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Abstract
Bread wheat is one of the most important crops in the world . Wheat breeding has been based 

on science and has been constantly evolving due to breeding program improvements . Improving 
yield potential, resistance/tolerance to biotic and abiotic stresses, and baking quality are prior-
ities for breeding this cereal . Soil and climatic conditions are one of the most important factors 
affecting the grain yield of wheat . During the two vegetation seasons, phenotypic variability and 
genotype by environment interaction (GEI) for spike index of eleven wheat genotypes were stud-
ied under specific growing conditions of halomorphic soil, solonetz type . The combined ANOVA 
showed that the phenotypic expression of spike index was significantly influenced by environ-
mental variations, because the significant variance explained 48 .8 % of the total variation, while 
genotype contributed with 7 .8 % of the total variation of the experiment . The first source of vari-
ation IPCA1 explained 55 .6 % of the GEI variation for the spike index of wheat . Genetics analysis 
of different wheat genotypes grown in different agro-ecological conditions contributes to their 
better utilization, as well as, selection for crosses in wheat breeding programs .
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Introduction
Grown on more than 200 million hectares 

worldwide, wheat is one of the most widely 
cultivated crops in the world, as well as one of 
the most important crops for global food secu-
rity (Shiferaw et al ., 2013; Drazic et al ., 2021; 
Popović et al ., 2020) . Considering that popu-
lation growth was predicted to increase by 60 
% by 2050, to meet this demand, global annual 
yield increases have to rise from the current 
level of 1 % per year to 1 .6 % per year by 2050 
(Wheat Initiative, 2021) . Despite the consid-
erable progress made during the last several 
decades in increasing yield, soil and climatic 
conditions are still one of the most important 

factors affecting the grain yield of wheat . Dif-
ferent genotypes may show different responses 
to a given environment as a consequence of the 
genotype by environment interaction (GEI) 
(Yan and Kang, 2003; Thungo et al ., 2019) . The 
assessment of the relative contributions of the 
genotype, the GEI to cultivar performance is 
essential to determine the adaptation capacity 
which presents the cultivar`s ability to reach 
its full potential in a specific environment in 
spite of the constraints imposed on the crop 
(Subira et al ., 2015). Several methods have 
been proposed to analyse GEI and phenotyp-
ic stability . Among multivariate methods, the 
additive main effect and the multiplicative in-
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teraction analysis (AMMI) are widely used for 
GEI investigation (Tarakanovas and Ruzgas, 
2006) . AMMI model is distinguished because 
it decomposes main sources of variance (G, 
E and GEI) and at the same time it decom-
poses systemic variation and noise variation 
as well as other models (Branković-Rado-
jčić et al ., 2018) . However, the grain yield 
of wheat, along with spike architecture, is a 
very complex and polygenic trait influenced 
by many yield components (Reynolds et al ., 
2009; Kumar et al ., 2022) . A favourable com-
bination of yield components may improve 
grain yield, but the increment in one compo-
nent might have a positive or negative effect 
on the other components (Ilker et al ., 2009; 
Ljubičić et al ., 2017) . Cereals possess a degree 
of developmental plasticity that allows for in-
creases in kernels spike–1 or kernel weight to 
compensate for losses in tiller number . This 
yield component compensation is often re-
sponsible for small grain yield responses to 
changes in environmental conditions over the 
growing season (Duggan et al ., 2000) . One of 
the potential traits to increase grain weight 
is the spike harvest index, a major compo-
nent of grain weight, calculated as the ratio 
of grain weight to spike dry weight (Pradhan 
et al ., 2019) . The genetic basis of spike index 
is not clearly understood yet and there is lit-
tle agreement in the literature regarding the 
effect, phenotypic variability and genotype 
by environment interaction (GEI) for spike 
index of wheat . However, since different 
morpho-physiological traits have been pro-
posed as key traits associated with the grain 
yield potential of wheat, its assessment could 
greatly contribute to improving grain yield . 
Therefore, the objective of this research was 
to estimate the genetic variation and GEI us-
ing the genotype main effects and genotype × 
environment interaction effects for spike in-
dex of eleven winter wheat genotypes under 
specific growing conditions of halomorphic 
soil solonetz type .

