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Abstract
The objective of this study was to assess genotype by environment interaction for 21 physiological traits in sugar beet (Beta 
vulgaris L.) parents and hybrids grown in Rodasht Agricultural Research Station in Iran by the additive main effects and 
multiplicative interaction model. The study comprised of 51 sugar beet genotypes [10 multigerm pollen parents, four mon-
ogerm seed parents and 36 F1 hybrids], evaluated at four environments in a randomized complete block design, with three 
replicates. The additive main effects and multiplicative interaction analyses revealed significant environment main effects 
with respect to all observed traits, except extraction coefficient of sugar. The additive main effects and multiplicative interac-
tion stability values ranged from 0.009 (G17 for leaf  Ca2+) to 9.698 (G09 for extraction coefficient of sugar). The parental 
forms 2 7233-P.29 (G38) and C CMS (G49) as well as hybrids 2(6)*C (G27) and 5*C (G33) are recommended for further 
inclusion in the breeding programs because of their stability and good average values of observed traits.

Keywords Beta vulgaris L. · Discriminating ability · AMMI model · Stability · CMS lines

Introduction

Sugar beet approximately supplies about 30 percent of the 
world’s sugar [24]. In the chenopodiaceae family, sugar beet 
is considered as salt-tolerant plant. This plant with deep root 
system shows high tolerance to water stress conditions, such 
as salinity and drought [8]. The previous study was shown 
that about 50 mM NaCl can stimulate plant growth in sugar 
beet [32]. Therefore, this plant could be a good resource to 
explore salt tolerance mechanisms to product salt tolerant 
hybrid seeds.

Environmental instability causes a variety of genotype 
reactions during the growing season, which complicates 
understanding of the physiological traits of sugar beet. The 
additive main effects and multiplicative interaction (AMMI) 
model have analyzed the main effects of genotype and envi-
ronment as well as the genotype-by-environmental interac-
tion (GEI) [7, 34]. The AMMI model as a reliable way com-
bines the analysis of variance and the principal component 
analysis (PCA) in a particular single analysis to dedicate 
cultivars to different environments or locations. There is lit-
tle information about how sugar beet varieties respond to 
different conditions [14, 17, 18, 31].

Evaluation of genotypes in different years and loca-
tions (different environments) is one of the important 
part of breeding programs. In fact, the assessment of the 
adaptation abilities of cultivars in mega-environment, is 
a reliable criterion in the detection of stable or specific 
cultivars in the area. The most stable cultivars are char-
acterized by a negligible effect of genotype by environ-
ment interaction [16]. The specifically adapted genotype 
is known when a genotype shows superior rank in an area 
over several years particularly under a restricted set of 
condition that related to the phenomenon of genotype-
by-environment interaction (GEI). By changing the rank 
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of genotypes in different environments (due to GEI), the 
interpretation of the information obtained becomes dif-
ficult and complicated [21]. Thus, an understanding of 
GEI using multi environmental trails (METs) will leads 
to achievement of guaranteed superior genotypes across 
a range of environmental conditions [21, 30, 33].

The additive main effect and multiplicative interac-
tion model (AMMI) is effective method for studying GEI, 
stability and adaptation analysis and identifying the spe-
cifically adapted cultivars or mega-environments [10]. So 
far, the variability assessment of genotypes for different 
environments and stability analysis has been carried out 
for sugar beet to study the interaction of the genotype per 
environment. In a study on nine sugar beet genotypes in 
52 different environments, the value of total variance for 
environment, genotype and their interaction were shown 
80%, 5%, and 3%, respectively [18]. Mostafavi et al. [25] 
studied the interaction of nine sugar beet cultivars with 
six regions using GGE biplot and AMMI methods, and 
(I13*A37.1) * SH-1-HSF.5 genotype was introduced as 
the best genotype for stability. From the stability analysis 
of white sugar yield and the adaptation of 36 sugar beet 
cultivars under 11 examined locations, four mega-envi-
ronments and high compliance of the sugar yield rankings 
were distinguished [31].

The objective of this study were: (1) to assess genotype 
by environment interaction for the 21 physiological traits 

in 51 sugar beet genotypes across four environments and 
2 years grown in Rodasht Agricultural Research Station 
in Iran by the AMMI model, and (2) to select genotypes 
combining a high stability with good average values of 
observed traits.

Materials and methods

Plant materials and experimental conditions

Four CMS lines and 10 populations  [S0 = open-pollinated 
(parental) and  S2 = the second generation of selfing] were 
subjected to crossing in this study using North Carolina mat-
ing design II [9]. The description of these parent popula-
tions are shown in Table 1. The drought tolerant and salinity 
tolerant lines displayed in Table 1 were derived from two 
independent recurrent selection programs.

To carry out the crosses, the pollen parents were divided 
into two groups each with five populations. Biparental mat-
ing and bulk mating schemes were employed for the first and 
second group, respectively. In biparental mating, 10 plants 
were randomly selected from each male parent and inde-
pendently crossed with four CMS lines in a cross section. 
Thus, 40 crosses (4 × 10) from each male parent and a total 
of 200 cross combinations is expected to produce from five 
pollen parents of the first group. In bulk mating, 20 crosses 

Table 1  Description of 10 
multigerm pollen parents and 
four monogerm seed parents of 
sugar beet used in this study

