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Abstract

Genotype-environment (G×E) interactions play a critical role in shaping the phenotype of crops and fruit trees. In horticulture and arboriculture, 
G×E interaction analysis enables the identification of genotypes best suited to specific environmental conditions, which is essential for plant 
breeding, optimizing production, and adapting to climate change. This paper discusses classical and modern methods of G×E interaction 
analysis, including statistical models, advanced bioinformatics tools, and the potential for integrating environmental and genetic data. Practical 
applications in horticulture and arboriculture are highlighted, and directions for future research are proposed.
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Introduction

Genotype-environment (G×E) interactions refer to the 
phenomenon where different genotypes respond differently to 
environmental changes and represent one of the most important 
topics in agricultural sciences, especially in horticulture and 
arboriculture [1,2]. These fields rely on traits such as yield, fruit 
quality, and resistance to biotic and abiotic stresses, making G×E 
interaction analysis crucial for understanding genotype stability 
and adaptive potential [3]. Plant phenotype results from the 
interplay between genotype (G) and environment (E), yet in 
practice, genotypes often exhibit varying reactions to changing 
environmental conditions [4,5]. This variability presents both 
challenges and opportunities for breeders and producers. With 
climate change and the need for sustainable management of 
natural resources, precise tools for G×E interaction analysis are 
increasingly necessary [6]. Knowledge of G×E interactions enable 
breeders to select genotypes best suited to local conditions or 
exhibiting broad phenotypic stability [7]. Genotype defines the 
genetic potential of a plant, while environmental factors, both 
abiotic (e.g., temperature, humidity, nutrient availability) and 
biotic (e.g., pathogens, interspecies competition), influence plant 
development. At the molecular level, G×E interactions encompass  

 
gene expression differences, epigenetics, and regulation of 
metabolic pathways. This interplay leads to unpredictable 
phenotypic variability resulting from the interaction between 
genotype and specific environmental conditions [8].

Classical Methods of G×E Interaction Analysis

Analysis of Variance (ANOVA): ANOVA separates phenotypic 
variability into components due to genotype, environment, 
and their interaction. It is widely used to assess the statistical 
significance of G×E interactions.

Stability Analysis: Regression models are applied to 
evaluate genotype performance relative to environmental 
factors, identifying genotypes with high stability and minimal 
deviations from the regression line. Early methods for estimating 
G×E interaction effects were proposed by Yates and Cochran [9], 
Wricke [10], and subsequently refined by Finlay and Wilkinson 
[11], Eberhart and Russell [12], Perkins and Jinks [13], and 
Hanson [14].

Stability Indices: Stability parameters introduced by Shukla 
[15] and Kang [16] enable comparisons of genotype stability 
across diverse environments.
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Modern Methods of G×E Interaction Analysis

AMMI Model (Additive Main Effects and Multiplicative 
Interaction): Combines ANOVA with principal component analysis 
(PCA) to visualize G×E interaction patterns. It is extensively used 
to identify genotypes well-suited to specific environments [17-
35].

GGE Biplot (Genotype + G×E): Focuses on genotype effects 
and G×E interaction on performance, enabling the identification 
of high-performing genotypes across different environments [36-
38].

Mixed Models: Incorporate random and fixed effects for 
genotypes, environments, and their interactions. These models 
are particularly useful for analyzing large and unbalanced datasets 
[39-41].

Multidimensional Analyses: Techniques such as canonical 
correlation analysis (CCA) and clustering group genotypes with 
similar performance across environments [42].

Integration of Multi-Source Data: Combines genomics, 
transcriptomics, and environmental data (e.g., GIS) to identify 
genotypes best adapted to diverse conditions. Tools such as 
marker-assisted selection (MAS) and genomic selection (GS) 
facilitate the identification of genotypes with beneficial G×E traits. 
High-throughput phenomics allows for detailed data collection on 
plant responses to environmental conditions [43].

G×E Interactions in Horticulture and Arboriculture

Plant Breeding: Development of varieties with high stability 
and productivity across diverse conditions. 

Selection of genotypes tailored to specific environmental 
conditions, e.g., drought-tolerant varieties. 

Resistance Breeding: Identification of genotypes resistant to 
biotic stresses (e.g., diseases) and abiotic stresses (e.g., drought).

