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Abstract. A range of environmental factors restricts the production of chickpea; therefore, introducing compatible
cultivars to a range of environments is an important goal in breeding programs. This research aims to find high-yield-
ing and stable chickpea genotypes to rainfed condition. Fourteen advanced chickpea genotypes with two control
cultivars were cultivated in a randomized complete block design in four regions of Iran during 2017-2020 growing sea-
sons. The first two principal components of AMMI explained 84.6 and 10.0 % of genotype by environment interactions,
respectively. Superior genotypes based on simultaneous selection index of ASV (ssiASV), ssiZA, ssiDi and ssiWAAS were
G14, G5, G9 and G10; those based on ssiEV and ssiSIPC were G14, G5, G10 and G15 and those based on ssiMASD were
G14, G5, G10 and G15.The AMMI1 biplot identified G5, G12, G10 and G9 as stable and high-yielding genotypes. Geno-
types G6, G5, G10, G15, G14, G9 and G3 were the most stable genotypes in the AMMI2 biplot. Based on the harmonic
mean and relative performance of genotypic values, G11, G14, G9 and G13 were the top four superior genotypes.
Factorial regression indicated that rainfall is very important at the beginning and end of the growing seasons. Geno-
type G14, in many environments and all analytical and experimental approaches, has good performance and stability.
Partial least squares regression identified genotype G5 as a suitable genotype for moisture and temperature stresses
conditions. Therefore, G14 and G5 could be candidates for introduction of new cultivars.

Key words: AMMI; HMRPGYV; factorial regression (FR); mixed models; partial least squares regression (PLSR); simultane-
ous selection index (ssi).
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AHHoTayumA. Pag GakTopoB OKpy»KaloLLen cpefibl OrpaHMYMBaOT NPOU3BOACTBO HYTa, MOSTOMY UCCIIeJlOBaHNE COPTOB
B Pa3fIMYHbIX Cpefax ABMAETCA BaXKHOW COCTaBNAOLWEN cenekUMOoHHbIX nporpamm. Llenb npegcraBneHHoro nccneno-
BaHUA 3aK/t0Yanach B MOVCKe BbICOKOYPOXKaHbIX 11 YCTONYMBBIX K YCIOBMSIM 6OrapHOro 3emiefenns reHOTUMOB HyTa.
YeTbipHaAUaTb NEPCNeKTUBHbBIX FTEHOTUMOB HyTa C ABYMA KOHTPOJSIbHbIMY COPTaMM BblpalleHbl B PaHAOMU3MPOBaH-
HOM MofTHOM GakTOPHOM 3KCMEPUMEHTe B YeTbipex pervoHax MpaHa B BeretaymoHHble nepuogpl 2017-2020 rr. lNep-
Bble [1Ba MMaBHbIX KOMMOHeHTa 06bACHAT 84.6 1 10.0 % reHoTVNa B3aUMOAENCTBUAMM C OKpY»KatoLeln cpepon (GEI)
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Stability analysis for seed yield of chickpea (Cicer arietinum L.)
genotypes by experimental and biological approaches

COOTBETCTBEHHO. JIyULIMUN reHOTMNaMn Ha OCHOBE MHAEKCOB ofiHOBpeMeHHoN cenekumm ASV (ssiASV), ssiZA, ssiDin
ssiWAAS ctann G14, G5, G9 n G10, Ha ocHoBe ssiEV n ssiSIPC — G14, G5, G10 n G15, Ha ocHoBe ssiIMASV - G14, G5, G10
n G15. Pesynbtatel AMMIT-6unnoT-aHanmsa nossonunu ngeHtnouumposatb G5, G12, G10 n G9 Kak ctabunbHble 1
BbICOKOYpPOXaliHble reHoTumbl. Mo fgaHHbIM mogenn AMMI2-6vnnoT Hanboree cTabunbHLIMK ONpeaeneHbl FeHOTUMbI
G6, G5, G10, G15, G14, G9 n G3. Ha ocHOBe rapMOHNYECKOTO CPeAHero U OTHOCUTENbHOM 3GPeKTUBHOCTU reHOTUMNN-
yecknx 3HaveHun (HMRPGV) G11, G14, G9 n G13 oTMeueHbl Kak yeTbipe nyywmnx reHotuna. GakTopHaa perpeccus
noKasasa, UTo KoJIM4YeCTBO OCafIKOB KpalHe BaXKHO B Hauane 1 KoHLe BeretayMoHHoro nepuopa. lreHotun G14 npope-
MOHCTPUPOBaJ XOPOLLYIO YPOXKANHOCTb 1 CTabUILHOCTb BO MHOTMX Pa3fiMUHbIX YCIIOBUAX CPeAbl U NpY NCNOMNb30Ba-
HUW BCEX aHANIUTUYECKMX U SKCMePUMEHTaNbHbIX MOAX0A0B. MeTofoM YaCcTUYHOW perpeccmn HavMeHbLUVX KBaJpaToB
reHoTVn G5 6bl1 MAEHTUOULMPOBaH Kak Hanbosee yCTONUMBDIN K HE6NAronPUATHLIM YCIOBUAM — KaK MO BNaXKHOCTU,
Tak 1 no Temnepatype. CnegosatenbHo, G14 1 G5 MoryT 6bITb KaHAMAATaMY AS1A UHTPOAY KLU HOBbIX COPTOB.
Kntouesble cnoBa: AMMI; HMRPGV; pakTopHas perpeccus (FR); cMellaHHble MOAeny; YaCcTUUYHan perpeccms HaumeHb-
wux kBagpaToB (PLSR); nHaeKC ogHOBpeMeHHOW cenekumm (ssi).