ID code Pollen parents Characteristic Germplasm description

1 181 Salt sensitive S0

2 7233-P.29 Salt tolerant S0

3 BP-Mashhad Drought tolerant S0

4 M249 Drought sensitive S2 family selected from BP-Mashhad population
5 191 Salt sensitive S0

6 M224 Drought tolerant S2 family selected from BP-Mashhad population
7 29,823-P.5 Salt sensitive S2 family selected from 7233-P.29 population
8 29,819-P.17 Salt tolerant S2 family selected from 7233-P.29 population
9 M193 Drought tolerant S2 family selected from BP-Mashhad population
10 M203 Drought sensitive S2 family selected from BP-Mashhad population

Seed parents
 MS26039 Salt tolerant CMS line
 MS26051 Salt tolerant CMS line
 MS26564 Salt sensitive CMS line
 MS25944 Salt sensitive CMS line

ID code Pollen parents Characteristic Germplasm description
Seed parents

  MS26039 Salt tolerant CMS line
  MS26051 Salt tolerant CMS line
  MS26564 Salt sensitive CMS line
  MS25944 Salt sensitive CMS line
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(5 × 4) from five pollen parents of the second group with 
four CMS lines were obtained. Due to lack of reproductive 
synchronization between some of the female and male lines, 
in a number of crosses, the hybrid seed was not formed. In a 
number of crosses, seed was only sufficiently evaluated for 
1 year. Therefore, a total of 51 genotypes including 36 F1 
hybrids along with 14 parents and 1 control (Table 2) were 
grown in two environments saline (EC of soil and water 
was 8 and 12  dSm−1, respectively) and normal (soil ECe = 4 
and irrigation water ECw = 3  dSm−1) field conditions during 
the 2011 and 2012 growing seasons at Rodasht Agricultural 
Research Station, Iran (65 km East of Isfahan, 32° 82′ 90'' 
N and 52° 81′ 00'' E, 1560 m altitude). A complete block 
design with three replications was used. Each plot contained 
three 5 m long rows and spaced 0.5 m between rows.

Standard cultural practices were followed for seed-bed 
preparation, sowing, irrigation and control of weed and 
pests. Thinning was conducted at 6-leaf stage by hand to 
settle 17 cm plant distance. The salinity treatment was com-
menced at 4 weeks after emergence.

Agro‑physiological traits

The physiological traits (leaf  Ca2+, leaf  Na+, leaf  K+,  Ca2+/ 
 Na+, leaf  K+/  Na+, net  CO2 assimilation rate, transpiration 
rate), root related traits (root  Na+, root  K+, root α-N, root 
 K+/Na+, sugar content (SC), white sugar content (WSC), 
molasses sugar (MS), extraction coefficient of sugar (ECS), 
alkaline level content (ALC), dry matter (DM) and yield 
related traits (root number, root yield, sugar yield, white 
sugar yield) were evaluated in this study. Measurements of 

physiological traits were performed at the 5–7-leaf stage 
which corresponded to about 2 months after applying salin-
ity stress.

Leaf gas exchange parameters (net  CO2 assimilation rate 
(PN) and transpiration rate (E)) were measured using a Li-
Cor 6400 gas-exchange portable photosynthesis system (Li-
Cor, Lincoln, Nebraska, USA).

The concentration of  Na+,  K+ and  Ca2+ ions in leaf 
tissue were measured about 3 months after sowing in the 
both experiments in 2011 and 2012. Samples of dried tis-
sues of the four uppermost leaves were ashed for 6 h at 
550 °C, dissolved in 1% (v/v) hydrochloric acid (HCl) and 
made to volume with distilled water. The leaf  Na+ and 
 K+ concentrations were determined by flame photometer 
(JENWAY Clinical PFP7 model) and  Ca2+ concentration 
was determined by atomic absorption spectrometer (Per-
kin-Elmer 2380 Atomic Absorption).

The sugar beet root yield (RY) was determined after 
harvest. Root pulps were quickly frozen and stored 
at − 26ºC until analysis of quality-related traits.

Sugar beet root quality-related traits  [Na+ and  K+, 
α-amino-N and sucrose (sugar) contents] in the saline and 
non-saline experiments conducted in 2011 and 2012 were 
determined using an automatic beet laboratory system 
(Venema, Groningen, the Netherlands) linked to Betalyser 
system (W. Kernchen, GmbH, Seelze, Germany). Molas-
ses sugar (MS), extraction coefficient of sugar (ECS) and 
alkaline level content (ALC) were calculated using the 
following formula [29]:

Roots were oven dried to a constant weight at 80 °C 
for 48 h to measure dry matter (DM). White sugar content 
(WSC), sugar yield (SY) and white sugar yield (WSY) 
were calculated according to the following formulas [29]:

The details of other measurements are as described ear-
lier [2].

Statistical analysis

A two-way fixed effect model was fitted to determine the 
magnitude of the main effects of variation and their inter-
action on the 21 physiological traits. Least-squares means 

MS = 0.343
(

K+ + Na+
)

+ 0.094 (� − amin o − N)−0.31

ECS = (WSC∕SC) × 100

ALC =
(

K+ + Na+
)

∕� − amin o − N

WSC = SC−MS

SY = RY × SC.,

WSY = RY ×WSC.