Yield Optimization: Selection of high-performing genotypes 
in specific cultivation conditions. 

Stability in fruit tree yields is particularly crucial, as variability 
from G×E interactions can lead to production unpredictability.

Improving Product Quality: Analysis of genotype-
environment influences on sensory and nutritional traits of fruits 
and vegetables.

Challenges and Future Directions in G×E Analysis

•	 The increasing number of genotypes and environments 
requires advanced multidimensional analysis tools.

•	 There is a growing emphasis on studying genotypes 
resistant to extreme weather conditions.

•	 Analyzing large datasets of genetic and environmental 

data necessitates advanced statistical and computational methods.

•	 The integration of artificial intelligence tools may 
automate G×E analysis and improve predictive capabilities.

Summary

G×E interaction analysis forms the foundation of modern 
breeding for horticultural crops and fruit trees. Combining 
classical statistical methods with advanced bioinformatics tools 
enables more precise evaluations of genotype stability and 
adaptability. The significance of G×E interactions in horticulture 
and arboriculture cannot be overstated. Understanding and 
analyzing G×E interactions allow for the development of more 
productive, resilient, and stable plant varieties. In light of climate 
change, intensifying G×E interactions research and integrating 
knowledge from genomics, climatology, and statistics will drive 
the development of sustainable horticulture and arboriculture 
capable of addressing future challenges.

References
1.	 Poole M, Contreras RC, Criley RA, Dosmann MS, Galanti R, et al. 

(2024) Seeing the Forest for the Trees: Threats, Vulnerabilities, and 
Opportunities for Woody Landscape Plant Genetic Resources. Horti 
Science 59(10): 1497-1504.

2.	 Ebsa MA, Tesso B, Letta T (2024) Genetic analysis and quality 
assessment of durum wheat (Triticum turgidum L.) landraces in 
Ethiopia. Cogent Food & Agriculture 10(1).

3.	 Bacelar E, Pinto T, Anjos R, Morais MC, Oliveira I, et al. (2024) Impacts 
of Climate Change and Mitigation Strategies for Some Abiotic and Biotic 
Constraints Influencing Fruit Growth and Quality. Plants 13(14): 1942.

4.	 Langstroff A, Heuermann MC, Stahl A, Junker A (2022) Opportunities 
and limits of controlled-environment plant phenotyping for climate 
response traits. Theor Appl Genet 135: 1-16.

5.	 Napier JD, Heckman RW, Juenger TE (2023) Gene-by-environment 
interactions in plants: Molecular mechanisms, environmental drivers, 
and adaptive plasticity, The Plant Cell 35(1): 109-124.

6.	 Cooper M, Messina CD, Tang T, Gho C, Powell OM, et al. (2022) Predicting 
Genotype × Environment × Management (G × E × M) Interactions for 
the Design of Crop Improvement Strategies. In Plant Breeding Reviews, 
I. Goldman (Ed.). 

7.	 Paux E, Lafarge S, Balfourier F, Derory J, Charmet G, et al. (2022) 
Breeding for Economically and Environmentally Sustainable Wheat 
Varieties: An Integrated Approach from Genomics to Selection. Biology 
11(1): 149.

8.	 Leung C, Grulois D, Quadrana L, Chevin L-M (2023) Phenotypic plasticity 
evolves at multiple biological levels in response to environmental 
predictability in a long-term experiment with a halotolerant microalga. 
PLoS Biol 21(3): e3001895.

9.	 Yates F, Cochran W G (1938) The analysis groups of experiments. J 
Agric Sci 28(4): 556-580.

10.	Wricke G (1962) Uber eine Methode zur Erfussung der Okologischen 
Streubreite in Feldversuchen. Z Pflanzenzuecht 47: 92-96.