Introduction

Chickpea (Cicer arietinum L.) is one of the most important
pulse crops that are well adapted to arid and semiarid condi-
tions. Pulse crops are important sources of protein in human
food and are suitable for animal feeds (Gaur et al., 2010).
Chickpea is the fifth most rainfed crop in Iran and its harvested
area is about 561,000 ha in Iran, which is mostly (98.59 %)
cultivated in dryland areas (FAO, 2020)!. Chickpea is a cool
season legume and sensitive to heat stress (Devasirvatham et
al., 2012) grown mainly in semi-arid and arid regions, where
its production is restricted by a range of environmental fac-
tors such as high (or very low) temperature, lack (or excess)
of soil moisture availability and day length (Richards M.F.
et al., 2020).

Introducing compatible cultivars to a range of environments
is the important goal in breeding programs (Karimizadeh,
Mohammadi, 2010). Awareness of genotype by environment
interaction (GEI) helps breeders to check genotypes more ac-
curately and select the best genotypes. Because of exhibition
of various phenotypic expressions of a specified genotype
to different environments and unknown responses of some
of the genotypes to a specified environment, investigation
of GEI depends on the phenotypic stability and adaptation
of genotypes (Yan et al., 2000). In other words, GEI created
a hard situation for breeders and growers to choose high-
yielding and stable varieties to different environments and
decreased the efficiency in selection of superior genotypes
and cultivar introduction (Yan, Kang, 2003). Because a stable
variety is adapted to environmental variation, plant breeders
are interested in the analysis of yield stability as a worthwhile
characteristic of a genotype (Annicchiarico, 2002). Therefore,
for evaluation of yield stability and performance, it is very
important to use a variety to wide range of environments (Yan
et al., 2011). Developing broadly adapted genotypes with a
high level of phenotypic stability and yield potential is a tool to
overcome the genotype by environment interaction (Kanouni
etal., 2015). However, since it is difficult or impossible to find
such a variety, specific adaptation of varieties permits plant
breeders to manage GEI and develop suitable genotypes for
different environments (Gauch, Zobel, 1997).

Statistical models, which incorporate environmental and
genotypic variables into the multi-environmental trial (MET)
analysis, have been used to study and explain GEI. Two main
statistical methods for analyzing GEI are experimental (or

T FAO. Statistics of Food and Agriculture Organization. 2020. https://www.fao.
org/statistics/en/
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empirical) and analytical (or biological) approaches (van
Eeuwijk et al., 1996). The empirical approaches focus on
performance-based selection, whereas the analytical ap-
proaches refer to the integration of some agronomic/climatic
variables that determine the response variable (such as grain
yield) (Richards R.A., 1982). Factorial regression (FR) (van
Eeuwijk et al., 1996) and partial least squares regression
(PLSR) (Vargas et al., 1998), which directly incorporate en-
vironmental variables and/or external varieties, can be con-
sidered as a predictive strategy for recommendation purposes
(Basford, Cooper, 1998).

There are several methods for stability analysis in expe-
rimental approaches, including multivariate and univariate
models. Additive main effect and multiplicative interaction
(AMMI) (Gauch, Zobel, 1988), as a multivariate model in
experimental approach, is postdictive, because it has to handle
the problem of repeatability of GEI (Basford, Cooper, 1998).
All models attempt to provide a biological interpretation of
GEl using information on external environmental and/or exter-
nal genotypic variables. An alternative method of experimental
approach for stability analysis is the harmonic mean, and the
relative performance of genotypic values (HMRPGV) based
on mixed models (Resende, 2007). This method provides in-
formation on stability, adaptability and yield performance of
genotypes in the same unit and scale. In this method, selection
of the genotypes with the highest values of harmonic mean
of genotypic values (HMGV), relative performance of geno-
typic values (RPGV) and HMRPGYV allows a simultaneous
selection for yield performance and stability. This methodo-
logy is used in evaluation of stability of yield performance
in rice (Colombari-Filho et al., 2013), wheat (Coan et al.,
2018; Verma, Singh, 2020) and corn (Rodovalho et al., 2015).
M.A. Rodovalho et al. (2015) compared HMRPGYV, Lin and
Binns’s and Annichiarico’s methods for stability of maize
hybrids and indicates high agreement between these metho-
dologies, however, the HMRPGYV method enables breeders
to directly assess the breeding values for the yield, genotypic
stability and adaptability simultaneously. The FR has been
used successfully to interpret GEI in maize (Romay et al.,
2010), wheat (Campbell et al., 2004; Voltas et al., 2005; Joshi
etal., 2010), durum wheat (Mohammadi et al., 2020a, b) and
barley (Ahakpaz et al., 2021). PLS regression to interpret
the GE interaction has also been applied in wheat (Vargas et
al., 1999; Kondi¢-Spika et al., 2019), maize (Stojakovié et
al., 2015), sorghum (Das et al., 2012) and barley (Hilmars-
son et al., 2021). Although many researchers have evaluated
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stability of chickpea genotypes by stability methods such as
AMMI (Farshadfar etal.,2011,2013; Zali etal., 2012; Funga
etal.,2017; Pouresmael et al., 2018; Azam et al., 2020), there
have been no reports of analytical approaches in the case of
this crop.