Table 2  Codes of sugar beet (Beta vulgaris L.) genotypes

Code Origin Code Origin Code Origin

G01 4 (1)*C G18 8(3)*C G35 10*C
G02 4 (2)*C G19 8(4)*C G36 10*D
G03 4 (3)*C G20 8(5)*D G37 1 181—parent (male)
G04 4 (4)*C G21 8(6)*D G38 2 7233-P.29—parent (male)
G05 4 (5)*C G22 2(1)*A G39 3 BP-Mashhad—parent 

(male)
G06 6 (1)*C G23 2(2)*C G40 4 M249—parent (male)
G07 6 (2)*C G24 2(3)*C G41 5 191—parent (male)
G08 6 (3)*C G25 2(4)*C G42 6 M224—parent (male)
G09 6 (4)*C G26 2(5)*C G43 7 29,823-P.5—parent (male)
G10 7*B G27 2(6)*C G44 8 29,819-P.17—parent (male)
G11 7 (2)*C G28 3*C G45 9 193—parent (male)
G12 7 (3)*C G29 3*D G46 10 203—parent (male)
G13 7 (4)*C G30 1*B G47 A CMS—parent (female)
G14 7 (5)*C G31 1*C G48 B CMS—parent (female)
G15 7 (6)*D G32 5*A G49 C CMS—parent (female)
G16 8 (1)*C G33 5*C G50 D CMS—parent (female)
G17 8 (2)*C G34 10*A G51 7233-P.29-hybrid—control



3066 European Food Research and Technology (2021) 247:3063–3081

1 3

were simultaneously produced for the AMMI model. The 
AMMI model is fitted in two stages. In first stage, the 
main additive effects of genotypes (G) and environments 
(E) are fitted by least squares through analysis of vari-
ance (ANOVA). In the second stage, genotype-by-envi-
ronmental interaction GEI, the non-additive residuals will 
be subjected to singular value decomposition to obtain 
multiplicative terms referred to as interaction principal 
components (IPC) scores for genotypes and environments. 
The traditional AMMI model for fixed effects [13, 26] is 
given by

where yge is the mean value of observed trait of genotype g 
in environment e, μ is the grand mean, αg is the genotypic 
mean deviations, βe is the environmental mean deviations, N 
is the number of PCA axis retained in the adjusted model, λn 
is the eigenvalue of the PCA axis n, γgn is the genotype score 
for PCA axis n, δen is the score eigenvector for PCA axis n, 
and Qge is the residual, including AMMI noise and pooled 
experimental error (with expected normal distribution).

The AMMI stability value (ASV) was used to compare 
the stability of genotypes as described by Purchase et al. 
[28]:

where SS is the sum of squares, IPCA1 and IPCA2 is 
the first and the second interaction principal component 
axes, respectively; and the  IPCA1 and  IPCA2 scores were 
the genotypic scores in the AMMI model. Lower ASV score 
indicate a more stable genotype across environments.

Genotype selection index (GSI) was calculated for each 
genotype which incorporates both mean 1000-kernel weight 
and ASV index in single criteria  (GSIi) as [12]

where  GSIi is genotype selection index for ith genotype, 
 RMi is rank of trait mean (from maximal to minimal for: leaf 
 Ca2+, leaf  K+, leaf  Ca2+/Na+, leaf  K+/Na+, net  CO2, root 
number, root yield, root  Na+, sugar yield, white sugar yield, 
white sugar content, extraction coefficient of sugar, dry mat-
ter, and from minimal to maximal for: leaf  Na+, transpiration 
rate, sugar content, root  K+, root α-N, root  K+/Na+, alkaline 
level content and molasses sugar) for ith genotype,  RASVi 
is rank for the AMMI stability value for the ith genotype. 
Finally, total genotype selection index (TGSI) was calculated 
for each genotype as sum of GSIs for all 21 physiological 
traits of study.

yge = � + �g + �e +

N
∑

n=1

�n�gn�en + Qge,

ASV =

√

[

SSIPCA1

SSIPCA2

(

IPCA1

)

]2

+
(

IPCA2

)2
,

GSIi = RMi + RASVi,

The relationships between the particular 21 physiological 
traits were assessed based on Pearson’s correlation coeffi-
cients, independently for four environments. All the analyses 
were conducted using the GenStat v. 18 statistical software 
package.

Results

The three sources of variation (genotypes, environments and 
GEI) were statistically significant for: net  CO2, transpiration 
rate, root number, root yield, root α-N, sugar yield and white 
sugar yield (Table 3). The differences between genotypes 
explained from 2.92% (for leaf  K+/Na+) to 25.21% (for root 
yield) of the total quantitative trait variation (Table 3). The 
differences between genotypes were significant for: leaf 
 Ca2+, leaf  K+, net  CO2, transpiration rate, root number, root 
yield, sugar content, root  K+, root α-N, sugar yield, white 
sugar yield, white sugar content, extraction coefficient of 
sugar and molasses sugar (Table 3). The sums of squares 
for environment main effect were highly significant for all 
observed traits, except extraction coefficient of sugar and 
ranged from 1.30% (for white sugar content) to 79.35% 
(for leaf  K+/Na+) of the total physiological trait variation 
(Table 3). The GEI was statistically significant for ten from 
21 observed traits: leaf  Na+, net  CO2, transpiration rate, root 
number, root yield, root α-N, alkaline level content, sugar 
yield, white sugar yield and dry matter (Table 3). The effects 
of GEI explained form 7.32% (for leaf  K+/Na+) to 54.79% 
(for net  CO2) of the total variation.

The first principal component (IPCA 1) was significant 
for all observed traits except sugar content and white sugar 
content and accounted from 43.61% (for dry matter) to 
63.61% (for extraction coefficient of sugar) of the variation 
caused by interaction (Table 3), while IPCA 2 was signifi-
cant for: net  CO2, transpiration rate, root number, root yield, 
molasses sugar and dry matter and 3 accounted from 22.94% 
(for root  Na+) to 47.06% (for root number). Values for the 
first two principal components were accounted jointly from 
78.01% (for transpiration rate) to 99.56% (for leaf  Ca2+) of 
the whole effect it had on the variation of observed trait 
(Table 3).

