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This aimed to assess genetic diversity, evaluate quantitative and qualitative
traits, and identify superior sugar beet genotypes in two different climatic
environments (Fasa and Gonbad). A set of yield, and industrial quality-
related traits, including root yield, white sugar yield, molasses sugar
percentage, root alkalinity, o-amino nitrogen, sodium content, and
potassium content, were measured and analyzed. The results of this study
showed that most traits exhibited high heritability and substantial genetic
advance, enabling effective selection at early stages of breeding.
Multivariate analyses, including genotype x trait biplot and cluster
analysis, revealed the genetic structure of the population. In the biplot
diagram, yield and quality traits such as root yield, white sugar yield, and
white sugar content showed positive and significant correlations, and
genotypes 6, 7, 14, and 19 were positioned along these vectors and were
identified as superior genotypes. In contrast, traits such as root alkalinity,
sodium content, and molasses sugar percentage showed negative
correlations with desirable sugar traits, and genotypes located near these
vectors were evaluated as undesirable. Cluster analysis in both
environments resulted in the formation of three distinct clusters.
Genotypes in the third cluster in Fasa and the first cluster in Gonbad
exhabited higher mean values for yield and quality traits and were
identified as valuable genetic resources. These findings indicate that multi-
trait approaches and targeted genotype selection across diverse climatic
conditions can effectively enhance sugar beet improvement.
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Introduction

Sugar beet (Beta vulgaris L.) is a major industrial crop for white sugar production, valued for
its adaptability to diverse climates and moderate soil salinity. Enhancing both yield and
processing quality through breeding requires a deep understanding of genetic diversity and trait
interactions across different environmental conditions. Key agronomic and physiochemical
traits such as root yield, white sugar yield, molasses sugar percentage, root alkalinity, alpha-
amino nitrogen, and minerals content play a critical role in determining both field productivity
and industrial efficiency. These traits are influenced by genetic and environmental factors, and
their simultaneous evaluation using multivariate statistical approaches can reveal complex
relationships and guide effective selection. Advanced analytical tools such as genotype X trait
biplot and cluster analysis offer powerful means to identify superior genotypes and uncover
hidden patterns among traits. Integrating multi-trait selection strategies with genotype-by-
environment analysis enhances the precision of breeding decisions. This study aims to assess
genetic variation and identify high-performing sugar beet genotypes across two contrasting
agro-climatic regions (Fasa and Gonbad), thereby providing a scientific basis for targeted
breeding programs focused on yield improvement and sugar quality enhancement.

Materials and Methods

A total of 20 suger beet genotypes were assessed using a randomized complete block design
with three replications at each location. Quantitative and qualitative traits associated with yield
and industrial sugar quality were measured, including root yield, white sugar yield, molasses
sugar percentage, root alkalinity, alpha-amino nitrogen, sodium and potassium content.
Statistical analyses included analysis of variance (ANOV A) to estimate genetic parameters such
as heritability and genetic advance. Genotype x environment interactions were evaluated
separately for each trait. Multivariate approaches were applied to explore trait relationships and
genotype performance. Genotype X trait biplot analysis was used to visualize correlations
among traits and identify high-performing genotypes. Cluster analysis using Ward’s method
was performed to classify genotypes based on trait similarity, and Mahalanobis distance was
calculated to assess genetic divergence between clusters.

Results and Discussion

Significant genetic variation was observed among sugar beet genotypes across both Fasa and
Gonbad environments. Traits such as root yield, white sugar yield, sugar content, and extraction
efficiency exhibited high heritability and genetic advance, indicating strong genetic control and
suitability for early selection. Multivariate analyses indicated strong positive correlations
among key performance traits, with genotypes 6, 7, 14, and 19 consistently ranking highest in
both environments. Conversely, root alkalinity, sodium content, and molasses sugar percentage
were negatively associated with sugar quality, identifying genotypes near these vectors as less
favorable for industrial processing. Cluster analysis grouped genotypes into three distinct
clusters per environment. In Fasa, Cluster I1I genotypes showed superior agronomic and quality
traits, while in Gonbad, Cluster I genotypes performed best. Mahalanobis distance confirmed
substantial genetic divergence between clusters, particularly between Clusters I and II,
suggesting promising potential for hybridization to combine complementary traits.
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Conclusions

The study demonstarte the effectiveness of multi-trait selection combined with advanced
statistical analysis in identifying high-performing sugar beet genotypes adapted to diverse agro-
climatic conditions. Genotypes exhibiting superior agronomic performance and favorable
quality traits were successfully distinguished, while traits detrimental to industrial processing
were effectively identified, enabling their exclusion or indirect selection. Crossing genetically
distant genotypes offers a strategic path to enhance breeding efficiency and develop new
cultivars with improved yield, sugar quality, and industrial processing traits. These findings
provide a robust foundation for future breeding programs targeting both productivity and
adaptability.