This study was carried out to get high-yielding and adapt-
able genotypes to rainfed condition of Iran, to compare empiri-
cal methods and to assess the role of climatic factors in GEI.

Materials and methods

Experimental conditions and plant material

Fourteen advanced chickpea genotypes with two control
varieties (Adel and Azad) (Table 1) were cultivated in rando-
mized complete block design in four regions of Iran, including
Gachsaran, Gonbad, Khorramabad and Ilam (Table 2), during
2017-2020 growing years. The experiment was performed in
Gonbad in every three cropping years, in Gachsaran and [lam
in the first two cropping years and in Khorramabad only in the
second cropping year. Fifty seeds per m? were grown in plots
with six m length and one m wide. Chemical fertilizer at the
rate of 100 kg ha™! of ammonium phosphate and 35 kg ha™!
of urea was evenly mixed with the soil. After harvest, seed
yield was weighed and statistical analyzes were performed
on the data.
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Statistical analysis

Experimental approaches. The AMMI model was used
to analyze the genotype (G) x environment (E) interactions.
AMMI constitutes a model family, with AMMIO having no
interaction principal component (IPC), AMMII having 1 IPC,
AMMI2 having 2 IPC, and so on up to AMMIF (residual
discarded). The AMMI model equation is:

=t B IAY,, 0y

where Yj; is the yield of genotype i in environment j; p is
the grand mean; o; is the genotype deviation from the grand
mean; f; is the environment deviation; A, is the singular value
for IPC n and correspondingly A2 is its eigenvalue; y;, is the
eigenvector value for genotype i and component 7; 9, is the
eigenvector value for environment j and component n, with
both eigenvectors scaled as unit vectors; and p;; is the residual.

Simple and combined analysis of variance and stability
analysis performed by METAN R packages (Olivoto, DalCol
Lucio, 2020). The agricolae R package (Mendiburu, 2019) was
also used for calculation of some of AMMI indices. Stability
indices were calculated using the equations in Table 3.

The SSIPC1/SSIPC2 ratio in equation 1 is the weight as-
signed to the first interaction principal component (IPC1),
which is the product of dividing the sum of squares of first
IPC by the sum of squares of the second IPC. In equation 2,

Table 1. Code and name of studied chickpea genotypes

Name/Pedigree

Table 2. Geographic characteristics of trials area

Location Altitude, m Longitude Latitude Average rainfall, mm
GaChsaran ......................... 710 ................................... 5o°5o|5 ............................ 30017N ........................... 455 ..................................
Gonbad ............................... 45 ................................... 55°12|5 ............................ 37°15N ........................... 543 ..................................
”am ................................... 975 ................................... 460 36E ............................ 330 . 4 7N ........................... 362 ..................................
Khoramab ad ................... ”47 ................................... 480 185 ............................ 330 . 2 9N ........................... 445 ..................................
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Table 3. Equations for calculation the stability analysis indices

Stability analysis for seed yield of chickpea (Cicer arietinum L.)
genotypes by experimental and biological approaches

No. Index Formula Reference
1 AMMI stability value SSIPCT 2 Purchase et al., 2000
ASV = IPC1) | + (IPC2)?
[sswcz (IPCT) | +(IPC2)
..................................................................................................................... e
2 Sum of IPCs scores SIPC, = n;)\%s Vin Sneller et al., 1997
3 ......... E|enva|ue5tab||.tarameterofAMW ............................ _N .......... s z obe|eta|1933 ..........................
9 yP EV,= 3 V2N
4 Absolute value of the relative contribution Za.= g 16, Vi Zalietal, 2012
of IPCs to the interaction 17 4 nYin
5 Modified AMMI stability value N-1T SSIPC 2 Adugna, Labuschange, 2002
- My 2
MASV = n; [SSIPCM (IPCn)J +(IPC,,14)
6 Distance coefficient N Zhang et al., 1998
D,' = Yin
n=1
7 ......... We |htedaveraeofabsomtescores ........................................... S o|.votoeta|2o19 .......................
° ’ 2 [IPCA; x6,]
WAAS. = *= 5
k; O
8 Simultaneous selection index SSI =R (AMMI stability indices) + RY Farshadfar, 2008
9 Harmonic mean of genotypic values HMGY = ! Resende, 2007
L
z _
56V,
10 Relative performance of genotypic values Resende, 2007
11 Harmonic mean of relative performance Resende, 2007

of genotypic values

A, is the root of the nth IPC, which for SIPC1 and SIPCF is
one and the number of principal components remaining in
the model, respectively. In equations 3 and 4, v;, is the root
of the nt axis and N’ is the number of significant principal
components in the analysis of variance of AMMI by F-test.
In equation 4, the percentage of the sum of squares explained
by the nth axis of IPC denotes by 0,,. In equation 5, SSIPC1,
SSIPC2, ..., SSIPC, are the sum of squares of the 15, 2nd,
and n [PC; and PC,, PC,, ..., PC, are the scores of 18t,20d_
and nth IPC. In equation 6, the AMMI distance (D) calculated
as distance of the interaction principal component from the
origin. In equation 7, IPC;; is the score of ith genotype on
k™ IPC axis. 0y is the explained variance of the k™ IPCA for
k=1,2,...,p, considering p the number of significant PCAs.
In these equations, the most stable genotypes have the lowest
values of stability indices.