11.	Finlay KW, Wilkinson GN (1963) The analysis of adaptation in a plant 
breeding programmer. J Agric Res 14: 742-754.

12.	Eberhart SA, Russell WA (1966) Stability parameters for comparing 
varieties. Crop Sci 6(1): 36-40.

http://dx.doi.org/10.19080/JOJHA.2024.04.555656
https://pubmed.ncbi.nlm.nih.gov/39065469/
https://pubmed.ncbi.nlm.nih.gov/39065469/
https://pubmed.ncbi.nlm.nih.gov/39065469/
https://link.springer.com/article/10.1007/s00122-021-03892-1
https://link.springer.com/article/10.1007/s00122-021-03892-1
https://link.springer.com/article/10.1007/s00122-021-03892-1
https://pubmed.ncbi.nlm.nih.gov/36342220/
https://pubmed.ncbi.nlm.nih.gov/36342220/
https://pubmed.ncbi.nlm.nih.gov/36342220/
https://onlinelibrary.wiley.com/doi/abs/10.1002/9781119874157.ch8
https://onlinelibrary.wiley.com/doi/abs/10.1002/9781119874157.ch8
https://onlinelibrary.wiley.com/doi/abs/10.1002/9781119874157.ch8
https://onlinelibrary.wiley.com/doi/abs/10.1002/9781119874157.ch8
https://pubmed.ncbi.nlm.nih.gov/36961833/
https://pubmed.ncbi.nlm.nih.gov/36961833/
https://pubmed.ncbi.nlm.nih.gov/36961833/
https://pubmed.ncbi.nlm.nih.gov/36961833/
https://www.cambridge.org/core/journals/journal-of-agricultural-science/article/abs/analysis-of-groups-of-experiments/A88F71EFEEB5B6EC8E04E8A2DFA8E990
https://www.cambridge.org/core/journals/journal-of-agricultural-science/article/abs/analysis-of-groups-of-experiments/A88F71EFEEB5B6EC8E04E8A2DFA8E990
https://www.scirp.org/reference/referencespapers?referenceid=2658333
https://www.scirp.org/reference/referencespapers?referenceid=2658333
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2135/cropsci1966.0011183x000600010011x
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2135/cropsci1966.0011183x000600010011x


How to cite this article:  Bocianowski J. The Significance of Genotype-Environment Interaction in Horticulture and Arboriculture and Methods of Its 
Analysis. JOJ Hortic & Arboric. 2024; 5(2): 555656. DOI:10.19080/JOJHA.2024.04.555656003

JOJ Horticulture & Arboriculture 

13.	Perkins JM, Jinks JL (1968) Environmental and genotype-environmental 
components of variability III. Multiple lines and crosses. Heredity 23: 
339-356.

14.	Hanson WD (1970) Genotypic stability. Theor Appl Genet 40: 226-231.

15.	Shukla GK (1972) Some aspects of partitioning genotype-environmental 
components of variability. Heredity 29(2): 237-245.

16.	Kang MS (1993) Simultaneous selection for yield and stability in crop 
performance trials: consequences for growers. Agron J 85: 754-757.

17.	Abbasi Z, Bocianowski J (2021) Genotype by environment interaction 
for physiological traits in sugar beet (Beta vulgaris L.) parents and 
hybrids using additive main effects and multiplicative interaction 
model. Eur Food Res Technol 247: 3063-3081.

18.	Bocianowski J, Księżak J, Nowosad K (2019) Genotype by environment 
interaction for seeds yield in pea (Pisum sativum L.) using additive 
main effects and multiplicative interaction model. Euphytica pp. 215: 
191.

19.	Bocianowski J, Niemann J, Nowosad K (2019) Genotype-by-
environment interaction for seed quality traits in interspecific cross-
derived Brassica lines using additive main effects and multiplicative 
interaction model. Euphytica 215: 7.

20.	Bocianowski J, Nowosad K, Rejek D (2024) Genotype-environment 
interaction for grain yield in maize (Zea mays L.) using the additive 
main effects and multiplicative interaction (AMMI) model. J Appl Genet 
65(4): 653-664.

21.	Bocianowski J, Nowosad K, Tomkowiak A (2019) Genotype - 
environment interaction for seed yield of maize hybrids and lines using 
the AMMI model. Maydica 64: M13.

22.	Bocianowski J, Prażak R (2022) Genotype by year interaction for 
selected quantitative traits in hybrid lines of Triticum aestivum L. with  
Aegilops kotschyi Boiss. and Ae. variabilis Eig. using the additive main 
effects and multiplicative interaction model. Euphytica 218(2): 11.

