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Garlic is the major bulb crop next to onion in Ethiopia. Lack of stable and high yielding cultivars is one
of the major problems for production and productivity of garlic in the country. Identification of
adaptable, stable and high yielding genotypes under varying environmental conditions prior to release
as a cultivar is the first steps for plant breeding. Therefore, developing high yielding and stable
varieties is the primary objective of garlic improvement in this country. Nine garlic genotypes were
evaluated to study their adaptability and stability in eight environments of Tigray region, northern
Ethiopia. The experiment was carried out in randomized complete block design with three replications
in four locations over two years. In this study, additive main effects and multiplicative interaction
(AMMI) and genotype by environment interaction (GGE) biplot analyses were used in the evaluation of
test environments and genotypes. The AMMI analysis showed that the effects of genotype, environment
and genotype x environment interactions were significant (P<0.01) on bulb yield. AMMI evaluation
confirmed that the three main components accounted for 89.8% of the whole genotype by environment
interaction. The which-won-where view of the GGE biplot showed that environments used for this study
grouped in to two mega-environments, with two different winning genotypes G9 and G7. Both AMMI and
GGE biplot analysis identified promising genotypes. Genotype G9 (Bora-1/16) had the highest average
yield performance and stability compared to other cultivars and should be used in breeding programs
for new garlic variety development.

Key words: Additive main effects and multiplicative interaction (AMMI), bulb yield, garlic, genotype by
environment interaction (GGE) biplot, stability analysis.

INTRODUCTION

Garlic (Allium sativum L.), is from the genus Allium and world. It is originated in Central Asia (Brewster, 1994). It
family Alliaceae grown as edible bulbous crop in the is a diploid with the basic chromosome number of 2n=16
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oldest cultivated vegetable and second most extensively
species of obligated apomixes, therefore its reproduction
system is vegetative through its cloves. Garlic is the
produced Allium next to onion (Batth et al., 2013; Diriba,
2016; Dejen, 2018). It is used for seasoning in many
ingredients as well as for medicinal and spiritual
purposes (Tewodros et al, 2014). It is extensively
cultivated throughout the world including Ethiopia. In
Ethiopia, 15381.01 ha of land have been underneath of
garlic cultivation with a production of about 1386643.07
tones (CSA, 2017).

Garlic is the most widely cultivated bulbous crop in
Ethiopia and it has a wide range of climatic and soll
adaptation. However, its production and productivity are
very low due to many biotic and abiotic bottlenecks such
as lack of high yielding varieties, non-availability of quality
seeds, imbalanced fertilizer use, lack of irrigation
facilities, lack of appropriate disease and insect pest
management and other agronomic practices, low
storability, and lack of appropriate marketing services
(Getachew and Asfaw, 2010; Mohammed et al., 2014).
Therefore, multi environment variety trials (MET) on
different crops including garlic are essential, because of
the existence of genotype x environment (GE)
interactions (Gauch and Zobel, 1997). The development
of high yielding varieties with wide adaptability is the
basic target of plant breeders. Genotype by environment
interaction evaluation is important for genotype selection
and cultivar recommendation, and to identify appropriate
production and test environments (Singh et al., 2016;
Habte et al., 2019; Ngailo et al., 2019). Bulb yield and
days to maturity of garlic is disposed to environmental
changes resulting in variable yield due to the significant
effect of genotype-by-environment interaction (Tewodros
et al., 2014).

Assessment of different genotypes across locations
and over years is now not only essential to select and
recommended high-yielding cultivars but also to identify
suitable areas that represent the ideal environment (Yan
et al., 2001). Moreover, the efficiently developed high-
yielding new cultivar must have a stable overall
performance and broad adaptation over a wide range of
environments. A genotype is considered as stable if it has
adaptability for a trait of economic significance throughout
diverse environments. The environmental factor (E)
usually represents the biggest issue in analyses of
variance, however, it is not applicable to -cultivar
selection; only G and GE are relevant to significant
cultivar comparison and ought to be viewed
simultaneously for making selections (Yan and Kang,
2003). As there are no studies on G x E in garlic crop in
Ethiopia particularly in Tigray regional state, the
importance of conducting such studies throughout
principal garlic producing locations have been suggested.
Genotype x location (GL) interaction effects are of special
interest for breeding programmes to identify adaptable,
stable and high yielding genotypes and test locations.
Additive main effects and multiplicative interaction

(AMMI) analysis and genotype plus genotype by
environment interaction (GGE) biplot analysis were
widely used a multivariate technique for interaction
investigation (Gauch et al., 2008; Mohammadi et al.,
2010). AMMI biplot evaluation is regarded to be a high
quality tool to diagnose GEI patterns graphically. AMMI
analysis can also be used to find out the stability of the
genotypes across locations using the (principal
component axis (PCA) scores and AMMI stability value
(ASV). Purchase (1997) developed the AMMI stability
value primarily based on the AMMI model’s principal
components axis 1 and 2 scores for each cultivar,
respectively.