Author Contributions

HM and HH contributed to the conceptualization, design, and supervision of the research study.
SY and MB conducted all laboratory and field experiments. MH prepared the initial draft of the
manuscript and supported the analysis and interpretation of the data. All authors reviewed and
approved the final version of the manuscript.

Data Availability Statement
Data available on request from the authors.
Acknowledgements

The authors sincerely acknowledge the Sugar Beet Seed Institute for funding this project. We
also express our gratitude to the Agricultural and Natural Resources Research and Education
Centers of Fars and Golestan provinces for their valuable cooperation and for providing the
necessary facilities and infrastructure to carry out this research.

Ethical Considerations
The authors avoided data fabrication, falsification, and plagiarism, and any form of misconduct.
Funding

This research was conducted within the framework of the approved research project No. 03-63-
0205-008-020175 at the Sugar Beet Seed Institute. The project was financially supported by
the Sugar Beet Seed Institute.

Conflict of Interest

The authors declare no conflict of interest.

Plant Genetic Research (2025), 12(2): 117-142 | www.pgr.lu.ac.ir 119



0) ol ) sbgiag i

oo o 01331 YEVF—YY RSl SIS
ol adkaie 93 )3 0 gmly A M Gl 85 6 ki glawslis o))
¥ alg s gemme | T ghe Ll deans | Yo g o jem | FY Sadie als e | (g paie el

u:jyhautz,,;ou)u‘olmoum»@uﬂ,@ﬂusJz;ybqufz,,;)swm),u;aqu?z,.;u';su.-\

Ol gl Ol ‘@HL;:S@}J;,
(Sl Oloslo OldS Ol pne mlin 5 (5355128 350l 5 Sliiond S o 2l o5 p s Sl i -
Ol O S (6350l s s rssl
il el Olesl (w6 Ol b e 5 5 355LES 55 g0l 5 Dl S 0 3 jdiiy Sl i Y

Ol Sled (5558 s 5 5

o S dlas b
wlld 5 A4S 5 oS Slio Sl (K5 5 o n S b Slass ol Al g g
A plonil (A5 5 Ld) Sglite Bl lama 53 L3 uBydir S slags ) sy e

Wiy 3 Shes Jols Jgams mio CtS 55 Shas b b o Slio 5l glas gazs
s Sl o= WT 05528 Ay oSS (dle A3 A3 i SCE 5 Shee
sl Olis i o8 sl Ol aslllas oyl b s i 5 6, Seslul v.:.ﬂl:i B)
gl Jolm 53 fie Sl Ol S sy (psllae (S5 Sk 5 WL g Sl
LS 5 Sk X 85 Il Jaldi o prnadin sl Lo s5le o 0l 315 (0l g
Slio Ml Slages o amsle HEGT 1) Camer K85 Lltle (glad =
Stead o S (g gt S5 Slas s 5 Slas 5 iS5 63 Slos
a8 513 laslsy cplslaal 53 V4 5 VE VA glaci il g ddls Hls e 5 St
Glyoms iy SHLE Wil Slio (Jlie 53 LAS Some S p lag ) Olsew
L;ugrgjsjjmbwwd,\;sg,@ Qu,ptngu.\;;wﬁ,ﬁ,u
4 e daoes 5o o lad st a et L bl ollasl basls  pl a4 S5
rSbe S 3 Il ad s 5 b g3 pam by oS B A W SIS
e Ladjyl S c\:.n Olgea 5 Ludls 28 5 (63 Sese Slaw 55 (¢ 5V
Ladds Obtl 5 giodi glas Sy 5l eslanal a5 e o Ol Laasly ol L0