In equation 8, the simultaneous selection index (ssi) is
the sum of the rankings of genotypes based on the AMMI
[R (AMMI stability indices)] and the average rank of seed
yield of genotypes in all environments (RY). AMMII (IPC1
vs. seed yield) and AMMI2 (IPC1 vs. IPC2) biplots were
drawn using the standard method described by R.W. Zobel
et al. (1988).

The BLUP model for MET trials, unlike the classical addi-
tive model, assumes the genotypic effects as random and uses
a different computational procedure (Olivoto et al., 2019).
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In BLUP, y; is the general mean for j™ environment; / is the
number of environments; GV;;: u;+ g;+ ge;; is the genotypic
value of ih genotype in j environment. u; is the mean of the
J™ environment, and g; and ge;; are the BLUP values of i
genotype and the interaction between i genotype and j en-
vironment, respectively. Stability indices based on this mixed
model are: HMGV, RPGV and HMRPGYV were calculated by
Equations 9-11, respectively (Table 3).

Analytical approaches. Seasonal rainfall and average
temperature of autumn, winter and spring were used as envi-
ronmental co-variables. Integration of external data into GEI
analysis by PLSR and FR methods was carried out by GEA-R
software (Pacheco et al., 2015).

Partial least squares regression

The PLSR model includes independent matrices X (rainfall
and average temperature data) and a dependent matrix Y
(seed yield) and the latent variables ¢ as follows (Vargas et
al., 1998):

X=tpl'+tlpl'+ ...+ E=TP'+ E
Y=tlgl'+tlql'+ ... + F=TQ'+F,

where, matrices 7, P and Q contain X-scores, X-loadings
and Y-loadings, respectively. /" and E are the residuals of the
unexplained variation. A biplot was built based on the first
two PLSR factors to investigate the relationships among co-
variables, genotypes and environments.
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Factorial regression
The FR model is also as follows (van Eeuwijk et al., 1996):

K
E(Ylj) =pto;t Bj + kgl‘:ikzjk:

where a; represents the genotype main effect; Z; refers to
the value of any environmental variable & for environment j;
and &, represents the sensitivity of genotype i to the explicit
environmental variable £. The heterogeneity in the ¢&’s for
successive z,... z; variables accounts for the interaction, while

K
the sum of multiplicative terms X £, Z, approximates GE.
k=1

To facilitate the interpretation of genotype by environment,
the external variables can be centered to mean zero. The pa-
rameter &;; can be easily estimated by standard least squares
techniques.

The Akaike’s information criterion (AIC) (Akaike, 1974)
was used to determine the number of covariates that are in-
cluded in the model.

Results

Analysis of variance

Analysis of variance showed that the effects of environment,
genotype and genotype by environment interaction were sig-
nificant on seed yield at 1 % probability level and these three
components explained 37.13, 16.90 and 31.30 % of phenotypic
variation, respectively (Table 4).

Due to significance of GEI, it is possible to analyze the
stability of these data. Therefore, the stability analysis was
performed by the AMMI method and harmonic mean, and
HMRPGYV based on mixed models. AMMI analysis of va-
riance showed only the first two principal components were
significant and explained 84.6 and 10.0 % of genotype by
environment interaction, respectively (see Table 4).

Experimental stability approaches

AMMI stability indices and ssi. The highest seed yield was
observed in G11, followed by G14, G9, G16 and G13, which
were higher than average yield of genotypes in all environ-
ments (1069.25 kg ha™"). Stability of genotypes was evaluated
across different environments by AMMI indices. The ASV,
WAAS, Za and MASYV stability indices identified genotypes
G5, Gl4, G12, G1 and G10 as the most stable genotypes.
The SIPC and EV indices indicated genotypes G14, G5, G6,
G10 and G15 were the most stable genotypes. According to
D index, genotypes G14, G5, G10, G6 and G1 were more
stable than other genotypes (Table 5).

Based on ssi of AMMI stability value (ssiASV), ssiZA,
ssiDi and ssiWAAS, genotypes G14, G5, G9, G10 and G12
were identified as superior genotypes; while based on ssiEV
and ssiSIPC, genotypes G14, G5, G10, G15 and G9 were the
superior genotypes. The ssiMASV index identified genotypes
G14, G5,G10, G15 and G12 as superior genotypes (Table 6).