Another powerful statistical model GGE biplot model
combines the two principal effects, that is, genotypes (G)
plus the G x E interaction (GE). This method is proven to
be beneficial to decide which-won-where pattern of the
multi-locational trials facts thereby figuring out high-
yielding and stable cultivars and the power to
discriminate and become aware of representative test
environments (Yan, 2001). Now-a-days, it is a common
practice through crop breeders to use GGE models in
explaining G x E interaction and analyzing the overall
performance of genotypes and test environments (Yan et
al., 2007; Ngailo et al., 2019). GGE biplot, especially, is
useful, to graphically represent the GE interaction, and to
rank the studied genotypes and environments (Ngailo et
al., 2019). According to the GGE biplot, a highly stable
genotype would have a shorter projection on to the
average environment coordinate (AEC) abscissa,
irrespective of its direction (Yan and Kang, 2003). These
two statistical analyses (AMMI and GGE) have broader
relevance for agricultural researchers because they
pertain to any two way data matrices, and such data
emerge from many kinds of experiments (Gauch, 2006).
In Ethiopia, there is no ample information on the
genotype by environment interaction effects on bulb yield
and yield related traits of garlic. Therefore, the objective
of this study were: to assess the stability and yield
performance of garlic genotypes over years and across
locations; and to identify stable and high vyielding
candidate genotype(s) for possible release.

MATERIALS AND METHODS
Study sites and planting materials

The field experiments were conducted in four diverse garlic growing
environments in Tigray region, northern Ethiopia (Ahferom, Hagere
selam, Hatsebo and Ofla). The study areas represent low to high
altitudes and vary in agro-ecological conditions (Table 1). The
genotypes were obtained from Debre Zeit Agricultural Research
Center and Axum Agricultural Research Center (Table 2). The
experimental design used was a randomized complete block with
three replications at each location and year. The experimental plots
consisted of 6 rows of 3 m length each. Row-to-row and plant-to-
plant distances were kept at 30 and 10 cm, respectively at all the
locations. The genotypes were planted in the first week of
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Location Altitude Rainfall Temperature Geographical position
Code Names Year Soil type (msl) a\(/rirgg)]e ?f(':n) 'Eﬂ?:))( Latitude Longitude
El Hagere Selam 2017 Vertisols 2632 675 10.03 23.66 13°38.8N  39°10.33°E
E2 Ofla 2017 Vertisols 2133 717 10.6 24.9 12°30.8'N 39°16.54'E
E3 Hatsebo 2107 Vertisoll 2100 680 12.2 26.8 14°6'N 38°48.6’E
E4 Ahferom 2017 Cambisols 2027 715 11.15 27.32 14°16.4'N 39°3.8'E

E5 Hagere Selam 2018 Vertisols 2632 675 10.03 23.66 13°38.8'N  39°10.33'E
E6 Ofla 2018 Vertisols 2133 717 10.6 24.9 12°30.8'N 39°16.54'E
E7 Hatsebo 2018 Vertisols 2100 680 12.2 26.8 14°6'N 38°48.6’'E
E8 Ahferom 2018 Cambisols 2027 715 11.15 27.32 14°16.4'N 39°3.8'E

Table 2. List of the garlic genotypes used for the study cropping season.