Ve S/ VY 1l s
VE /N K550 G
VEeE/ 080 d pd )6

VErE/N /08 el o b

iSO 51
i A

Wb X oS 55 <Mt
L P
«§pdydlys

5 55 S

- DOI: https://doi.org/10.22034/pgr.2025.2070711.1019

OBl s ©

mehrdad.hanifei@uwa.edu.au :5EJ gms okimg 3 *

Ol ol &Sl 1,80

AR



Vel /Y oled VY W/ LS Sy gl iagh

Slr e slaslre Gzl )0 (K55 2d 0l 5 ages
Sliv @3l5e Jelly Dend 5 S @ el et
.(Falconer and Mackay, 1996) L s5 s < gees

ohst Dlio Obe 55 5 s Sl Stan s
i Slo gluld 4 lE e wslie oSl Ll s
s b eslaal il ool 5y A8 SaS ELE s Shas s
GenotypexTrait Biplot; GT-) i x i 55 <Dl
s Ol o przadr 5 SIS (515l Ol s (Biplot
45 35l @l B 1 b 55 5 Dlas Ole Ly, Olejon
Ciho 2 Sl S ses S B aS e S Solse
Yan et al., 2000; Yan and Frégeau-) &8 lulis ol
.(Reid, 2008; Mehravi et al., 2020

A TS e G5 T ol Sl b ol aallle
ol a5 55 5 Sas b bl e 4S5 WS Slio
bl pmes i plnil A4S 5 L sl
st 3 et s 2 fie Sl 5 5 n slags S
255 5 e ol slaasl s s eslizl

L ey 93l

JUEIECRTETNIRI L NS TRICASIRRINE SN0
OV dsdr) ad eslial dall 03,0 5 L Ly e V0
oA Y S G B Jel b sl e
SI-) sy Wiy Olyeas syale 4 Josts Olidles S
g Joste o355 s 3 el S S VO 5 (990002
S3VEY Jla s oS Lss 6 be Wl Olgeas 5 43la
5 E3oslaS Slades S e BLST oKl ) Ll 2
ol 3 Baa () Jadr) Lad 4 Ol b Cju
5 Sas b 55508l 0 Jomie (Sl angf a3
R

eals aslpe 5 bl b besl pll Jous
St VEY=VEY oy e s ol bl
Ol g 3 315 L (355U Sl olSan) 53 48100
0700 5 Jlad b ,e ONYAY lilas Slazis L L
Bl 3808 (55,5La8 Sk oKaml 5 53 sk
o2e VOV Uil as Clanie b okldS Okl s

.M‘ﬁ\‘éﬁdjb\"oooj‘gw

'Y

LV R VI

s oS oA S (Beta vulgaris L.) X3 ;i
LB A e 53 S ) g 8 el Ol 53 i
Brar et al., 2015; Wimmer and Sauer, ) 355 o < swmee
s 35l doys £ BT sl Jguame ol (2020
slasil 5 e Cgnl 55 (adS 58 5 LS e el | Ol
5o Ol 53 S e 3L osiS Sl (ol S3osleS
A5 5 Sl Ve Sl e S 5 e b S e
Ol S als 3 omge oz (5 Ok N JL YL
03 oy A gl e Gl a4 i 5 5
035 Olarss |y Jsame ) (53 0l) Copeal S A5
.(Mohammadzadeh et al., 2023) ..

3 s s Shes Obe e s BB OSKS ) sms L
S 2ls amy Olpl s5aS g KEpkae osdll 5 Shes
oS ke 35 5 (S5 6305 VL b b diasOLEs
sl laans b dd ke s S35 ol ol s
L3 Ao wloy o Shee 3 b g Sl 4 e
3 S8l 4 Caslie Gl a5 se daglen 4 Cueslie
Hassani ef al., ) Sl ol Jaes sla 25 b 5,85l

2024; Rajabi et al., 2023; Sadeghzadeh Hemayati et al.,
oslazal o3 545 .(2022; Saremirad and Taleghani, 2022

Ol ciloinn ol Lol 12 53 585 2 S sla by
s Bl 5 s Shes b gl sy olubis
Yan and Kang, 2002; Mousavi e ) Col o3 S v.zalf'a B