Biplot interpretation. The AMMI1 biplot indicated the
score of the first principal component in genotypes G5, G12,
G10, G9, and G14 was near zero and so these genotypes had
low interaction with environment and were identified as stable
genotypes. The yield of these genotypes was also higher than
the average seed yield of all genotypes in all environments
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(1069.25 kg ha'). Genotypes G11, G8, G16, and G4 at the
farthest point from the biplot origin were unstable genotypes
(Fig. 1).

The AMMI2 biplot showed that genotypes G4, G2, Gl1,
G12, G13, G11, G16, G7 and G8 with the longest distance
from the biplot origin had a high contribution in genotype by
environment interaction and were unstable genotypes, but
these genotypes adapted to their close environments (Fig. 2).
Therefore, genotype G2 was the best genotype for E1; geno-
type G1 for E4 and E5; genotypes G12 and G13 for E3; geno-
type G11 for E7 and genotypes G7 and G8 for E2, E6 and ES.
The other genotypes within polygon, including G6, G5, G10,
G15, G14, G9 and G3, were the most stable genotypes. Other
usefulness of this biplot, in addition to identifying adaptable
genotypes with any environment and introducing genotypes
with general stability, are identification of environments with
the long vector that could be more effective in finding stable
genotypes (Yan, Kang, 2003). Accordingly, all environments
except for E3 could be used as discriminative and representa-
tive environments.

Determination of genotypic stability and adaptability
using HMRPGY. The top four superior genotypes compared
to control varieties (ADEL and AZAD), based on the measure
of stability and adaptability (HMRPGYV), were genotypes G11,
G14, G9 and G13. The products of this index and the general
mean (HMRPGV*) of these genotypes were 1570, 1287,
1231 and 1200 kg ha™!, respectively (Table 7). The selection
of these genotypes for seed yield increased to 20.63 % over
the general mean (1069.25 kg ha™!).

Analytical stability approaches

FR analysis. Since the climatic information of the third year
in Gonbad was not available, analytical approaches (factorial
and partial least squares regression) with environmental co-

Table 4. AMMI analysis of variance for seed yield
of chickpea genotypes

Sov Df MS Percent Accumulate
Env ....................... 7 ............. 6 153924** ........ 3713 ....................................
Rep(Env)w ............... 1201” ........................................................
Gen 15 ............. 1307022**1690 ....................................
EnV*Gen ........... 105 ............... 345820** ....... 313 ......................................
PO ...................... 21 ............. 1463178** ........ 846 ................ 846 ...............
PC219 ............... 190452**10 ................... 946 ...............
PC317 ................. 69654 ............. 33 ................ 978 ...............
PC415 ................. 25555” ................ 989 ...............
PC513 ................. 20294 ............. 07 ................ 996 ...............
pC611 ................... 8973 ............. 03 ................ 999 ...............
PC7 ....................... 9 ................... 3976 ............. 01 ................ 100 ................
Res|dua|s .......... 240 ................. 62892 ........................................................
Tota| ................. 383 ............... 302898 ........................................................
**p< O 01 ...................................................................................................
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Table 5. AMMI-based stability indices and ranks for stability indices

Gen Seedyield, rY ASV  rASV SIPC  rSIPC EV rEV Za rZa  WAAS rWAAS Di rD MASV  rMASV
kg ha-!

Note. ASV, AMMI stability value; SIPC, sum of IPCs scores; EV, eigenvalue stability parameter of AMMI; Za, absolute value of the relative contribution of IPCs to the
interaction; WASS, weighted average of absolute scores.

Table 6. Simultaneous selection indices (ssi) AMMI1 biplot
for each of genotypes
E7

Gen ssiASV ssiSIPC sSiEV ssiZa ssiWAAS

B S 2 0 0 a0}

G2 22 23 22 23 22

G3 22 19 18 21 22

................................................................................................................... S

G4 28 23 22 27 28 © i
................................................................................................................... s

© 20+
G5 9 10 10 9 9 — @
O

................................................................................................................... Y .

G6 23 19 19 22 23 s}
................................................................................................................... ..

E3 /

G7 23 24 24 23 23 .\\\\ "

G8 25 24 24 25 25 0 =

G9 9 14 14 10 9 B %>
................................................................................................................... E4. @ \

1 12 11 12 1 12 E5

GO .......................................................................................................... i p4al & Env

G11 17 16 16 17 17 -20+ @ @ @ Gen
A Yo 500 1000 1500

G13 16 17 17 16 16 Grain yield

G14 4 3 3 4 4 Fig. 1. AMMI1 biplot for identity of the superior lentil genotypes based on
................................................................................................................... seed yield mean and PC1.

G15 14 1 10 14 14

................................................................................................................... The naming of genotypes is similar to Table 9. E1, Gachsaran 2017-18; E2, Gon-
bad 2017-18; E3, lam 2017-18; E4, Gachsaran 2018-19; E5, Khorramabad 2018-
G16 17 20 20 18 7 19; E6, Gonbad 2018-19; E7, Ilam 2018-19; E8, Gonbad 2019-20.
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Fig. 2. The AMMI2 biplot for identity of the superior chickpea genotypes
based on first PCs.