Genotype label

Name of Genotype

Origin/Source

G1 Briki-Gc-1/16 AXARC
G2 Kuriftu(S.check) DZARC
G3 birki-Gc-2/16 AXARC
G4 Bora-Gc-16 AxXARC
G5 Bisheftu Nech(S.check) DZARC
G6 Tseday(S.check) DZARC
G7 Bora-2/16 AXARC
G8 Bora-3/16 AxXARC
G9 Bora-1/16 AXARC

AXARC= Axum Agricultural Research Center, DzARC = Debre Zeit Agricultural

Research Center

November for two consecutive years (2017 to 2018/2019) under
irrigation. Di-ammonium phosphate (DAP) as a source of
phosphorus was applied at the rate of 200 kg ha™ during planting
and nitrogen fertilizer was applied in the form of Urea at the rate of
150 kg ha™ in splits, half during transplanting and the rest as side
dressing at 45 days after transplanting. Furrow irrigation method,
scheduled at 8-12 days interval (AXARC, 2016) was used.
Weeding and other management practice have been accomplished
as required for each site. Data were recorded on 90% physiological
maturity, plant height, bulb diameter, bulb weight, number of cloves
per bulb and bulb yield per hectare. The yield harvested from four
central row of each net harvestable plot in kg was once transformed
into tha™.

Statistical analysis

The analysis of variance was carried out for each location over two
years using SAS version 9.2 (SAS, 2008) and before combining the
data, the assumption of (ANOVA) normality test was executed the
for bulb yield. Mean comparison was executed using LSD at 5 and
1% level of significance. Genotype -by- environment interaction
impact that was detected in ANOVA table that led to the GEI and
stability analysis to be done using AMMI and GGE biplot (Yan,
2001). AMMI analysis was performed following the AMMI model in
accordance to Gauch (2013) using R software model 3.4.4. The
AMMI stability values (ASV) were calculated as advised via
Dagnachew et al. (2014). GGE biplot analysis, on the other hand,

was used to carry out the usage of the genotype via environment
analysis in R software v3.4.4 (Yan et al., 2000; R Team, 2018;
Habte et al., 2019). Thus, the first two principal components (PC1
and PC2) were used to graphically represent the GEI, to become
aware of the rank of studied genotypes and environments (Yan et
al., 2000). The AMMI statistical model is given below:

n
Yip =p+ g+ ¢+ zlkaikyik + &
=1

Where: Yijj the yield of the i genotype in the j environment, p the
grand mean, g; the mean of i genotype minus the grand mean, ej
the mean of | environment minus the grand mean, A is the square
root of the eigen value of the principal component analysis (PCA)
axis, ay and yj are the principal component scores for PCA axis n
of the i'" genotype and | environment and ij is the error. According
to Zobel et al. (1988), AMMI with only two interaction principal
component axes could be the best predictive model. Hence, two
IPCAs were adopted in this study in AMMI analysis. AMMI stability
value (ASV) was calculated to quantify and rank of genotypes. This
was carried out using the formula below which is suggested by
Purchase (1997). The AMMI stability value (ASV) described by
Purchase et al. (2000):

SSIPCA1 sum of square
ASV =

2
IPCA1 IPCA1 2
SSIPCA2 sum of square( ¢ 5core)] + (IPCA1 scpre)
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Table 3. Mean squares of combined analysis of variance of bulb yield of nine garlic genotypes evaluated across locations in

(2017-2019).

Mean squares

Sources DF PH BD BW NCPB DTM BYLD
Genotype(G) 8 117.96% 15.56ns 50.62%* 287.62%  1141.46% 17.48%
Location(L) 3 23445 843.50% 875.33%  348.02%*  3946.19% 22,95
Season(S) 1 1081.2%* 1183.48* 1562.89*  363.17**  18481.5% 216.36*
GXL 24 16.97ns 18.24% 18.31ns 16.21%* 64.95* 2.50%
GXS 8 15.77ns 28.34% 30.25* 11.91* 16.74ns 2.89%
LXS 3 1359.73** 489.96% 817.96%  284.03**  6817.94* 168.79**
GXLXS 24 14.81ns 11.64ns 15.42 5.63ns 54.476% 2.64%
Error 136 15.87 8.98 14.48 5.8 17.26 1.028
CV (%) 7.4 7.4 13.55 15.72 3.16 15.26
R? (%) 87 84 81 88 96 89
Mean 53.80 40.57 28.1 15.37 1315 6.64

Ns, * and ** = non-significant, significant and highly significant at 0.05 and 0.01level of significance respectively. DF= degree of
freedom, PH= plant height, BL= blub length, BD= bulb diameter, BW= bulb weight, NCPB= number of cloves per bulb, DTM= days
to maturity and BYLD= bulb yield (tha™), R (%) = coefficient of determination and CV = coefficient of variation.