23.	Bocianowski J, Radkowski A, Nowosad K, Radkowska I, Zieliński A 
(2021) The impact of genotype-by-environment interaction on the dry 
matter yield and chemical composition in timothy (Phleum pratense 
L.) examined by using the additive main effects and multiplicative 
interaction model. Grass Forage Sci 76(4): 463-484.

24.	Bocianowski J, Tratwal A, Nowosad K (2020) Genotype by environment 
interaction for area under the disease-progress curve (AUDPC) value in 
spring barley using additive main effects and multiplicative interaction 
model. Australas Plant Pathol 49: 525-529.

25.	Bocianowski J, Tratwal A, Nowosad K (2021) Genotype by environment 
interaction for main winter triticale varieties characteristics at two 
levels of technology using additive main effects and multiplicative 
interaction model. Euphytica 217: 26.

26.	Bocianowski J, Waligóra H, Majchrzak L (2024) Genotype by year 
interaction for selected traits in sweet maize (Zea mays L.) hybrids 
using AMMI model. Euphytica 220(6): 89.

27.	Bocianowski J, Warzecha T, Nowosad K, Bathelt R (2019) Genotype by 
environment interaction using AMMI model and estimation of additive 
and epistasis gene effects for 1000-kernel weight in spring barley 
(Hordeum vulgare L.). J Appl Genet 60(2): 127-135.

28.	Bocianowski J, Wielkopolan B, Jakubowska M (2022) AMMI Analysis of 
the Effects of Different Insecticidal Treatments against Agrotis spp. on 
the Technological Yield from Sugar Beet. Agriculture 12(2): 157.

29.	Jędzura S, Bocianowski J, Matysik P (2023) The AMMI model application 
to analyze the genotype-environmental interaction of spring wheat 
grain yield for the breeding program purposes. Cereal Res Commun 
51: 197-205.

30.	Liersch A, Bocianowski J, Spasibionek S, Wielebski F, Szała L, et al. 
(2024) Evaluation of the stability of quantitative traits of winter 
oilseed rape (Brassica napus L.) by AMMI analysis. Euphytica 220: 130.

31.	Liersch A, Bocianowski J, Spasibionek S, Wielebski F, Szała L, et al 
(2024) Correction: Evaluation of the stability of quantitative traits of 
winter oilseed rape (Brassica napus L.) by AMMI analysis. Euphytica 
220: 138.

32.	Nowosad K, Bocianowski J, Kianersi F, Pour-Aboughadareh A (2023) 
Analysis of Linkage on Interaction of Main Aspects (Genotype by 
Environment Interaction, Stability and Genetic Parameters) of 1000 
Kernels in Maize (Zea mays L.). Agriculture 13(10): 2005.

33.	Nowosad K, Liersch A, Poplawska W, Bocianowski J (2017) Genotype by 
environment interaction for oil content in winter oilseed rape (Brassica 
napus L.) using additive main effects and multiplicative interaction 
model. Indian J Genet Plant Breed 77(2): 293-297.

34.	Nowosad K, Liersch A, Popławska W, Bocianowski J (2016) Genotype 
by environment interaction for seed yield in rapeseed (Brassica napus 
L.) using additive main effects and multiplicative interaction model. 
Euphytica 208: 187-194.

35.	Nowosad K, Tratwal A, Bocianowski J (2018) Genotype by environment 
interaction for grain yield in spring barley using additive main effects 
and multiplicative interaction model. Cereal Res Commun 46(4): 729-
738.

36.	Pour-Aboughadareh A, Ghazvini H, Jasemi SS, Mohammadi S, Razavi SA, 
et al. (2023) Selection of High-Yielding and Stable Genotypes of Barley 
for the Cold Climate in Iran. Plants 12(13): 2410.

37.	Pour-Aboughadareh A, Koohkan S, Zali H, Marzooghian A, Gholipour A, 
et al. (2023) Identification of High-Yielding Genotypes of Barley in the 
Warm Regions of Iran. Plants 12(22): 3837.

38.	Ghazvini H, Pour-Aboughadareh A, Jasemi SS, Chaichi M, Tajali H, et 
al. (2024) A Framework for Selection of High-Yielding and Drought-
tolerant Genotypes of Barley: Applying Yield-Based Indices and Multi-
index Selection Models. Journal of Crop Health 76: 601-616.