The naming of genotypes and environments is similar to Table 9 and Fig. 1,
respectively.
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variables were performed with seven environments. The steps
for climatic variables in the FR model based on AIC indicated
average temperature in autumn (FallT), average rainfall in
spring (SpringR), average rainfall in autumn (FallR) and
average temperature in spring (SpringT) were detected to be
important contributors to GE interaction (Table 8).

Partial least squares regression analysis. The first and
second PLSR factors based on environmental co-variables
accounted for 73.12 and 9.16 % of the GE interaction sum of
squares, respectively (Fig. 3). Environments located on the
right-hand side of the biplot (E1, E2, E4 and E6) had high
values for temperature co-variables (i. e., FallT, SpringT and
WinterT), whereas the other environments (E3, E5 and E7)
on the opposite side tended to have high rainfall (Table 9).
These results indicate that some genotypes (G4, G11, G9,
Gl14, G12, G8, G10, G15 and G13) performed better in high
rainfall in winter and autumn seasons (see Fig. 3). The PLSR
biplot displayed that high rainfall in the environments in the
west of Iran (E3, Ilam 2017-18; ES, Khorramabad 2018-19
and E7, [lam 2018-19) led to high performance in genotypes.

Discussion

The significant effect of genotype (16.90 %) and environment
(37.13 %) is a sign of the comprehensive genetic background
of experimental materials and diversity of experimental lo-
cations and cropping seasons. The significant effect of GEI
shows different performance of genotypes in different environ-
ments. Other researchers also reported a greater contribution

Table 7. Ranking of the genotypes in all environments evaluated for adaptability parameters of genotypic values for the grain yield

of chickpea genotypes evaluated in eight environments

Gen Seed yield, HMGV HMGV_order RPGV RPGV_Y RPGV_order = HMRPGV HMRPGV_Y
kg ha-!
G1792 ..................... 577” ....................... 0724 .................... 77415 ....................... 0688 .................... 735 .................

G2 ........................ 814 ..................... 56812 ....................... 0755 .................... 80713 ....................... 0688 .................... 736 .................

63 ........................ 841 ..................... 55813 ....................... 0771 .................... 82412 ....................... 0691 .................... 739 .................

G4 ........................ 812 ..................... 41816 ....................... 0741 .................... 79214 ....................... 0564 .................... 603 .................

65”00 ..................... 970 ..................... 8105 .................... 1123 ..................... 9103 .................... 1106 .................

G6789 ..................... 46715 ....................... 071 ....................... 75916 ....................... 0616 .................... 659 .................

G7 ........................ 905 ..................... 53514 ....................... 083 ...................... 33811 ....................... 0689 .................... 737 .................

681069 ..................... 70510 ....................... 0986 .................. 105510 ....................... 0855 .................... 914 .................

691272 ................... 1070 ..................... 4”9 .................... 12703115 .................... 1231 .................

G101116 ..................... 991 ..................... 61051138 ..................... 6104 .................... 1111 .................

6111616 ................... 1406 ...................... 1 154 .................... 1647 ...................... 1 147 .................... 1570 .................

6121098 ..................... 9857105 .................... 1126 ..................... 3103 .................... 1096 .................

G131221 ................... 1076 ..................... 3”6 .................... 12445”2 .................... 1200 .................

G1412301122 ..................... 21211292 ..................... 212 ...................... 1287 .................

615”22 ..................... 964 ..................... 9106 .................... 11297102 .................... 1092 .................

G161261 ................... 10595”9 .................... 1269 ..................... 4112 .................... 1193 .................
Average106925 .........................................................................................................................................................................................................

Note. RPGV, performance genetic value; HMGV, harmonic mean of genotypic values; HMRPGV, harmonic mean and relative performance of genotypic values.
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Table 8. Stepwise factorial regression model for climatic variables based on Akaike’s information criterion (AIC)

Effect name Sum Sq Df F-value

Gen*Fa”T ...................... 808439415 ..................... 3745061 .........
Gen*sprng ................ 899342815 ..................... 5055404 .........
Gen*Fa”R .................... 132564”15 ................... 1200947 ...........
Gen*spnngT ................. 305314015 ..................... 3109”1 .........

AIC Pr>F TorF
.......... 49928724815_06Eﬁectentered
.......... 49397023605_09Eﬁectentered
.......... 47901412795_22|5ffectentered
.......... 4760475000012Eﬁectentered

Note. FallT, average temperature in autumn; SpringT, average temperature in spring; SpringR, average rainfall in spring; FallR, average rainfall in autumn.

Table 9. Seasonal rainfall and temperature in seven environments

WinterR

SpringR

WinterT SpringT

-6 -4 -2 0 2 4 6
10FT T T T T ™6
(£
10
8 Ha
12
0.5 14
g ° 12
e}
N = tsBiooT
s 0 ES‘—T‘E%U 0
)
6
_05 | 7
2
3 -4
-10F . 1 . N
-1.0 -0.5 0 0.5 1.0

Factor1 (73.12 %)

Fig. 3. The biplot based on PLSR method with rainfall seasons’ covariates
for seed yield of 16 chickpea genotypes in seven environments.