Material and methods
The present investigation was carried 

out in the experimental field on halomor-
phic soil, solonetz type of soil, in the Ba-
nat region, in Vojvodina Province (Serbia), 
during two growing seasons of 2004/2005 
and 2005/2006 . The experimental material 
in the study was comprised of eleven win-
ter wheat cultivars (Triticumaestivum L .), 
namely, Mina (G1), Sofija (G2), Tiha (G3), 
Anastazija (G4), Nevesinjka (G5), Evropa 
90 (G6), NSR-5 (G7), Dragana (G8), Ljilja-
na (G9), Simonida (G10) and GK Zugoly . 
The experimental trial consisted of control 
(non-ameliorated solonetz soil) and treat-
ments with two levels of soil amelioration 
using phosphor gypsum, in amounts of 25 
and 50 t ha−1 according to the complete-
ly randomized block design (RBCD), with 
three replications of each treatment . In the 
trial, each treatment in one growing season 
was considered as a special agro-environ-
ment which produced six different agro-eco-
logical environments, which were equal in 
agrotechnical terms, but in different treat-
ments of phosphogypsum melioration of soil 
repair . Therefore, the six analyzed environ-
ments were labelled as follows: E1 (control 
- solonetz soil without melioration in the 
season 2004/2005), E2 (solonetz soil with 
melioration of 25 tha−1 of phosphogypsum in 
the season 2004/2005), E3 (solonetz soil with 
melioration of 50 tha−1 of phosphogypsum 
in the season 2004/2005), E4 (control-solo-
netz soil without melioration in the season 
2005/2006), E5 (solonetz soil with meliora-
tion of 25 tha−1 of phosphogypsum in the 
season 2005/2006), E6 (solonetz soil with 
melioration of 50 tha−1 of phosphor gypsum 
in the season 2005/2006), (Table 1) .

The trial plots consisted of 12 .5 cm-spaced 
rows and 2 m in length, while plant spacing 
was realized by implementing a plant density 
of 500 seeds per m2 . At the stage of full matu-
rity, ten average wheat plants from each repli-
cation of each plot separately were selected and 
the spike index (%) was analyzed .

SPIKE INDEX STABILITY OF BREAD WHEAT 
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Meteorological conditions
Grain yields largely depend on average 

monthly air temperatures and monthly pre-
cipitation amounts in the vegetation period 
(Popović et al ., 2019; Ikanović et al ., 2020; 
Ikanović and Popović, 2020; Lakić et al ., 2020; 
Janković et al ., 2020; Mandić et al ., 2020; Dra-
zic et al ., 2021; Kostić et al ., 2021; Stojiljković 
et al ., 2021) . Climatic parameters were ob-
tained from the meteorological station in Ku-
mane . The average monthly temperatures and 
precipitation during the research years varied 
from 9 .48 oC in the first year to 8 .89 oC in the 
second year . The total precipitation during the 
research years varied from 614 .1 mm in the 
first year to 456 .8 mm in the second year . By 
quantity and primarily according to the pre-
cipitation schedule the first growing season 
was very favourable for the development of 
wheat . The second season was characterized 
by less rainfall, poor distribution during the 
season and higher temperature fluctuations, 
which negatively affected the performance of 
all tested genotypes . Average annual tempera-
tures were slightly higher than the multi-year 
average .

Statistical analysis
Genotype by environment interaction (GEI) 

was estimated using AMMI (Additive Main 
Effects and Multiplicative Interaction) model 
developed by Zobel et al . (1998) . The data pro-
cessing was performed in GenStat 9th Edition 
statistical software package (trial version) VSN 
International Ltd . (www .vsn-intl .com) .