IPcALsumofequare

Where: represents the weighted value
assigned to the first interaction principal component score due to its
high contributions in the GE model,SSIPCA1 and SSIPCA2 are the
sum squares of for IPCA1 and IPCA2 ,respectively. And also
IPCA1 and IPCA2 are the first and second IPCA scores for each
genotype. The larger ASV the more specifically adapted the
genotype is to a certain environment and the smaller ASV indicates
a more stable genotype across environments (Purchase, 1997,
Ngailo et al., 2019). The GGE biplot were constructed from the first
two principal components (PC1 and PC2) derived by subjecting the
environment centered yield data (which contains G and GE) to
singular valued composition (SVD) (Yan, 2000; Yan et al., 2007).
Based on singular value decomposition of the first two principal
components, is:

IPCAZ sumof squars

Yij—p—aj=el1blcj1+e2b2cj2 + &ij

Where, Yij is the measured mean of genotype i in environment j, 4
is the grand mean, aj is the main effect of environment j, i +aj is the
mean yield across all genotypes in environment j, el and e2 are the
singular values for the first and second principal components,
respectively bl and b2 are eigenvectors of genotype i for the first
and second principal components, respectively, cjl and cj2 are
eigenvectors of environment j for the first and second principal
components, respectively, ¢ij is the residual associated with
genotype i in environment j. AMMI and GGE biplot were performed
using R software program Version 3.4.4.

Yield stability index (YSI) and Rank-Sum (RS)

The new approaches known as YSI and RS were calculated by the
following formulas:

YSI = RASV + RY
Where RASV is the rank of AMMI stability value and RY is the rank

of mean bulb yield of genotypes (RY) across environments. YSI
incorporate both mean yield and stability in a single criterion. Low

value of this parameter shows desirable genotypes with high mean
yield and stability. Rank sum (RS) = Rank mean (R) + Standard
deviation of rank (SDR). RS incorporate both yield and yield stability
in a single non-parametric index. Genotypes with the least RS are
considered stable with high bulb yield under irrigated conditions.
Standard deviation of rank (SDR) was measured as:

! f—1

Where Rjis the rank of X; within the ji, environment, Ri. (R), is the
mgarg rank across all environments for the ith genotype and SDR=
(S%)°°.

RESULTS AND DISCUSSION
Analysis of variance

The combined analysis of variance (Table 3) for bulb
yield and yield related traits showed highly significance
differences (P<0.01) among genotypes, locations and
presence of significance GXE interaction, indicating
variation of environments and the presence of genetic
variability among genotypes. The analysis of variance
also indicated that there was highly significant variation
(P<0.01) among the genotypes in plant height (cm), bulb
diameter (mm), bulb weight (g), nhumber of cloves per
bulb, days to 90% physiological maturity and bulb yield
(tha™). This showed variability among the genotypes for
these characters. The overall mean bulb yield of the
locations was ranged from 5.58 to 8.39 tha™ (Table 4),
therefore, the eight environments (Location x year)
showed broad variation in their yield production potential.
The mean bulb yield of genotypes was 6.64 tha™ (Tables
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Table 4. Overall means for bulb yield (tha™) and other yield related characters of garlic genotypes grown across locations during

2017-2019.
Genotypes code Genotype PH BD BW NCPB DTM BYLD
G1 Briki-Gc-1/16 55.12% 40.4a" 26.79¢ 15.9° 136.2° 6.36%
G2 Kuriftu 53.9° 40.57 26.42¢ 16.1° 136.12"° 6.06%
G3 birki-Gc-2/16 54.77° 40.16" 27.64° 16.6° 137.29%° 6.55%
G4 Bora-Gc-16 51.13° 39.2° 27.85°" 10.5¢ 126° 6.19%
G5 Bisheftu Nech 54.26° 40.2" 26.99% 16.8° 134.54° 5.58°
G6 Tseday 57.322 40.9% 29.57% 20.82 139.29° 6.68°
G7 Bora-2/16 55.44% 41.96° 29.09%° 18.5° 129.33¢ 7.61°
G8 Bora-3/16 51.33° 40.2" 27.6" 11.8¢ 126.2° 6.37%
G9 Bora-1/16 50.97° 41.45% 30.83% 11.3¢ 118.46° 8.39%
LSD (0.05) 2.27 1.71 2.17 1.38 2.37 0.58
CV (%) 7.4 7.4 13.55 15.72 3.16 15.27
Mean 53.80 40.57 28.1 15.37 1315 6.64

Means with the same letter are not significantly different. BYLD= bulb yield (tha™), BD=bulb diameter (mm), BW= bulb weight (g),

NCPB=number of cloves per bulb and DTM= day to maturity.