FallT, average temperature in autumn; winterT, average temperature in win-
ter; SpringT, average temperature in spring; SpringR, average rainfall in spring;
winterR, average rainfall in winter; FallR, average rainfall in autumn.

The naming of genotypes and environments is similar to Table 9 and Fig. 1,
respectively.

of environmental effect on total variation of chickpea seed
yield (Farshadfar et al., 2011; Sayar, 2017; Pouresmael et al.,
2018; Azam et al., 2020). Therefore, due to dependence of
diversity of seed yield of chickpea genotypes on environment
and genotype by environment interaction, further analysis
needs to increase the selection efficiency of genotypes. In other
words, the presence of significant GEI indicates the necessity
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to find the yield potential and adaptability of genotypes based
on evaluations at several locations and in cropping seasons
(Annicchiarico, 2002). Since the genotype by environment
interaction can reduce any improvement due to selection,
therefore, in selection of cultivars, combination of stability
with seed yield can lead to good results (Yan et al., 2001).

AMMI analysis of variance showed a high contribution of
the first two principal components, especially PC1 (84.6 %) in
GEI. Other researchers also indicated contribution of 52.5 and
21.95 % (Tilahun et al., 2015), 40.5 and 27.5 % (Farshadfar
etal., 2013), 56.0 and 24.0 % (Farshadfar et al., 2011), 53.34
and 33.25 % (Azam et al., 2020) and 32.7 and 20.4 % (Funga
et al., 2017) of the first two principal components in GEI of
chickpea seed yield. In accordance with the results of present
study, the other researchers were also identified stable chick-
pea genotypes by AMMI stability indices (Farshadfar et al.,
2011, 2013; Zali et al., 2012; Funga et al., 2017; Pouresmael
et al., 2018). Since the first two principal components had a
high contribution on genotype by environment interaction, the
stability indices including ASV, WAAS, Za and MASV had
similar results in identifying the stable genotypes.

Identification of superior genotypes with AMMI indices
was only based on genotype stability; so, genotypes G1 and
G6 with a lower yield than average seed yield were identi-
fied as stable genotypes. Hence, ssi (Farshadfar, 2008) based
on AMMI indices was used to find the superior genotypes.
Since both aspects of stability and yield of a genotype were
used in simultaneous selection index, the use of these indices
prevents selection of stable genotypes with a low yield (Far-
shadfar, 2008). In accordance with these findings, A. Funga
et al. (2017) also used ssi for yield performance and stability
in chickpea to find stable and high-yielding genotypes. Use
of simultaneous selection index for yield performance and
stability can perform selection process with more confidence
(Moghadam, 2003).
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Based on the AMMI1 biplot, G5, G12, G10, G9, and G14
were the stable genotypes. Because the AMMII biplot uses
both aspects of stability based on the first principal compo-
nent and seed yield to identify stable genotypes, when the
contribution of the first principal component in GEI is high
(84.6 %), the results of the AMMI 1 biplot are very similar
to the results of ssi based on AMMI indices. H.G. Gauch
and R.W. Zobel (1988) stated that despite the high value of
environment main effect, for evaluation of genotypes, only
the effects of genotype (G) and GEI are appropriate and so it
is necessary to remove the environment mean effect (E) and
concentrate on G and GE.

The AMMI2 biplot identified G6, G5, G10, G15, G14, G9
and G3 as the most stable genotypes. This view of the biplot
was also used for identifying the adapted genotypes to any of
environments, so that the genotype placed at the top of each
section is the best genotype for the environments in that section
(Yan et al., 2000). Genotypes G7 and G8 ware compatible with
three environments E2, E6 and ES; they can be considered as
genotypes with specific adaptability to these environments.
Identification of environments with the long vector could be
more effective in finding stable genotypes (Yan, Kang, 2003).
The discrimination and representatives of all of the environ-
ments except E3 must be ascribed to the amount of rainfall and
its proper distribution in different seasons. In agreement with
the present finding, other researchers have identified stable
chickpea genotypes using the AMMI2 biplot (Pouresmael et
al.,2018; Funga et al., 2017; Farshadfar et al., 2013). Another
remarkable point is that when the contribution of the first
principal component is very high, identification of stable and
high-yielding genotypes based on the AMMI1 biplot is better
than on the AMMI2 biplot, so that G12, which was unstable
in the AMMI2 biplot, in terms of ssiASV, ssiZA, ssiDi and
ssiWAAS and AMMI 1 was found to be the superior genotype.

The top four superior genotypes compared to control va-
rieties based on HMRPGV were G11, G14, G9 and G13. In
HMRPGYV, the predicted genotypic values are declared as a
proportion of the overall mean for each environment and then
the mean value of this ratio is obtained across the environments
(Rodovalho et al., 2015). The selection of genotypes in this
method is based on stability, adaptability and yield perfor-
mance; therefore, this method indicated a positive response
of genotypes to environmental improvements and the stability
of genotypes over the environments. M.D.V. Resende (2007)
declared the HMRPGV method evaluated simultaneously
seed yield, adaptability and stability, in a genotypic context.
In this stability index, the genotypes can be simultaneously
sorted by genotypic values and stability using the harmonic
means of the BLUP (Rodovalho et al., 2015).