Based on the average mass values of the 
seed and the spike, the spike index was calcu-
lated according to the formula:

Spike index =
Mass of seed per spike

spike mass

Results and discussion
The presented results showed that the mean 

values of spike index of observed wheat gen-
otypes ranged between 0 .786 (E3) and 0 .793 
(E2) within different environments in the first 
vegetation season . In the second vegetation 
season, within different environments, the 
mean values of the spike index of wheat ranged 
between 0 .680 (E4) and 0 .767% (E5) . Between 
genotypes, the mean values of the spike index 
ranged from 0 .726 (G2) to 0 .805 (G6) within 
different genotypes (Table 2) . Observed differ-
ences between the mean values within different 
environments indicated that the reclamation 
measure of 25 t ha-1 of phosphogypsum pro-
vided a more favourable effect than the repair 
of 50 t ha-1 of phosphogypsum .

Additionally, genotypes reacted differently 
to the different variants of the repair, but since 
higher mean values were achieved in the first 
vegetation season it can be concluded that 
the effect of the soil repair depended on the 
conditions of the year . More favourable con-
ditions in the first vegetation season caused a 
more significant impact on reducing the dif-
ferences between the mean values per treat-
ment . In the second vegetation season higher 
sensitivity of spike index of wheat was caused 

Table 1. Description of the six different environments used to evaluate 11 winter wheat genotypes
Tabela 1. Opis šest spoljnih sredina u kojima je rađena evaluaciju 11 genotopiva ozime pšenice

Environments Vegetation Seasons Treatments 
E1 First year Control–non-ameliorated solonetz
E2 First year Solonetz ameliorated by 25 tha−1phosphogypsum
E3 First year Solonetz ameliorated by 50 tha−1phosphogypsum
E4 Second year Control–non-ameliorated solonetz
E5 Second year Solonetz ameliorated by 25 tha−1phosphogypsum
E6 Second year Solonetz ameliorated by 50 tha−1phosphogypsum
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by drought conditions after planting, winter 
frost and a less amount of rainfall in the first 
part of the vegetation season and the effects of 
ameliorative measures were more pronounced . 
The high impact of climatic conditions, in 
the experimental years on grain yield and its 
components, was reported by several authors 
(Tarakanovas and Ruzgas, 2006; Ljubičić et al ., 
2010; Ljubičić et al ., 2021) .

The combined ANOVA revealed that the 
phenotypic expression of spike index was signif-
icantly influenced by environmental variations, 
as the significant variance explained 48 .8% of 
the total variation, while genotype contribut-
ed with 7 .8% of the total variation of the trial 
(Table 3) . A large sum of squares for the envi-
ronments, which was about 6 times higher than 

the share of the sum of squares of genotypes, 
indicated that the environments were diverse 
causing variation in the spike index . A low sum 
of squares of genotypes could be a consequence 
of homogeneous genotypes in the study . The 
narrow variability of the spike index in intensive 
wheat varieties is in agreement with the research 
reported by Lakić et al . (2018) . In the trial, GEI 
contributed 43 .8% of the total sum of squares 
and expressed no significant mean square indi-
cating that no cross interaction was expressed 
for the spike index . Additional analysis of the 
GEI, using the PCA (Principal Components 
Analysis) it was confirmed there was the statisti-
cal significance of the first interaction principal 
component (IPCA1) . IPCA1 participated in the 
GEI variation with 55 .6% and explained 55 .6% 

SPIKE INDEX STABILITY OF BREAD WHEAT 

Table 2.  Mean values for the trait spike index of wheat and IPCA1 values of the AMMI model of 11 winter 
wheat varieties grown in six environments.

Tabela 2.  Srednje vrednosti za osobinu indeks klasa u šest spoljnih sredina i vrednosti IPCA1 skora ispitivanih 
11 genotipova ozime pšenice

Spike index 

Environments (E)