Table 5. Analysis of variance for Additive Main effect and Multiplicative Interaction (AMMI) model of bulb yield of garlic
genotypes grown at Tigray Region, northern Ethiopia (2017-2019).

Source of variation DF Sum of square Mean square % Explained
Genotype 8 14721 1840.1*** 11.86
Rep(Env't) 16 2917 182.3*

Environment 7 76770 10967.2** 61.84
Interactions(GEl) 56 14300 255.4%** 11.52
IPCA1 14 7872.64 562.33*+* 55.1
IPCA2 12 2336.18 219.34** 18.4
IPCA3 10 1106.69 138.33** 16.3
Error 128 13289 103.8

Total 215 124140 577.4

GEI= Genotype by Environment interaction; DF= Degrees of freedom.

3 and 4). The performance of genotypes in all yield

bulb vyield. The environment
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impact accounted for

associated characteristics was different both in each and
throughout locations. This indicated that the efficiency of
a breeding program aimed only at yield enhancement
resulted in inconsistent performance of genotypes due to
significant genotype- by- environment interaction effect,
which complicates the procedure of crop variety
development particularly when varieties are chosen in
one environment and used in others (Singh et al., 2016).

AMMI analysis of variance for bulb yield

Combined analysis of variance for bulb yield of the nine
garlic genotypes examined across eight environments is
presented in Table 5. The main effect differences among
genotypes, environments, and the interaction results
were highly significant (P < 0.01) of the whole variance of

61.84%, whereas genotype and G x E interaction results
accounted for 11.86 and 11.52% of the total variation,
respectively (Table 5). The maximum environmental sum
square indicated that there was a huge difference among
the testing locations causing unique genotypes to
perform in another way across the testing environments
and the excessive percentage of the environment is an
indication that the main factor that influence yield
performance of garlic genotypes in Ethiopia is the
environment. Genotypes revealed highly significant
(P<0.001) variations for bulb yield. This shows that there
was genetic difference among genotypes for this trait.
This variation is beneficial when intending to find out
about the consequences of GXE interaction, as properly
as to consider the phenotypic stability of genotypes. The
magnitude of the GEI sum of squares used to be rather
similar with that of the genotypes, indicating that there
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Figure 1. AMMI biplot of nine genotypes of garlic evaluated across

locations for their bulb yield.

was by some means comparable response of some of
the genotype across environments.

The results of AMMI model for bulb yield are presented
in Table 5. As it is viewed from Table 5, the mean square
of the three IPCA was highly significant (P<0.001). The
AMMI biplot, which accounted for 73.5% of the GxE
interaction, gives the interaction principal component
rankings of the 1% and 2™ IPCA. The first PC axis (PC1)
score explained 55.1% of the variant in GEI, while the 2"
PC axes accounted forl8.4% of the variability. Many
researchers witnessed that the best accurate AMMI
model prediction can be made by using the first two
IPCAs (Yan et al., 2000). Therefore, the dataset obtained
from the interaction of 9 genotypes examined at eight
environments were well predicted through the first two
IPCAs. On the other hand, the IPCA scores of a
genotype in the AMMI analysis are indication of the
stability of a genotype throughout environments
(Purchase, 1997). Accordingly, the closer the IPCA
scores to zero (origin), the more stabile the genotypes
are across all environments (Purchase, 1997). The
IPCA1 used to be plotted on x-axis whereas IPCA2 was
plotted on y-axis for bulb yield and yield components
(Figure 1). The greater the IPCA scores (positive or
negative) as it is a relative value, the greater especially
adapted a genotype is to certain environments. The
greater IPCA scores approximate to zero, the more
stability the genotype is throughout environments
sampled (Purchase, 1997). The IPCAl1 and IPCA2
rankings of bulb yield for each genotype and the
corresponding AMMI stability value (ASV) are presented
in Table 6. According to ASV ranking, genotype 2 had the
lowest value indicating its high stability, while genotypes
9 and 7 were extraordinarily unstable. Purchase (1997)
pointed out that the closer the genotypes score to the
center of the biplot the genotype is broadly adapted and
the reverse is true. Regarding the position of the
environments in the biplot graph, locations E2 (Ofla) and

E4 (Ahferom) were the most discriminating environments
as they have long distance between their marker and the
biplot origin (Figure 1). However, due to their massive
IPCA2 score, genotypic variations discovered at these
environments may not precisely show the genotypes
average yield across locations. The interaction principal
component one (IPCAl) and the interaction principal
component two (IPCA2) scores in the AMMI model are
indications of stability.