Lack of significant change in genotype rank in different 
environmental and climatic conditions and stability against 
stresses indicate genotype stability. In this study, climatic 
conditions were considered as the source of this variation 
component. The analysis showed that some genotypes 
have high adaptation; however, most of them have specific 
adaptability. ASVs revealed variations in observed physi-
ological trait stability among the 51 genotypes were calcu-
lated. According to Purchase et al. [28], a stable genotype is 
defined as one with ASV close to zero. ASV ranged different 
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for particular physiological traits, for: leaf  Ca2+: from 0.009 
(for G17) to 1.582 (for G20), leaf  Na+: from 0.038 (for G50) 
to 1.105 (for G07), leaf  K+: from 0.089 (for G13) to 1.297 
(for G01), leaf  Ca2+/Na+: from 0.056 (for G27) to 0.815 (for 
G22), leaf  K+/Na+: from 0.073 (for G22) to 1.719 (for G38), 
net  CO2: from 0.100 (for G46) to 3.748 (for G35), transpi-
ration rate: from 0.044 (for G03) to 2.486 (for G11), root 
number: from 0.106 (for G44) to 4.517 (for G24), root yield: 
from 0.211 (for G18) to 8.279 (for G11), sugar content: from 
0.162 (for G26) to 2.198 (for G31), root  Na+: from 0.025 
(for G39) to 3.272 (for G30), root  K+: from 0.078 (for G03) 
to 1.178 (for G44), root α-N: from 0.068 (for G37) to 1.821 
(for G42), root  K+/Na+: from 0.057 (for G34) to 1.435 (for 
G15), alkaline level content: from 0.078 (for G38) to 3.150 
(for G42), sugar yield: from 0.147 (for G20) to 3.659 (for 
G11), white sugar yield: from 0.080 (for G05) to 2.671 (for 
G11), white sugar content: from 0.045 (for G14) to 1.856 
(for G09), extraction coefficient of sugar: from 0.135 (for 
G28) to 9.698 (for G09), molasses sugar: from 0.097 (for 
G10) to 0.932 (for G16), and dry matter: from 0.035 (for 
G36) to 1.612 (for G31) (Table 4).

The genotype selection index ranged different for particu-
lar physiological traits, for: leaf  Ca2+: from 18 (for G01) to 
98 (for G11), leaf  Na+: from 13 (for G31) to 97 (for G40), 
leaf  K+: from 11 (for G13) to 89 (for G19), leaf  Ca2+/Na+: 
from 21 (for G27) to 101 (for G11), leaf  K+/Na+: from 3 
(for G22) to 93 (for G11), net  CO2: from 19 (for G12) to 76 
(for G32), transpiration rate: from 11 (for G17) to 101 (for 
G35), root number: from 19 (for G29) to 101 (for G11), root 
yield: from 6 (for G44) to 91 (for G17), sugar content: from 
9 (for G26) to 93 (for G17), root  Na+: from 9 (for G26) to 
97 (for G05), root  K+: from 9 (for G41) to 101 (for G48), 
root α-N: from 6 (for G37) to 100 (for G42), root  K+/Na+: 
from 13 (for G06) to 100 (for G15), alkaline level content: 
from 2 (for G38) to 100 (for G16), sugar yield: from 10 (for 
G10) to 90 (for G37), white sugar yield: from 9 (for G10) 
to 88 (for G37), white sugar content: from 7 (for G41) to 
102 (for G09), extraction coefficient of sugar: from 11 (for 
G50) to 102 (for G09), molasses sugar: from 8 (for G03) to 
98 (for G48), and dry matter: from 6 (for G36) to 95 (for 
G31) (Table 4).

The stability of tested genotypes can be evaluated accord-
ing to biplot for physiological trait. The most interesting 
results were obtained for seven traits: net  CO2, transpira-
tion rate, root number, root yield, sugar yield, white sugar 
yield and dry matter. Figure 1 shows distribution of the first 
two interaction principal components for net  CO2. Sugar 
beet parents and hybrids interacted differently with climate 
conditions in the observed environments. The genotypes 
G15, G22, G24, G27, G35 and G45 interacted positively 
with the S1 environment, but negatively with the N2 and S2 
(Fig. 1). The genotypes G03, G05, G17, G21, G42 and G43 
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Table 4  Rank of the AMMI stability value (RA), rank of trait mean 
[RM, from maximal to minimal for: leaf  Ca2+, leaf  K+, leaf  Ca2+/
Na+, leaf  K+/Na+, net  CO2, root number, root yield, root  Na+, sugar 
yield, white sugar yield, white sugar content, extraction coefficient of 

sugar, dry matter, and from minimal to maximal for: leaf  Na+, tran-
spiration rate, sugar content, root  K+, root α-N, root  K+/Na+, alkaline 
level content and molasses sugar] and total genotype selection index 
(TGSI)