Genotypes E1 E2 E3 E4 E5 E6 Gm IPCAg1

G1 0 .801 0 .795 0 .784 0 .636 0 .786 0 .755 0 .760 0 .11584

G2 0 .772 0 .763 0 .750 0 .582 0 .764 0 .726 0 .726 0 .17104

G3 0 .791 0 .789 0 .780 0 .652 0 .770 0 .745 0 .755 0 .06060

G4 0 .812 0 .812 0 .795 0 .645 0 .806 0 .767 0 .774 0 .12194

G5 0 .783 0 .800 0 .804 0 .797 0 .750 0 .735 0 .781 -0 .27145

G6 0 .823 0 .832 0 .830 0 .773 0 .786 0 .776 0 .805 -0 .13370

G7 0 .795 0 .801 0 .798 0 .720 0 .759 0 .749 0 .770 -0 .07782

G8 0 .770 0 .767 0 .758 0 .627 0 .750 0 .724 0 .733 0 .06727

G9 0 .788 0 .798 0 .797 0 .745 0 .743 0 .741 0 .768 -0 .14784

G10 0 .795 0 .789 0 .779 0 .633 0 .780 0 .749 0 .754 0 .11026

G11 0 .776 0 .778 0 .772 0 .672 0 .746 0 .730 0 .746 -0 .01613

Em 0 .791 0 .793 0 .786 0 .680 0 .767 0 .745 0 .761

s2 0 .002 0 .007 0 .002 0 .014 0 .002 0 .003

IPCAe1  0 .0825 0 .0237 -0 .0139 -0 .3785  0 .1973  0 .0889

Gm: Genotype mean; Em: Environmental means; G: wheat genotypes; E: Environmental labels with control 
(K) and 25 or 50 t ha−1phosphogypsum applied in both seasons; IPCAg1: The first interaction principal 
component axes for genotype; IPCAe1: The first interaction principal component axes for the environment.
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of the variation of the genotype by environment 
interaction (Table 4) . This result was expected 
since the spike of wheat is considered a quan-
titative and highly variable trait, obtained from 
the relationship between two highly quantita-
tive mass parameters of spike whose expression 
highly depends on the environmental factors . 
These results are following the results reported 
by Popović et al . (2020) and Branković-Radojčić 
et al . (2018), who reported in research that in 
multi-environment trials, environments explain 
about 80% of the total variation, while the geno-
type and GEI share is about 10% .

According to the AMMI1 biplot (Figure 
1), it could be noticed a small distance of the 
environmental points from the origin - zero 
point which indicates that the environments 
E2 and E3 were the most favourable to achiev-
ing a stable response of spike index of wheat . 
Environments E1 E6 could be estimated as less 
stable, environment E5 had a higher positive 
interaction value, while E4 had the highest and 
negative interaction value being least suitable 
for the stability of the spike index of wheat .

The graph clearly shows that the external 
environments in the first, more favourable 
vegetation season, showed higher values of 

the spike index as well as higher (and similar) 
stability of this trait compared to the second 
season . Also, if we look at control over treat-
ments, in both seasons the spike index showed 
less stability in the control variants than in the 
treatments, although this difference in the un-
favourable season is far more pronounced . It 
can be concluded that the treatments are in 
unfavourable environmental conditions(less 
precipitation, poor distribution, greater tem-
perature variation) had a very pronounced 
positive effect on the mean value but also the 
stability of the spike index . In favourable envi-
ronmental conditions, the effect of treatment 
was less pronounced and it affected the stabil-
ity more than the height of the examined trait 
- the spike index .

AMMI analysis results can be visually pre-
sented on AMMI1 biplot, where the mean val-
ues of the investigated trait (spike index) and 
the interaction effect (IPCA 1) are displayed at 
the same time (Drašković et al ., 2021) . Hence, 
wheat genotypes at the top of the graph (G1, 
G2, G3, G4, G8 and G10) showed positive GEI 
with environments, while wheat genotypes at 
the bottom (G1, G5, G6, G7 and G9) showed 
negative GEI with environments (Figure 1) .