39.	Zhong W, Chhibber A, Luo L, Mehrotra DV, Shen J (2023) A fast and 
powerful linear mixed model approach for genotype-environment 
interaction tests in large-scale GWAS. Briefings Bioinf 24(1): bbac547.

40.	Silva-Herrera H, Rodriguez-Molano LE, Cotes-Torres JM (2023) 
Genotype-environment interaction and yield stability analysis of 
Colombian yellow diploid potato cultivars using mixed linear models 
and environmental covariates. Crop Sci 63: 3198-3209.

41.	Souza VF, Ribeiro PCO, Vieira Júnior IC, Martins Oliveira IC, Borges 
Damasceno CM, et al. (2021) Exploring genotype × environment 
interaction in sweet sorghum under tropical environments. Agron J 
113: 3005-3018.

42.	de Freitas Souza M, Filho SV de P, Policarpo VHC, Braz GBP, Simon GA, 
et al. (2023) Genotype-environment interaction in maize hybrids: a 
multivariate relationship between yield components, morphological 
variables and disease tolerance. N Z J Crop Hortic Sci pp. 1-20. 

43.	Cheng Q, Wang X (2024) Machine Learning for AI Breeding in Plants. 
Genomics, Proteomics Bioinf 22(4): qzae051.

http://dx.doi.org/10.19080/JOJHA.2024.04.555656
https://pubmed.ncbi.nlm.nih.gov/5250121/
https://pubmed.ncbi.nlm.nih.gov/5250121/
https://pubmed.ncbi.nlm.nih.gov/5250121/
https://link.springer.com/article/10.1007/BF00285245
https://pubmed.ncbi.nlm.nih.gov/4507945/
https://pubmed.ncbi.nlm.nih.gov/4507945/
https://www.scirp.org/reference/referencespapers?referenceid=2088305
https://www.scirp.org/reference/referencespapers?referenceid=2088305
https://link.springer.com/article/10.1007/s00217-021-03861-4
https://link.springer.com/article/10.1007/s00217-021-03861-4
https://link.springer.com/article/10.1007/s00217-021-03861-4
https://link.springer.com/article/10.1007/s00217-021-03861-4
https://link.springer.com/article/10.1007/s10681-019-2515-1
https://link.springer.com/article/10.1007/s10681-019-2515-1
https://link.springer.com/article/10.1007/s10681-019-2515-1
https://link.springer.com/article/10.1007/s10681-019-2515-1
https://link.springer.com/article/10.1007/s10681-018-2328-7
https://link.springer.com/article/10.1007/s10681-018-2328-7
https://link.springer.com/article/10.1007/s10681-018-2328-7
https://link.springer.com/article/10.1007/s10681-018-2328-7
https://pubmed.ncbi.nlm.nih.gov/39115751/
https://pubmed.ncbi.nlm.nih.gov/39115751/
https://pubmed.ncbi.nlm.nih.gov/39115751/
https://pubmed.ncbi.nlm.nih.gov/39115751/
https://www.semanticscholar.org/paper/Genotype-%E2%80%93-environment-interaction-for-seed-yield-Bocianowski-Nowosad/68ce450b19496945ed79eb591ae12ac85de4cfa6
https://www.semanticscholar.org/paper/Genotype-%E2%80%93-environment-interaction-for-seed-yield-Bocianowski-Nowosad/68ce450b19496945ed79eb591ae12ac85de4cfa6
https://www.semanticscholar.org/paper/Genotype-%E2%80%93-environment-interaction-for-seed-yield-Bocianowski-Nowosad/68ce450b19496945ed79eb591ae12ac85de4cfa6
https://link.springer.com/article/10.1007/s10681-022-02967-4
https://link.springer.com/article/10.1007/s10681-022-02967-4
https://link.springer.com/article/10.1007/s10681-022-02967-4
https://link.springer.com/article/10.1007/s10681-022-02967-4
https://link.springer.com/article/10.1007/s13313-020-00723-7
https://link.springer.com/article/10.1007/s13313-020-00723-7
https://link.springer.com/article/10.1007/s13313-020-00723-7
https://link.springer.com/article/10.1007/s13313-020-00723-7
https://link.springer.com/article/10.1007/s10681-020-02756-x