Code Leaf  Ca2+ Leaf  Na+ Leaf  K+ Leaf  Ca2+/ 
 Na+

Leaf  K+/
Na+

Net  CO2 Transpira-
tion rate

Root 
number

Root yield Sugar 
content

Root  Na+

RA RM RA RM RA RM RA RM RA RM RA RM RA RM RA RM RA RM RA RM RA RM

G01 3 15 34 45 51 4 6 17 6 34 5 36 45 30 38 48 43 46 39 28 22 16
G02 17 25 36 42 8 23 36 31 7 36 4 31 3 24 23 31 24 35 47 41 23 18
G03 19 36 42 31 19 32 42 18 16 25 48 13 1 25 27 39 49 23 45 22 15 50
G04 11 38 14 30 47 37 3 38 10 30 37 15 41 37 48 5 18 22 12 13 30 9
G05 5 30 27 13 16 47 18 24 41 27 18 19 47 50 30 2 33 7 44 18 48 49
G06 41 2 28 47 12 20 31 7 31 48 19 33 11 22 26 46 11 51 25 45 10 12
G07 32 46 51 7 13 49 39 32 39 17 15 12 28 42 11 37 5 38 49 4 45 2
G08 9 40 39 48 48 21 24 40 30 7 26 42 24 41 18 15 45 39 33 6 43 1
G09 15 35 6 32 24 16 15 41 3 41 10 16 2 36 41 20 14 34 50 1 12 28
G10 30 49 17 18 40 9 33 48 50 1 40 10 16 26 37 19 32 2 38 12 40 42
G11 47 51 12 17 34 51 50 51 43 50 32 25 51 31 50 51 51 31 30 9 46 14
G12 39 20 38 33 6 27 14 28 47 23 2 17 38 32 3 23 3 18 10 44 17 43
G13 45 27 10 50 1 10 49 35 37 40 36 38 13 20 16 28 10 5 28 39 29 51
G14 10 19 30 34 2 28 32 22 12 43 23 39 10 44 9 17 4 19 4 43 27 32
G15 23 22 48 40 45 18 30 16 14 12 41 14 32 17 13 42 15 45 26 46 49 22
G16 33 18 22 36 33 26 17 39 8 44 21 47 39 18 2 32 6 42 46 5 44 7
G17 1 24 43 3 46 38 4 34 45 26 47 18 8 3 28 45 48 43 43 50 19 19
G18 38 8 26 37 17 8 27 6 42 9 9 50 37 15 32 25 1 33 48 3 14 31
G19 2 26 21 28 41 48 9 14 5 31 14 24 9 34 42 36 35 47 36 27 18 44
G20 51 1 50 44 39 1 43 2 46 46 29 28 43 46 44 50 7 50 17 51 25 46
G21 44 48 20 10 15 22 44 49 35 28 39 4 42 33 14 29 21 6 24 19 3 10
G22 43 9 49 11 29 7 51 5 1 2 43 2 31 27 21 1 8 3 18 10 41 47
G23 50 4 7 14 4 29 48 4 2 35 3 46 26 29 25 44 37 40 22 40 21 11
G24 18 37 33 49 32 19 12 36 49 14 45 7 4 39 51 9 47 9 14 47 31 45
G25 34 17 15 22 11 14 5 26 26 18 22 43 6 13 22 38 42 37 35 35 34 27
G26 12 14 4 25 30 15 11 19 21 8 16 48 20 14 31 33 38 27 1 8 6 3
G27 21 11 19 27 10 5 1 20 33 22 42 8 19 49 12 27 20 17 42 25 13 23
G28 42 12 40 43 43 34 13 9 11 38 7 29 23 23 36 49 27 49 13 17 28 38
G29 22 39 31 19 5 30 2 25 38 10 31 37 27 45 8 11 46 16 8 23 24 29
G30 7 41 16 15 21 39 10 29 29 11 12 51 14 4 17 13 17 13 29 24 51 25
G31 26 47 9 4 36 33 41 46 23 4 30 20 21 48 40 47 44 12 51 2 39 41
G32 16 43 11 6 35 25 8 42 4 15 35 41 40 11 45 24 13 26 6 14 33 8
G33 36 10 35 24 31 6 35 8 19 20 6 35 30 5 35 7 16 29 23 11 7 30
G34 31 5 41 21 25 45 37 1 32 45 20 21 34 19 7 30 39 28 3 7 37 21
G35 27 23 5 20 50 24 23 23 27 29 51 6 50 51 43 43 50 21 27 33 8 37
G36 46 28 13 35 23 44 29 33 28 39 34 27 48 16 46 41 19 24 19 42 2 39
G37 14 29 2 26 20 13 25 27 15 16 28 11 46 21 24 12 41 41 31 26 50 17
G38 20 45 37 2 14 41 19 44 51 3 27 34 12 10 5 22 9 15 11 21 11 48
G39 49 7 18 46 7 36 45 12 24 42 11 32 7 47 39 35 25 11 7 38 1 40
G40 29 44 46 51 37 2 20 47 22 19 25 45 35 9 34 40 28 32 32 34 32 34
G41 25 42 8 39 38 43 16 45 40 49 13 30 25 12 15 21 23 44 2 48 9 26
G42 13 34 24 23 26 35 46 11 48 6 46 9 44 40 29 14 30 20 37 15 42 6
G43 6 31 45 29 27 11 21 43 17 21 50 1 15 28 49 6 36 14 41 36 47 5
G44 4 32 23 16 9 12 22 37 34 24 44 3 18 43 1 26 2 4 40 30 5 13
G45 28 33 25 9 49 31 26 30 25 13 49 22 17 8 33 4 31 10 5 29 38 33
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Table 4  (continued)

Code Leaf  Ca2+ Leaf  Na+ Leaf  K+ Leaf  Ca2+/ 
 Na+

Leaf  K+/
Na+

Net  CO2 Transpira-
tion rate

Root 
number

Root yield Sugar 
content

Root  Na+

RA RM RA RM RA RM RA RM RA RM RA RM RA RM RA RM RA RM RA RM RA RM

G46 24 21 32 8 44 40 47 13 44 33 1 40 22 2 6 18 22 30 15 32 26 35
G47 37 3 29 12 42 17 40 3 18 37 38 26 36 6 19 10 40 25 20 37 20 4
G48 8 13 3 41 18 46 7 21 36 51 8 49 33 1 10 16 29 36 21 31 16 15
G49 35 16 44 5 28 3 28 15 20 5 33 23 49 35 20 8 12 8 16 20 36 36
G50 48 6 1 38 22 42 38 10 13 47 17 44 29 38 4 34 26 48 34 49 35 24
G51 40 50 47 1 3 50 34 50 9 32 24 5 5 7 47 3 34 1 9 16 4 20