Table 3.  AMMI analysis of variance for the spike index of eleven winter wheat varieties examined across six 
environments

Tabela 3.  Analiza varijanse AMMI modela za indeksk lasa 11 genotipova ozime pšenice ispitivanih u šest 
spoljašnjih sredina

Source of variation1 df SS MS F- value The share of total 
variation (%)

Total 197 1 .2953 0 .00657 - -

Trial 65 0 .5509 0 .00847   2 .09** 42 .5

Genotype 10 0 .0427 0 .00427  1 .05ns 7 .8

Environments 5 0 .2668 0 .05336  2 .49* 48 .4

Block 12 0 .2573 0 .02144   5 .28** 46 .7

Interaction 50 0 .2414 0 .00483    1 .19ns 43 .8

IPCA 1 14 0 .1343 0 .00959   2 .36* 24 .4

Residuals 36 0 .1071 0 .00298   0 .73ns 19 .4

Error 120 0 .4871 0 .00406 - -
1All sources were tested in relation to the error; **: Highly significant at p<0.01 probability level; ns: Not 
significant; df: Degree of freedom; F: F-value calculated; IPCA1: The first interaction principal components axes.
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However, the genotype G11 expressed the 
most stable reaction for this trait, showing a 
PCA1 score close to 0, but with a lower mean 
value . On the other side, genotype G6 achieved 
the greatest mean value of the spike index, but 
with high interaction values . Higher values of 
spike index than the trial average were also 
evident for genotypes G5, G7, G9, G1 and G4 . 
Wheat genotypes G2, G3 and G8 responded 
favourably in the E6 environment within treat-
ments of 50 t ha−1 phosphogypsum applied .

Conclusions
Based on the presented findings it can be 

concluded that wheat genotypes responded dif-
ferently to different levels of soil amelioration . 
Significant wheat spike index variation was no-
ticed due to different environmental conditions 
but also depended on tested genotype, as well 
as from vegetation season . The more favourable 
weather conditions of the first season exhibited 
a more significant impact on reducing the dif-
ferences between mean values per treatment 
and the greatest overall stability was evident in 
the first vegetation season . The presented results 
indicate that reclamation measures have been 
applied very positively affected the height and 
stability of the spike index of tested genotypes 
of winter wheat in adverse environmental con-
ditions (lack and poor distribution of precipi-
tation, temperature fluctuations in the growing 
season 2005/2006) . Therefore, genetic analysis 
of different wheat genotypes grown in different 
agro-ecological conditions contributes to their 

better utilization, as well as, to the selection of 
the appropriate wheat cultivars for crosses in 
wheat breeding programs .
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STABILNOST INDEKSA KLASA PŠENICE PROIZVEDENE 
NA HALOMORFNOM ZEMLJIŠTU

Nataša Ljubičić, Vera Popović, Bojana Ivošević, Vera Rajičić,  
Divna Simić, Marko Kostić, Miloš Pajić

Sažetak
Hlebna pšenica je jedna od najvažnijih kultura na svetu . Oplemenjivanje pšenice je zasnovano 

na nauci i stalno se razvijalo zahvaljujući poboljšanju programa oplemenjivanja . Povećanje 
potencijala prinosa, otpornosti/tolerancije na biotičke i abiotičke stresove i pekarskog kvaliteta, 
prioritet je za gajenje ove žitarice . Zemljišno-klimatski uslovi su jedan od najvažnijih faktora 
koji utiču na prinos zrna pšenice . Tokom dve vegetacione sezone proučavana je fenotipska 
varijabilnost i interakcija genotip/spoljna sredina (GEI) za indeks klasa jedanaest genotipova 
pšenice u specifičnim uslovima gajenja na halomorfnom zemljištu, tipa solonec . Kombinovana 
analiza varijanse AMMI modela je pokazala da je na fenotipsku ekspresiju indeksa klasa značajno 
uticala varijacija agroekoloških sredina učestvujući u varijaciji ogleda sa 48,8%, dok je udeo 
genotipa iznosio 7,8% . Prva interakcijska komponenta, IPCA1 objasnila je 55,6% GEI varijacije 
za indeks klasova pšenice . Analiza performansi različitih genotipova pšenice gajenih u različitim 
agroekološkim uslovima doprinosi njihovom boljem iskorišćavanju, kao i selekciji za ukrštanje u 
programima oplemenjivanja pšenice .

Ključne reči: pšenica, indeks klasa, GE interakcija, zemljište

Primljen: 20 .12 .2021 .
Prihvaćen: 15 .01 .2022 .
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