The analytical approach to analyzing GE interaction is
important to enhance the value of MET and gain an under-
standing of the causes of GE interaction. These approaches
have been demonstrated successfully in a range of crop spe-
cies (van Eeuwijk et al., 1996; Mohammadi et al., 2020a, b).
Factorial regression indicated rainfall to be very important at
the beginning of the season to germination and establishing
of seedlings and at the end of the season for its proper deve-
lopmental and reproductive growth stages. In confirmation of
this result, S.H. Sabaghpour et al. (2006) stated that chickpea
needs the most water during flowering, podding and seed
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filling and so, due to the lack of rainfall during these stages,
terminal drought stress is a major abiotic stress for reducing
chickpea productivity.

The rainfall was relatively high in environments E3, ES and
E7 that favored the positive GE interaction with G13, G15,
G10, G8, G12, G14, GY and G4. The best genotypes based
on experimental methods (G11, G14, G9, G13, G5, G10, G15
and G12) were in the upper left quarter of the PLSR biplot
(see Fig. 3). The seasonal rainfall of autumn and winter in
environments E3, ES and E7 in this quarter of the biplot, espe-
cially the last two environments, were higher than the average
seasonal rainfall of all environments. The average seasonal
temperature was also lower than the average temperature of
all environments in these three environments. Thus, these
environments can be considered as favorable environments
in terms of these two climatic co-variables and the mentioned
genotypes (G11, G14, G9, G13, G5, G10, G15 and G12) can
be identified as superior genotypes in favorable conditions.
The AMMI2 biplot also identified genotype G11 as a desirable
genotype for environment E7.

On the other hand, the seasonal rainfall in environment
E1 was much lower than the average seasonal rainfall in
all environments, and its temperature was higher than the
seasonal temperature in all environments. Therefore, this
trial environment can be considered as an environment with
drought and heat stresses for chickpea, which is a cold-loving
crop. The PLSR biplot also demonstrates this hypothesis well,
because the seasonal rainfall was on the opposite side of this
environment and the average seasonal temperature was on its
same side. Hence, genotypes located in the quadrant of this
environment (right and bottom) can be considered genotypes
tolerant to drought and heat stresses. The AMMI2 biplot also
identified genotypes G2 and G6 as suitable for this environ-
ment. This environment had a high discriminating power
due to the vector length in the AMMI2 biplot, so its results
can be trusted and these results can be used properly. In the
PLSR biplot, genotypes G6, G7, G2, G3, G16, G5 and G1
were in the same quarter along with environment E1. From
these genotypes, G5 and G16 had a higher performance than
the average yield of all genotypes and can be considered as
tolerant genotypes to heat and drought stresses. Since geno-
type G16 was previously introduced as a cultivar, genotype G5
can be recommended as a suitable genotype for dryland and
hot conditions. Such a conclusion is possible only from a
combination of analytical and experimental approaches. If
such analyzes were not performed here, we would not be able
to achieve such results. It is happening on moisture stress
towards the end of the cropping season with frequent events
of heat stress in chickpea. Thus, the crop is exposed to stress
conditions during the reproductive stage causing yield losses
(Devasirvatham, Tan, 2018). A decrease in chickpea yields was
observed with a 1 °C increase in seasonal temperature (Kalra et
al., 2008; Upadhaya et al., 2011). Similarly, with every 0.1 °C
temperature rise combined with 31 % reduction in seasonal
rainfall, the yield of chickpea decreased (Dubey et al., 2011).
This shows that high temperature and drought are the major
factors that affect chickpea production. M.D. Kadiyala et al.
(2016) have stated that unpredictable climate change is the
main restriction for chickpea production as it increases the
frequency of drought and temperature extremes, i.e. high
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(>30°C)and low (< 15 °C) temperatures, which reduces seed
yield considerably. Thus, high and stable yielding cultivars of
chickpea during such stress conditions need to be developed
(Chaturvedi, Nadarajan, 2010; Krishnamurthy et al., 2010;
Devasirvatham et al., 2015; Devasirvatham, Tan, 2018).

Conclusion

Stability analysis was performed by analytical (FR and PLSR)
and experimental (AMMI analysis and HMRPGV based on
mixed models) approaches. Simultaneous selection index
was superior to AMMI indices for identifying stable and high
yielding genotypes. Comparison between HMRPGV method
and AMMI indices shows that HMRPGYV index relies more on
seed yield performance than stability of the genotype, so that
genotypes G11 and G13, which were not stable in any of the
AMMI indices and had specific adaptation to environments E7
and E3, respectively, with HMRPGYV stability index, have been
identified as superior genotypes. Factorial regression indicated
that rainfall is very important at the beginning and end of the
growing seasons. The PLSR biplot indicated that E3, ES and
E7 can be considered as favorable environments in terms of
seasonal rainfall and temperature and G11, G14, G9, G13, G5,
G10, G15 and G12 can be identified as superior genotypes in
favorable conditions. In general, based on different methods,
genotype G14 had good performance and stability of seed
yield in many environments and in all of the methods and could
be a candidate for introduction of new cultivars. The PLSR
biplot also identified genotype G5 as a suitable genotype for
moisture and temperature stresses conditions.
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