Code Root  K+ Root α-N Root  K+/
Na+

Alkaline 
level 
content

Sugar 
yield

White 
sugar yield

White 
sugar 
content

Extraction 
coefficient 
of sugar

Molasses 
sugar

Dry matter TGSI

RA RM RA RM RA RM RA RM RA RM RA RM RA RM RA RM RA RM RA RM

G01 4 42 7 14 41 23 16 41 32 48 29 49 43 30 40 35 15 37 39 31 1227
G02 24 20 30 44 24 4 33 4 28 28 30 29 46 12 25 29 2 33 45 7 1062
G03 1 22 27 19 36 43 34 22 47 21 48 22 39 22 7 12 3 5 14 27 1108
G04 14 40 49 39 21 13 48 50 20 25 22 27 14 43 32 44 16 41 37 16 1156
G05 12 9 38 12 50 48 47 32 9 12 1 11 48 29 47 16 43 2 8 35 1122
G06 40 13 45 6 10 3 44 47 4 51 7 51 33 8 15 21 22 31 6 12 1047
G07 6 32 50 26 40 2 50 49 17 41 23 43 50 50 49 48 18 42 38 17 1304
G08 49 19 19 41 32 1 41 45 44 42 40 44 36 48 30 50 12 51 33 15 1331
G09 25 50 24 38 26 30 29 37 26 45 32 50 51 51 51 51 7 40 10 2 1167
G10 13 21 33 35 33 25 45 42 6 4 4 5 42 36 26 26 1 16 41 22 1085
G11 15 36 18 32 14 24 3 14 51 32 51 35 31 44 37 41 32 36 42 49 1464
G12 27 18 25 21 44 47 31 27 3 11 8 9 16 7 35 5 19 12 13 23 926
G13 28 1 10 4 46 51 9 23 31 6 37 1 38 9 46 1 30 1 26 51 1066
G14 31 26 32 9 43 37 22 35 2 13 5 12 1 10 22 8 41 22 5 24 903
G15 16 7 11 8 51 49 13 29 12 40 10 39 37 6 48 6 44 15 40 26 1137
G16 47 4 5 3 7 10 49 51 5 46 3 48 26 46 34 39 51 27 46 45 1177
G17 44 49 6 40 4 18 20 36 48 36 49 37 41 4 19 32 36 44 32 18 1248
G18 38 38 39 30 22 21 37 19 15 39 18 40 47 49 33 40 33 32 3 9 1118
G19 45 16 4 10 23 38 23 16 34 47 36 45 25 17 13 14 37 7 48 46 1135
G20 26 27 9 1 17 20 21 48 1 50 2 46 10 1 12 2 17 6 50 1 1126
G21 39 46 43 48 15 8 28 5 22 9 14 19 15 41 16 46 27 48 20 48 1116
G22 42 30 40 33 29 34 46 43 10 5 6 6 27 37 38 28 39 11 29 32 1024
G23 33 45 41 50 20 31 12 3 35 37 31 38 28 19 31 37 31 45 47 34 1189
G24 18 14 22 36 45 46 4 2 43 7 47 2 3 5 23 4 24 10 43 41 1086
G25 41 44 48 42 28 32 24 17 40 35 38 32 17 25 4 34 45 38 4 28 1158
G26 46 43 47 45 5 9 18 12 37 29 33 33 12 47 41 47 46 46 49 21 1070
G27 36 23 12 15 13 19 25 34 7 19 9 20 45 27 27 25 29 26 2 8 887
G28 32 3 44 28 35 5 36 8 27 49 28 47 8 33 1 11 14 3 35 10 1081
G29 9 11 8 2 12 33 19 44 45 18 44 16 6 23 10 17 5 9 36 14 907
G30 37 8 23 24 48 35 43 13 24 14 26 13 40 24 43 22 42 19 28 3 1017
G31 20 31 46 17 30 29 35 31 49 22 43 18 7 31 3 20 34 23 51 44 1248
G32 48 33 35 43 9 12 5 24 18 26 21 26 20 42 29 42 47 39 24 25 1069
G33 29 24 21 29 6 27 6 6 13 34 16 31 29 38 21 31 20 25 15 11 890
G34 7 5 3 16 1 22 40 39 41 27 39 28 2 40 18 30 10 20 11 37 985
G35 34 29 31 13 31 40 32 30 50 16 50 15 32 16 28 19 28 21 31 39 1256
G36 43 41 37 27 8 39 15 20 16 20 20 21 21 11 20 24 38 30 1 5 1132
G37 21 2 1 5 47 44 26 40 46 44 46 42 30 21 42 13 35 14 17 47 1118
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Table 4  (continued)