Considering the first interaction principal component
(IPCA1), the genotype G5, was the most stable genotype
with IPCA1 value (-2.53). When the second interaction
principal component (IPCA2) was considered, G5 was
the most stable genotype with interaction principal
component value (-2.07) followed by the genotype G6
with the IPCA2 value (-1.94). The two principal
components have their own extremis, however
calculating the AMMI ASV is a balanced measure of
stability (Purchase, 1997). The genotype with lower ASV
values is viewed stable and genotypes with higher ASV
are unstable. Based on the value of ASV, genotype G2
was the most stable with an ASV value of 0.67 followed
with the genotypes G1 and G6 with ASV value of 0.84
and 3.59 of bulb yield respectively. Genotypes G7, G9
and G5 were the most unstable with ASV value of 12.71,
12.64 and 7.86 of bulb yield respectively (Table 6).

Yield stability index (YSI)

Stability is not the only criterion for selection, due to the
fact that most stable genotypes would no longer
necessarily provide the best yield across environments
(Mohammadi et al., 2010), consequently there is a need
for approaches that comprise both mean yield and
stability in a single index number of authors introduced
extraordinary standards for simultaneous selection of
yield and stability rank-sum, modified rank-sum and yield
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Table 6. Mean bulb yield (tha™®) of garlic varieties evaluated at eight environments in Tigray Region, northern Ethiopia.

Environment

Code =™ 5, Es B4 E5  E6 E8 Mean ASV IPCAL IPCA2 YSI RS
Gl 656 1016 696 582 622 341 630 547 636 071 018 062 8 8.9
G2 609 977 646 607 603 291 704 406 606 042 -021 019 9 101
G3 588 928 846 699 582 321 791 490 656 406 -119 349 10 60
G4 630 872 576 733 636 318 802 387 619 296 -151 -141 11 99
G5 646 866 544 389 667 332 747 311 558 484 253 207 16 121
G6 701 951 635 679 766 370 739 533 678 26 -1.01 -194 6 5.9
G7 663 1364 653 905 7.89 372 784 614 768 748 421  -172 11 48
G8 604 943 742 557 601 416 828 409 637 401 -213 154 10 81
GO 754 1497 918 854 849 441 809 629 844 738 421 126 9 3.9

G1 to G9 name of genotypes; E1= Hagere Selam in 2017, E2= Ofla in 2017, E3= Hatsebo in 2017, E4= Ahferom in 2017, E5= Hagere Selam in 2018,
E6= Ofla in 2018, E7=Hatsebo in 2018, and E8= Ahferom in 2018. IPCA = Interaction Principal Component Axis, ASV = AMMI Stability Value,

YSI=Yield stability Index, RS= rank sum.
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Figure 2. The which-won-where view of the GGE biplot to show which
genotypes performed bests in which environments representing bulb yield of
nine garlic genotypes (G) evaluated in eight environments (E) in 2017 and

2018/2019.

stability (Farshadfar et al., 2011). In this regard, ASV
takes into account both IPCA1 and IPCA2 and justifies
most of the variation in the GEI. The genotype with least
YSI is regarded as the most stable with high yield mean.
It was utilized to identify high yielding and stable
genotypes in cereal crops like durum wheat (Mohammadi
et al.,, 2010). Based on YSI, the most stable genotype
with high bulb vyield is genotype G9 with YSI of 9
accompanied via G7 and G6 YSI of 11 and 11,
respectively .The highest YSI indicate that G4, G5 and
G8 were unstable genotypes. Rank-sum (RS) showed
that genotype G9 produced high bulb yield and followed
via genotype G7 indicating that they were the most stable
genotypes with high bulb yield. Both YSI and RS
confirmed that genotype G7 gave high bulb yield.