https://link.springer.com/article/10.1007/s10681-020-02756-x
https://link.springer.com/article/10.1007/s10681-020-02756-x
https://link.springer.com/article/10.1007/s10681-020-02756-x
https://pubmed.ncbi.nlm.nih.gov/30877656/
https://pubmed.ncbi.nlm.nih.gov/30877656/
https://pubmed.ncbi.nlm.nih.gov/30877656/
https://pubmed.ncbi.nlm.nih.gov/30877656/
https://link.springer.com/article/10.1007/s42976-022-00296-9
https://link.springer.com/article/10.1007/s42976-022-00296-9
https://link.springer.com/article/10.1007/s42976-022-00296-9
https://link.springer.com/article/10.1007/s42976-022-00296-9
https://www.isgpb.org/journal/index.php/IJGPB/article/view/199
https://www.isgpb.org/journal/index.php/IJGPB/article/view/199
https://www.isgpb.org/journal/index.php/IJGPB/article/view/199
https://www.isgpb.org/journal/index.php/IJGPB/article/view/199
https://link.springer.com/article/10.1007/s10681-015-1620-z
https://link.springer.com/article/10.1007/s10681-015-1620-z
https://link.springer.com/article/10.1007/s10681-015-1620-z
https://link.springer.com/article/10.1007/s10681-015-1620-z
https://link.springer.com/article/10.1556/0806.46.2018.046
https://link.springer.com/article/10.1556/0806.46.2018.046
https://link.springer.com/article/10.1556/0806.46.2018.046
https://link.springer.com/article/10.1556/0806.46.2018.046
https://pubmed.ncbi.nlm.nih.gov/37446971/
https://pubmed.ncbi.nlm.nih.gov/37446971/
https://pubmed.ncbi.nlm.nih.gov/37446971/
https://pubmed.ncbi.nlm.nih.gov/38005734/
https://pubmed.ncbi.nlm.nih.gov/38005734/
https://pubmed.ncbi.nlm.nih.gov/38005734/
https://pubmed.ncbi.nlm.nih.gov/36545787/
https://pubmed.ncbi.nlm.nih.gov/36545787/
https://pubmed.ncbi.nlm.nih.gov/36545787/
https://www.semanticscholar.org/paper/Genotype-environment-interaction-in-maize-hybrids%3A-Souza-Filho/e34ebc70b0ce8d8b70eab04fca1df6845c5c9d08
https://www.semanticscholar.org/paper/Genotype-environment-interaction-in-maize-hybrids%3A-Souza-Filho/e34ebc70b0ce8d8b70eab04fca1df6845c5c9d08
https://www.semanticscholar.org/paper/Genotype-environment-interaction-in-maize-hybrids%3A-Souza-Filho/e34ebc70b0ce8d8b70eab04fca1df6845c5c9d08
https://www.semanticscholar.org/paper/Genotype-environment-interaction-in-maize-hybrids%3A-Souza-Filho/e34ebc70b0ce8d8b70eab04fca1df6845c5c9d08
https://pubmed.ncbi.nlm.nih.gov/38954837/
https://pubmed.ncbi.nlm.nih.gov/38954837/


How to cite this article:  Bocianowski J. The Significance of Genotype-Environment Interaction in Horticulture and Arboriculture and Methods of Its 
Analysis. JOJ Hortic & Arboric. 2024; 5(2): 555656. DOI:10.19080/JOJHA.2024.04.555656004

JOJ Horticulture & Arboriculture 

Your next submission with Juniper Publishers    
      will reach you the below assets

•	 Quality Editorial service
•	 Swift Peer Review
•	 Reprints availability
•	 E-prints Service
•	 Manuscript Podcast for convenient understanding
•	 Global attainment for your research
•	 Manuscript accessibility in different formats 

         ( Pdf, E-pub, Full Text, Audio) 
•	 Unceasing customer service

     Track the below URL for one-step submission 
      https://juniperpublishers.com/online-submission.php

This work is licensed under Creative
Commons Attribution 4.0 License
DOI: 10.19080/JOJHA.2024.04.555656

http://dx.doi.org/10.19080/JOJHA.2024.04.555656
https://www.juniperpublishers.com/online-submission.php
http://dx.doi.org/10.19080/JOJHA.2024.04.555656