Code Root  K+ Root α-N Root  K+/
Na+

Alkaline 
level 
content

Sugar 
yield

White 
sugar yield

White 
sugar 
content

Extraction 
coefficient 
of sugar

Molasses 
sugar

Dry matter TGSI

RA RM RA RM RA RM RA RM RA RM RA RM RA RM RA RM RA RM RA RM

G38 2 10 13 37 18 26 1 1 11 17 15 14 19 26 5 7 8 4 30 29 794
G39 22 37 20 34 19 42 14 7 33 3 35 3 9 13 8 23 9 28 7 42 987
G40 10 25 16 7 49 45 42 38 29 31 25 30 35 15 36 15 23 17 19 6 1210
G41 3 6 15 22 34 17 27 28 21 38 17 36 5 2 9 3 4 13 34 38 985
G42 8 48 51 49 39 7 51 46 23 24 13 24 44 45 44 49 21 50 21 19 1274
G43 35 15 29 18 37 36 10 26 39 15 45 17 49 20 50 33 50 35 9 43 1190
G44 51 47 42 51 11 14 39 11 14 1 12 7 34 35 24 45 48 47 18 50 1043
G45 30 17 34 25 42 50 30 10 38 8 41 8 22 18 45 18 40 18 22 33 1097
G46 11 12 17 20 27 41 2 15 25 30 24 25 13 14 39 10 25 8 25 4 942
G47 5 39 26 46 16 16 38 18 42 23 42 23 18 28 14 38 11 43 16 20 1041
G48 50 51 36 47 2 28 7 9 36 33 34 34 4 34 17 43 49 49 23 13 1108
G49 23 34 2 11 38 15 8 33 8 10 11 10 23 32 11 27 6 24 27 30 878
G50 19 28 14 23 25 6 11 25 19 43 19 41 24 3 2 9 26 29 44 36 1093
G51 17 35 28 31 3 11 17 21 30 2 27 4 11 39 6 36 13 34 12 40 908

Fig. 1  Biplot for genotype by environment interaction of net  CO2 
in sugar beet (Beta vulgaris L.) parents and hybrids in four environ-
ments [saline (S) and non-saline (N) experiments conducted in 2011 

and 2012], showing the effects of primary and secondary components 
(IPCA 1 and IPCA 2, respectively)
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interacted positively with the N1 environment, but nega-
tively with the both saline and non-saline experiments in 
2012.

The first two interaction principal components for tran-
spiration rate accounted jointly for 78.01% of the variation 
caused by interaction (Fig. 2). The genotypes G11 and G35 
interacted positively with the S1 environment, but negatively 
with the N1 and S2. The genotypes G21, G28 and G42 inter-
acted positively with the N1 environment. Genotypes G04 
and G50 interacted positively with the S2 environment.

The stability of tested genotypes can be evaluated accord-
ing to biplot for root number (Fig. 3). The genotypes G24 
and G43 interacted positively with the N2 environment, but 
negatively with the N1 and S1. The genotypes G04, G09, 
G18, G19 and G32 interacted positively with the S2 environ-
ment. Genotypes G01, G03, G06, G17 and G31 interacted 
positively with the S1 and N1 environments.

For root yield we observed that the genotype G11 inter-
acted positively with the N1 environment, but negatively 
with the S2 as well as the genotype G35 interacted positively 
with the S1 environment, but negatively with the N2 (Fig. 4). 
The first two interaction principal components for this trait 
accounted jointly for 83.92%% of the variation caused by 
interaction (Fig. 4, Table 3).

Figures 5, 6 present the biplots of the stability of tested 
genotypes for sugar yield and white sugar yield, respectively. 
Only the first interaction principal component, IPCA1, was 
statistically significant for these traits. The saline and non-
saline experiments in both years of study were strongly dif-
ferent (Figs. 5, 6). The genotype G35 interacted positively 
with the S1 environment; the G03 and G11 interacted posi-
tively with the N1; and genotypes G24 and G43 with N2 
environment for both traits.

The first two interaction principal components for dry 
matter accounted jointly for 79.24% of the variation caused 
by interaction (Fig. 7). The genotypes G15, G17, G20 and 
G45 interacted positively with the S1 environment, but nega-
tively with the saline environment in 2012. The genotypes 
G24, G29, G38, G41 and G49 interacted positively with the 
N1 environment. Genotypes G11, G23 and G35 interacted 
positively with the S2 environment, but negatively with the 
saline environment in 2011. The genotypes G16 and G19 
interacted positively with the N2 environment (Fig. 7).

The best total genotype selection index calculated 
for all 21 physiological traits was observed for genotype 
G38 (TGSI = 794), while the worst—G11 (TGSI = 1464) 
(Table  4). The parental forms 2 7233-P.29 (G38) and 
C CMS (G49) as well as hybrids 2(6)*C (G27) and 5*C 
(G33) are recommended for further inclusion in the breeding 

Fig. 2  Biplot for genotype by environment interaction of transpiration 
rate in sugar beet (Beta vulgaris L.) parents and hybrids in four envi-
ronments [saline (S) and non-saline (N) experiments conducted in 

2011 and 2012], showing the effects of primary and secondary com-
ponents (IPCA 1 and IPCA 2, respectively)
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programs because of their stability and good average values 
of observed traits.

The positive statistical significant (α = 0.05) correlation 
coefficients in all four environments (saline and non-saline 
experiments conducted in 2011 and 2012) were observed 
between: leaf  Ca2+ and leaf  Na+, root number and root yield, 
root number and sugar yield, root number and white sugar 
yield, root yield and sugar yield, root yield and white sugar 
yield, sugar content and white sugar content, sugar content 
and extraction coefficient of sugar, root  Na+ and alkaline 
level content, root  Na+ and molasses sugar, root  K+ and root 
α-N, root  K+/Na+ and extraction coefficient of sugar, sugar 
yield and white sugar yield, white sugar yield and extrac-
tion coefficient of sugar as well as white sugar content and 
extraction coefficient of sugar (Tables 5, 6). Negative cor-
relation coefficients in all four environments were observed 
between: leaf  Na+ and leaf  K+/Na+, root  Na+ and root α-N, 
root  Na+ and extraction coefficient of sugar, root α-N alka-
line level content, root  K+/Na+ and molasses sugar as well as 
extraction coefficient of sugar and molasses sugar (Tables 5, 
6).