Analysis of GGE biplot for bulb yield

GGE Biplot analysis shows “which-won-where” pattern,
ranking of cultivars on the basis of yield and stability, and
correlation vectors among environments. Angles between
environment vectors were used to judge correlations
(similarities/dissimilarities) between pairs of environments
(yan and Kang, 2003; Yan, 2011). GGE biplot is
visualized on the basis of consequences defined for the
first two principal components (Yan et al., 2001). In the
current study, the first two principal components of GGE
biplot explained 84.13% (PC1=74.52 and PC2=9.61%) of
the whole variations (Figure 2). In the polygon, genotypes
located far away from the origin are the vertex genotypes
having the highest yield in the region (Esayas et al.,
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Figure 3. GGE biplot view showing the relationship among the testing
environments and discriminativeness vs representativeness.

2019; Habte et al., 2019). In this study, genotypes G9,
G7, G5 and G3 had the highest yield in their respective
sector.

The GGE Biplot graphic analyses of the nine garlic
genotypes tested at eight environments are presented in
Figure 2. Rays in Figure 2 divided the biplot into four
sectors. The environments were located in two mega-
environments where group 1 contained environments
E2,E3,E4, E6, E7 and E8 and group 2 had two
environments E1 and E5 (Figure 2), while the genotypes
were located in all four sectors. The genotypes found at
vertex of the sectors are the most profitable genotypes of
that sector (Yan and Tinker, 2006).The genotype on the
vertex of the polygon, contained in a mega-environment,
had the highest yield in at least one environment and was
one of the best-performing genotypes in the other
environments (Yan, 2002). Accordingly, the vertex
genotype G9 (Bora-1/16) was high yielder in most of
environments except E1 and E5 where G7 (Bora-2/16)
was the winner. Therefore, genotype G9 was best yielder
in environments E2, E3, E4, E6, E7 and E8. Genotype 7
gave highest yield in E1 and E5 (Figure 2 and Table 6).
The other vertex genotypes (G3 and G5) were not the
highest yielding genotypes at any environment. Thus
genotypes G9, G7, G3 and G5 are specifically adapted.
G1 and G2 genotypes were closest to the center of
origin; therefore they were broadly adapted genotypes.

Relationship among environments and discriminative
VS. representativeness

The vector view of a GGE biplot provides a summary of
the interrelationships among the environments (Yan,
2002). Provided that the biplot explained an adequate
amount (250%) of the total variation, the correlation

coefficient between any two environments is reliable (Yan
et al., 2000). Furthermore, the length of an environmental
vector is an estimation of discriminating power of the
environment (Yan et al., 2007). Accordingly, the results of
the present study revealed that the first principal
component (PC1l) and the second (PC2) respectively
clarified 74.52% and 9.61% of the variance (Figure 3).
The two principal component axis (PCl1l and PC2)
together clarified 84.13% of the total variance. So this
biplot can be used for extracting interrelationships among
the environments.

A long environmental vector represents a high capacity
to discriminate the genotypes. With the longest vectors
from the origin, environment E2 was the most
discriminating of the genotypes, while E3, E4, E5 and E8
were moderately discriminating. However, with the
shortest vector from the origin, E7 provided little or no
information about the genotype differences. Furthermore,
the vector view of the GGE-biplot provides a brief
summary of the interrelationships among the
environments. Two environments are positively
correlated if the angle between their vectors is <90°,
negatively correlated if the angle is >90°, independent if
the angle is 90° (Yan and Tinker, 2006). Based on this,
E2, E4, E6, E7 and E8 environments were positively
correlated because all of the angles among their vectors
were smaller than 90°. However, the angle between
vectors of tester E3 andEl, E3 and E5 were
approximately 90°, and were not correlated (Figure 3).

Ranking testing environments relative to the ideal
environment and genotype

Average environmental axis (AEA) is a line passing via
the origin and pointing to the positive direction with its



Belay et al. 699

AXIS2 861 %

2
/

-

AXIS

20 e

TAS52 %

Figure 4. GGE biplot showing ranking of test environments relative to an ideal
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Figure 5. GGE biplot graph based on genotype-focused scaling for
comparison of genotypes with ideal genotype.

distance equal to the longest vector. An ideal
environment is representative and has the highest
discriminating power (Yan and Tinker, 2006). The ideal
environment is located in the first concentric circle in the
environment-focused the GGE  biplot and the
environments that are close to the ideal environment are
defined as the desired environments. Based on this, E2
located in the first concentric circle and has been the
most ideal environment (Figure 4). Thus, genotype
evaluation in E6 environment maximized the observed
genotypic variation among genotypes for bulb yield of the
tested garlic genotypes. E4 and E8 environments were
close to the ideal environment (E2) and these
environments were identified as suitable environments.
This difference between environments can be related to
soil fertility, climate changes and other environmental
variations from year to year. The most acceptable is the

one closest in the sketch of the ideal environment (Yan et
al.,, 2000). The environments E2 (Ofla, 2017), E4
(Ahferom, 2017) and E8 (Ahferom, 2018) contained in the
third concentric circle is the place with best potential to
discriminant genotypes, favoring the choice of ideal
genotypes (Figure 4 and Table 6).