Aal., 2023
ol g gp s sy bl (eolne slaast oo
o e Ly G35 s a5 oS i
(Ismaili et al., 2016) sl 552 50 K55 & sl
5 e e S5 Shas e 3 Shae 2l lio
(e S sme ol ixis adS sl atls 5 Lallil
22 A Sliso dex Gl Ve dss 5 aly; Sl
El-Metwally and ) oo L3 )kax glacs 55 2Ll
S 3 (Majumdar et al., 2022; El-Shahawy, 2025

A5 o 55 s s (S8 el S



O, Ken 5 (5, gm0

aj.;a_lg: -\.'5)4.'.5:; Lsu%_,:j ej_é.‘.o.&'».‘i- 6‘4.'.4_“.5.& ;;’L_’.))|

O3l nl 03 e 25m LB G Gla S S5 e et 5 US ) ol

Table 1. Codes and pedigree of the sugar beet genotypes examined in this experiment
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Code Pedigree Code Pedigree
1 SC(990015 * 990006) * S1-990002 11 SC(990023 * 990007) * S1-990002
2 SC(990019 * 990006) * S1-990002 12 SC(990029 * 990007) * S1-990002
3 SC(990020 * 990006) * S1-990002 13 SC(990014 * 990008) * S1-990002
4 SC(990022 * 990006) * S1-990002 14 SC(990015 * 990008) * S1-990002
5 SC(990023 * 990006) * S1-990002 15 SC(990029 * 990014) * S1-990002
6 SC(990014 * 990007) * S1-990002 16 SBSI - 12
7 SC(990015 * 990007) * S1-990002 17 SBSI - 14
8 SC(990019 * 990007) * S1-990002 18 F-20734
9 SC(990020 * 990007) * S1-990002 19 F —20842
10 SC(990022 * 990007) * S1-990002 20 F-21152

()Liélujf u.a.“;- u,.vy S ‘(.._J.c > UJJS UK,._W; :SC

SC: Male-sterile single cross; S: Pollinator inbred line
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Figure 1. Mean percentage of bolting in sugar beet genotypes based on four replications. Error bars above the columns
represent standard errors.
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yield content yield content yield content (N) coefficient percentage alkalinity
L
- 1 2.02" 77.95" 33.72" 803.40™ 155.72* 5.67° 126.04™ 59.01" 94.00" 1.84™ 59.01*"
Environment (Env)
Jae | S
e 53 LSS 6 0.30 1.21 1.27 10.11 1.72 0.05 1.42 2.28 0.84 0.01 2.28
Rep/Env
R 19 4.63" 0.94™ 33.59" 10.65™ 31.45™ 0.02" 347" 0.84" 0.90™ 0.01* 0.84"
Genotype (Gen)
.
X e 19 1.37" 0.53m 11.91™ 7.79" 8.91™ 0.014 222 0.90" 0.32m 0.01*" 0.90"
Gen x Env
Lo
114 0.63 0.38 4.24 4.28 3.12 0.12 0.50 0.45 0.30 0.005 0.45
Error
(023) (s o 2
92.0 89.0 90.0 90.0 88.0 94.0 96.0 96.0 92.0 90.0 95.0

Coefficient of
determination (%)

ns

o3 ) 50 Jlel a3 ls e 5 la e b i e T 5T
" *and **: Non-significant, and Significant at the 0.05 and 0.01 probability level, respectively
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Table 4. Genotypic and phenotypic estimates of measured traits on sugar beet using table of combined analysis of variance

ls Sty wfp =l w’*p S bl w’“’ e
Traits o T Genotypic Phenotypic Percentage of
(if;;?;l}l’géc ngﬁgglcpéc coefficient of coefficient of %ﬁg%‘;ﬁ ﬁ?se expected genetic
variance variance ty advance (%)
ey 3 Sas 101718 1188.26 53.30 57.61 0.86 86.79
Root yield
Gl A A 5.52 7.91 13.36 15.99 0.70 19.64
Sugar content
Jajl}b 'w_;' 39.56 43.79 59.71 62.82 0.90 99.88
Sugar yield
ke 53 2 Sos 31.45 34.57 67.80 71.08 0.91 63.29
White sugar yield
oo S gl e 10.65 14.93 23.72 28.09 0.71 3527
White sugar content
("1"\”’ sl 3.25 5.09 52.72 65.98 0.64 74.15
Na* content
("-""Ld sl 3.47 3.97 30.85 33.02 0.87 50.74
K" content
orl 03355 Sl g 1.49 2.19 38.87 47.15 0.68 56.40
Alpha amino content (N)
A5 gl Ll
Extraction of sugar 232.15 383.67 19.91 25.60 0.61 27.26
coefficient
e &3 Ao 1.09 1.50 32.33 37.97 0.72 48.43
Molasses sugar percentage
4y LS 20.82 27.17 55.52 71.80 0.77 68.67

