stability in a single mea-
sure is essential. The simultaneous selection index, 
known as the genotype stability index (GSI) or yield 
stability index (YSI), is calculated by summing the 
ranks of the stability measure and the average yield 
of genotypes (Farshadfar, 2008; Poudel et al., 2023). 
Consequently, HSF4, HSF28 and HSF49 families are 
promising due to their high yields and stability. HSF7 
and HSF25 have high yield averages and could be con-
sidered for validating their specific adaptability. The 
high ASV results indicated that HSF29 was unstable 
and not adapted to the environments where it was 

evaluated despite presenting high yield averages (Al-
Naggar et al., 2020).

The ASV value allowed us to classify the genotypes 
according to the stability measure, since the AMMI 
model does not provide this classification (Mekon-
nen and Mohammed, 2009). Genotypes close to the 
point of origin are considered stable and generally 
adaptive because of their low interaction with their 
environments (Alejos et al., 2006). By considering the 
selection indices (SI1, SI2 and YSI) and obtaining 
the average (SIa), behavioral genotypes were identi-
fied based on FW, AA, and yield. In this sense, SIm 
showed the genotypes that combined high values 
in the three evaluated variables and stability. These 
corresponded to HSF49, HSF4 and HSF28, which 
showed higher values in two of the three variables, 
except for HSF49, outstanding in all three variables.

CONCLUSION

Variation in genotype-by-environment interaction 
was an important factor for identifying half-sib fami-
lies that are stable and specifically adaptive. The fam-
ilies HSF25 in AA and HSF29 in yield showed specific 
adaptation to Arboleda. Families stable across envi-
ronments and performing well were HSF4, HSF28 
and HSF49. HSF4 and HSF28 showed superior values 
in two of the three variables (FW and yield), while 
HSF49 was outstanding in all three variables (FW, 
AA and yield). These families can be used in breeding 
programs for the species as parents or as improved 
cultivars that can contribute to the sustainability of 
production systems.
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