Ranking genotypes relative to the ideal genotype and
environment

An ideal genotype is defined as the one with the highest
yield across the test environments and is definitely stable
in performance (Yan and Kang, 2003). The average
environment coordination view of the GGE biplot
suggests the rating of genotypes primarily based on the
overall performance of best genotypes (Figure 5). The



700 Afr. J. Agric. Res.

o
-
o
b5
E3
3
o
= R
it ~.
w - N
“_’\; ™o
S ES e
= o ©a
E2
-
: \ ES
[ ]
"“‘J
<
2 T T T
20 40 G0

AXIST1 7452 %

Figure 6. Average environment coordination (AEC) views of the GGE biplot ranking based
on mean performance and stability of nine garlic genotypes across eight environments

(E1-E8).

relative adaptation of the best genotype is evaluated
through drawing a line passing via the biplot origin and
the best genotype marker. This line is referred to as a
genotype axis and is related to the economic profitable
genotype (Habte et al., 2019). Such ranking of genotypes
revealed that both G9 and G7 are the high yielding
genotypes.

Genotypes mean yield vs. stability

The mean yield performance and stability of genotypes
was evaluated by an average environment coordination
(AEC) method (Yan, 2001, 2002). In the AEC system,
AEC X axis (PC1) passes through the biplot origin with
an arrow indicating the positive end of the axis and
indicates the mean performance of genotypes. The ATC
Y-axis passes through the biplot origin and is
perpendicular to the ATC X-axis. This axis indicates the
stability axis (PC2) (Figure 6). Based on these,
statistically, the stable genotypes located near the AEC X
axis (PC1) with PC2 scores of almost zero. According to
Figure 6, genotypes with above average yield were G9
and G7 and located on the right side of the biplot origin,
while genotypes with blow average yield were G3, G5
and G8 and located on left side of the biplot origin. A best
genotype for a particular environment has the best
possible mean yield and responds best at that unique
environment while it is less stable in the other
environments and wants to be proposed for a specific
environment (Yan et al., 2001). According to the similar
authors, best cultivars have large PC1 rankings (high
mean yield) and small PC2 scores (high stability). Thus,
in the present study, G9 and G7 which had higher PC1
and smaller PC2 rankings had been recognized as high

yielding and stable. Therefore, the genotypes G7 and G9
with stable and high yield can be recommended as
commercial variety for the Tigray region and others which
have similar agro-ecology.

Conclusion

From the current study, it is concluded that multiple
methods were employed to analyze stability. The AMMI
and GGE biplot methods can be effectively utilized for the
identification of the suitable genotypes for suitable
environments. The results of AMMI analyses indicated
that garlic bulb yield performances was highly affected by
environmental effect followed by the magnitude of GElI,
but genotype contributed the minimum effect. The AMMI
and GGE biplot analysis permitted estimation of
interaction effect of a genotype in each environment and
they helped to identify genotypes best suited for specific
environments. The GGE biplot analysis shown that the
genotypes G9, G7, G5 and G3 were corner genotypes
and suited to specific environments. The polygon views
of the GGE biplot grouped in two possible mega
environments. The first mega environment consisted of
six environments (E2, E3, E4, E6, E7 and E8); and the
second mega environment consisted of two environments
(E1 and E5). In addition, the discriminating power vs.
representativeness view of the GGE biplot has been an
effective tool for test environments evaluation.
Environment E2 (Ofla) and E4 (Ahferom) were the most
discriminating for bulb vyield of the tested garlic
genotypes. According to the AMMI and GGE biplot
models, considering simultaneous average vyield and
stability, G9 (Bora-1/16) and G7 were the best
genotypes. Therefore, these genotypes should be



released for Tigray region and others similar agro-
ecologies to enhance the productivity of garlic.
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