Root alkalinity (ALC)
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Table 5. Genotypic (below the diameter) and phenotypic (above the diameter) correlations among measured traits in sugar beet genotypes based on combined analysis.

Slews

_ (O] (@) 3 @ () (O] ) ® ® (10 an
Traits
R 1.00 0.25(0.13) 0.97(0.01)  -041(0.11)  -0.54(0.11)  0.12(0.14) -0.51(0.11) 0.35(0.12) 0.93(0.02) 0.41(0.1) -0.54(0.1)
Root yield (1)
=6 s gl g
o2 S 0.65(0.27) 1.00 0.46(0.1) -0.78(0.05)  -0.53(0.09)  0.28(0.12) -0.73(0.06) 0.98(0.00) 0.54(0.09) 0.87(0.03)  -0.76(0.05)
Sugar content (2)
L ws s Sas
o2 : 1.0(0.01) 0.68(0.23) 1.00 -0.54(0.09)  -0.62(0.01)  0.13(0.14) -0.60(0.10) 0.55(0.09) 0.99(0.00) 0.56(0.08)  -0.66(0.07)
Sugar yield (3)
de (8l g
o 8 -0.91(0.25)  -0.87(0.15)  -0.89(0.21) 1.00 0450.11)  -0.28(0.11) 0.76(0.05) -0.85(0.03)  -0.60(0.08)  -0.83(0.04)  0.86(0.04)
Na* content (4)
L gl g
il ane -0.82(0.12)  -0.69(022)  -0.82(0.10)  0.34(0.34) 1.00 0.18(0.14) 0.48(0.12) -0.66(0.07)  -0.68(0.08)  -0.62(0.07)  0.83(0.04)
K* content (5)
. " Wi s el e
S S -0.01(0.31)  0.13(0.40) -0.02(0.31)  -092(033)  0.59(0.26) 1.00 -0.57(0.09) 0.20(0.12) 0.09(0.15) 0.25(0.11) 0.01(0.13)
Alpha amino content (N) (6)
e -0.62(0.19)  -0.82(0.15)  -0.62(0.18) 1.00(0.13) 0.36(0.26)  -0.61(0.23) 1.00 -0.76(0.05)  -0.61(0.10)  -0.82(0.04)  0.69(0.07)
Root alkalinity (ALC) (7)
At K (¢l gien
e S 0.79(0.21) 0.99(0.01) 0.81(0.17)  -0.81(0.16)  -0.79(0.15)  0.07(0.39) -0.80(0.14) 1.00 0.63(0.08) 0.91(0.02)  -0.87(0.03)
White sugar content (8)
At 4 Sles
T e 22 1.00(0.01) 0.67(0.21) 1.0000.00)  -0.83(020)  -0.83(0.10)  -0.06(031)  -0.58(0.19) 0.80(0.15) 1.00 0.63(0.07)  -0.74(0.06)
White sugar yield (9)
BT PR M A BTy
_ c o _ 1.00(0.35) 1.00(0.11) 0.99(0.30)  -0.80(022)  -0.84(026)  0.12(0.51) -0.90(0.17) 1.00(0.10) 0.96(0.27) 1.00 -0.84(0.03)
Extraction of sugar coefficient (10)
Mo L3 Ao
o 22 -1.00(0.12)  -092(0.12)  -1.00(0.09)  0.64(0.24) 0.95(0.06) 0.07(0.38) 0.72(0.18) -0.96(0.06)  -1.00(0.08)  -0.99(0.14) 1.00