Discussion

Genotype by environment interaction is one of the unify-
ing challenges facing plant breeders [19, 20]. The quantity 
and quality traits of sugar beet (Beta vulgaris L.) are deter-
mined by genotype and environment that sugar beet varieties 
usually differ in different environments. To introduce new 
varieties in the final stages of breeding program, they must 
be tested in several environments to identify their stability 
across different environments. If the genotypes ranking do 
not vary the environment that is a GEI is absent or low, 
showing general adaption [4]. As an advantage of the change 
of ranks in different environments (crossover) is the avail-
ability of special varieties which are adapted to certain areas 
stress situations [3]. Thus, GEI is of major importance to 
improve sugar beet production. The aim of this study was to 
disclosure the importance of environment on quantity and 
quality traits of sugar beet genotypes. For that purpose, 21 
traits of 53 sugar beet genotypes were investigated in four 
environments (combination of two locations and 2 years) in 
field trails.

AMMI allow for a large set of technical interpreta-
tions, and they used more commonly to evaluate the 
genotype–environment interactions. The additive main 
effects and multiplicative interaction (AMMI) model 

Fig. 3  Biplot for genotype by environment interaction of root number 
in sugar beet (Beta vulgaris L.) parents and hybrids in four environ-
ments [saline (S) and non-saline (N) experiments conducted in 2011 

and 2012], showing the effects of primary and secondary components 
(IPCA 1 and IPCA 2, respectively)
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Fig. 4  Biplot for genotype by environment interaction of root yield 
in sugar beet (Beta vulgaris L.) parents and hybrids in four environ-
ments [saline (S) and non-saline (N) experiments conducted in 2011 

and 2012], showing the effects of primary and secondary components 
(IPCA 1 and IPCA 2, respectively)

Fig. 5  Biplot for genotype by environment interaction of sugar yield 
in sugar beet (Beta vulgaris L.) parents and hybrids in four environ-
ments [saline (S) and non-saline (N) experiments conducted in 2011 

and 2012], showing the effects of primary and secondary components 
(IPCA 1 and IPCA 2, respectively)
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Fig. 6  Biplot for genotype by environment interaction of white sugar 
yield in sugar beet (Beta vulgaris L.) parents and hybrids in four envi-
ronments [saline (S) and non-saline (N) experiments conducted in 

2011 and 2012], showing the effects of primary and secondary com-
ponents (IPCA 1 and IPCA 2, respectively)

Fig. 7  Biplot for genotype by environment interaction of dry matter 
in sugar beet (Beta vulgaris L.) parents and hybrids in four environ-
ments [saline (S) and non-saline (N) experiments conducted in 2011 

and 2012], showing the effects of primary and secondary components 
(IPCA 1 and IPCA 2, respectively)
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addresses the limitations of ANOVA and PCA. The 
AMMI model effectively explains the GEI patterns. 
The AMMI method used for three primary purposes 
for stability. The first is that the model involves vari-
ance analysis and principal component analysis. Second, 
AMMI clarifies GEI and summarizes G and E patterns 
and relationships, and the third use is the accuracy of 
yield estimates. AMMI model is more suitable and sim-
plifies genotypes' instantaneous choice for stability. The 
model helps establish the relationship of genotypes, 
environment and their interaction. The AMMI model 
as the most popular multiplicative models was initially 
proposed by Gollob [15] and [22, 23] in the context of 
fixed effects. AMMI can have several models: AMMI0, 
which estimates the main additive effect of genotypes 
and environments and does not include any major axis 
(IPCA) AMMI1, which combines AMNI0 genotype 
additive effects with environmental interactions esti-
mated and combines from the first major axis (IPCA 1). 
AMMI2 and others up to the full model with all IPCA 
axes. In this paper we used the traditional AMMI model 
for fixed effects. The traditional AMMI model has been 
used extensively for many species [1, 5, 11, 26].

Researchers apply the proposed strategy to extract 
specific cultivars with competitive performance across 
different environments that can extract more informa-
tion from GE interaction [27]. Hassani et al. [17] using 
AMMI model analyzed GEI for 49 sugar beet genotypes 
in four different geographical locations in 2 years for 
three morphological traits: root yield, sugar yield and 
white sugar yield. Ghareeb et al. [14] also analyzed root 
yield, sugar yield and white sugar yield by AMMI model. 
Seven sugar beet cultivars were appraised in eight envi-
ronments: two consecutive seasons and four locations. 
Their results showed that the AMMI model clarified 
most of the GEI (85.97%, 83.34% and 86.47%) for root 
yield, sugar content and, sugar yield, respectively. Hoff-
mann et al. [18] analyzed GEI of nine genotypes in 52 
environments for yield and quality (sugar, K, Na, amino 
N, total soluble N, betaine, glutamine, invert sugar and 
raffinose) of sugar beet in Europe. According to their 
results, the GEI with about 3% was less than the main 
effect of genotypes (about 80%).

High genotypes stability is linked with the AMMI stability 
value. AMMI stability value he distance of the coordinates 
of each genotype from the origin of the bi-plot coordinate 
diagram of the two principal components of the interaction 
is based on the scores of the first and second for interaction 
principal component axis (IPCA) model for each genotype. 
Genotypes with the lowest ASV values are identified by their 
shortest projection from the bi-plot origin and considered the 
most stable. Using GE bi-plot displayed based on the AMMI 
results, the main effect of the genotype, the environment, and 

the most significant GEI could be determined. Regarding the 
AMMI model, the results of the analysis of variance indicated 
that significant genotype × environment interaction for all con-
sidering physiological traits.
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