Molasses sugar percentage (11)
X VAT 5 (g Lrp) s,lkad glast x Y/OA 31 58555 35 5 o 5 Shemad b el VAT 5 Y/0A L Ll o s ol am 3 M8 L 70 570 Jlexs! T 53 4 b3 O a3l (5l 35 gkt Jsdr 5lie
s 13 e g L 1P) 3 bl (last x V/AT 1 5 8 (Koo o 5 Ates Sl pnn 0 5 7Y b sl 53 3 50 (g L 1p) 5 il slat
The Student’s t-table values for a two-tailed test at the 1% and 5% probability levels with 114 degrees of freedom are 2.58 and 1.96, respectively. Phenotypic and genotypic correlation

coefficients greater than 2.58 x standard error (rp or rg) and 1.96 x standard error (rp or rg) are significant at the 1% and 5% probability levels, respectively, whereas correlation coefficients
smaller than 1.96 x standard error (rp or rg) are not significant.
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Figure 2. Biplot polygon view of genotype X trait in Fasa (a) and Gonbad (b) conditions. Abbreviations: RY:
Root yield; SC: Sugar content; SY: Sugar yield; WSC: White sugar content; WSY: White sugar yield; Na™:
Sodium content; K*: Potasium content; N: Alpha amino content; ESC: Extraction of sugar coefficient; MS:

Molasses sugar percentage; ALC: Root alkalinity
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Figure 4. Cluster analysis of sugar beet genotypes by Ward’s method based on measured traits in Fasa (a) and Gonbad
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Table 6. Mean comparison and mahalanobis distances of cluster obtained from cluster analysis in Gonbad and Fasa conditions

Lﬁﬂ\.&a? r)bu?‘};u&_):d}'u? r}wu?&;w_)éd‘}'ﬂ.&? r}ﬂdu?&m)brjzu?
Clusters First C. vs second C. First C. vs third C. Second C. vs third C.

Lo (D?) laas = O abols Sedlza T2 oLl (D?) e 3= O Alols Sedza T2 oLl (D?) laass o= O abols Sdza T2 oLl

Environment Clusters distance (D?) Hotelling’s T-squared Clusters distance (D?) Hotelling’s T-squared Clusters distance (D?) Hotelling’s T-squared

A5 29.52 313.54™ 12.45 98.32™" 7.89 251.36™
Gonbad

L 11.55 7.77 37.25 114.23* 51.23 521.36™

Fasa

**: Significant at 0.01 probability level / ..o s\ Jla>! gl 53 s sne ¥

S 5L Lol s g a3 Slio SSke Y J
Table 7. The traits mean in each cluster in Fasa and Gonbad conditions
Environment / lees

oliw Fasa/ L..3 Gonbad / 4.5
Traits Il et po3 Ay pa 45 I oSNk Il i po3 ad > ket IS oSSk
First cluster  Second cluster Third cluster Total mean First cluster Second cluster Third cluster Total mean
Ll A 52 i 5 S 9 3 8 10 8 2
Genotypes number in each cluster
0 2 61.55 4523¢ 80.69° 19.01 72,700 53.10 45.41¢ 62.22
Root yield
oAl L8 s 18.90b 19.122 19.03% 10.99 16.82 16.15° 13.10 16.19
Sugar content
AL A3 5 Slas 11.625 8.66¢ 1533 9.26 1219 8.53 6.45¢ 10.17
Sugar yield
oker S 2 Slas 9.77b 7.27¢ 12.97° 16.00 9.18 5.95b 3.97¢ 7.38
White sugar yield
Lo S5 gl yiome 15.91° 16.05¢ 16.118 1.94 12.66° 11.300 7.09° 11.57
White sugar content
(2 Sl 1.89° 1.98 1.98 5.15 4.10° 5.23b 7.350 4.86
Na' content
el Sl 5.14% 5240 4,930 311 6.32¢ 7.20° 8.614 6.90
_K" content
Lol 05550 Sl o 3.08 327 2.79b 84.12 3.23 325 2.48b 3.16°
Alpha amino content (N)
A3 gl sl LB 84.16% 83.890 84.62° 241 74.812 68.64 41.77° 69.10
Extraction of sugar coefficient
e 2.39% 2.48° 2.32b 2.42 3.57¢ 4260 5.40° 4.03
Molasses sugar percentage
iy oSl 2.42° 2.99 2.72% 57.89 3.34b 4.28° 12.73 4.64

Root alkaliniiy“(ALC)
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