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The present study was conducted to determine the reactions of 88 bread wheat pure lines 
selected from landraces collected in Central Anatolian Region of Turkey against leaf rust 
(Puccinia triticina) under field conditions in 7 locations. GGE biplot analysis was used to 
determine the reactions of landrace genotypes against the disease. The GGE biplot explained 
73.89% of total variation. Among the experimental locations, 6 (except for E3) were placed 
close to each other over the biplot graph, indicating two apparent mega-environments. The 
GGE biplot visually displayed the resistance and stability of the pure lines to leaf rust. The 
landrace genotypes L18, L19, L45, and L2 were identified as the most resistant/stable geno-
types in all environments and L31 and L56 were the most susceptible/stable genotypes. 
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Introduction

Turkey is the genetic origin of bread wheat. DNA analyses on wheats obtained from the 
Çatalhöyük archeological excavations close to Göbekli Tepe mount where wheat was 
cultivated revealed that today’s modern hexaploid wheat was cultivated in Anatolia in 
B.C. 7000s (Bilgiç et al. 2016). It is also known that different civilizations in Anatolia 
used wheat intensely for different purposes. Being cultivated since immemorial times, 
wheat is a cultural crop in Turkey. Wheat is also a major staple in today`s Turkey, as 
wheat products contribute to meeting daily calorie needs of Turkish people (Akçura and 
Kökten 2017). Landraces are still being cultivated in confined production sites generally 
without any chemical fertilizer and pesticide applications (Morgounov et al. 2016). The 
genetic bases in wheat breeding programs implemented for various purposes have nar-
rowed because of similarities in selection criteria and selection priorities. To improve the 
efficiency of the breeding programmes, the genetic base should be widened through using 
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landraces with different characteristics, and such landraces should be incorporated into 
breeding programs to provide alternatives at different levels (Akçura and Kökten 2017). 
Therefore, there is a need for further work on landraces in gene banks, characterizing 
them at uppermost level and introducing more in breeding programs (Akçura and Kökten 
2017). 

Leaf rust is an important disease of wheat particularly in humid and warmer climates. 
In a study reviewing the results of several researches carried out in Canada,  yield losses 
caused by leaf rust ranged from 12 to 28% (Kolmer et al. 2007). In Turkey, leaf rust 
(caused by Puccinia triticina) is encountered often in wheat growing areas in coastal re-
gions, Southeastern Anatolia, Çukurova, Middle Black Sea, Southern Marmara and  
Thrace regions of Turkey. Based on severity and duration, the disease results in yield and 
quality losses at various levels. Disease-induced yield loss was reported as between 6.6– 
62.7% in a study carried out through sowing 15 wheat genotypes developed in CIMMYT 
between 1986 and 1988 in one location when sown at regular and late sowing dates 
(Sayre et al. 1998). Yield losses rarely go over 50% in some cases (Kınacı 1982). In an-
other study (Arslan et al. 2002) carried out in the Bursa province of Turkey, where the 
disease is encountered at different levels each year, the average loss was reported as 531 
kg ha–1 (9.4%) for grain yield and 4.3 g (9.3%) in 1000-grain weight.

Although fungicide can be used to prevent leaf rust, genetically resistant cultivars 
should be improved and used in places where the disease is widespread. Resistant culti-
vars can also provide great contributions to improving environmental safety and human 
health and agricultural sustainability. Although several studies have been carried out to 
identify genetic resources in Triticum and some related species (for instance, T. monoco-
cum, T. timopheevii, T. dicoccoides, Aegilops sp.) resistant to yellow, leaf and stem rusts, 
problems were encountered in transfer of the resistance to existing wheat genotypes  
(Ma et al. 1995). Therefore, landraces should be assessed appropriately for resistance to 
rust diseases for development of resistant cultivars. To improve efficiency of these ap-
proaches reactions of the landraces against the rust diseases should be tested in different 
environments and resistant genotypes should be included in germplasm and used in fur-
ther breeding programs (Sehgal et al. 2016).

While more than 70 sources of genetic leaf rust resistance have been determined (to 
date there are 78 designated leaf rust resistance genes), the ability of the P. triticina to 
evolve quickly, and almost solely through asexual recombination, has made P. triticina 
one of the most harmful pathogens (McIntosh et al. 2012). GGE biplot analysis has been 
a popular method for multi environment different trial data analysis (Yan et al. 2000; 
Sharma et al. 2016). A GGE biplot displays the genotype main effect (G) plus the geno-
type by environment interaction (GE); GGE is the part of variation that is relevant to 
cultivar evaluation. GGE biplot is an effective method based on principal component 
analysis (PCA) to graphically display the patterns of the genotype by environment data. 
This allows visual examination of the relationships among the test environments, geno-
types, and the GE interactions (Yan 2014; Sharma et al. 2016). 
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The present study was conducted to assess the reactions of 88 bread wheat pure lines 
selected among landraces grown in Central Anatolia Region against leaf rust under natu-
ral conditions in 7 different environments in Turkey through GGE-biplot analysis. 

Materials and Methods

Eighty-eight pure lines selected from landraces grown in Eskişehir, Konya, Sivas, and 
Yozgat provinces of Central Anatolia region of Turkey were used as the test material. 
Single spike selection was used to develop pure lines from the landraces (Akçura and 
Kökten 2017). Studies were conducted in 2011/2012, 2012/2013 and 2013/2014 growing 
seasons (3 years) at Çanakkale, Edirne, and Samsun locations with two replications. The 
years in the same location were treated as an individual environment considering possible 
climatic effects. However, since leaf rust did not reach desired levels under natural condi-
tions in Samsun location in 2013 and 2014 growing seasons, these location-years were 
eliminated from analyses. 

Long-term average precipitations 529.4 mm, 484.5 mm and 534.7 for the locations of 
Çanakkale, Edirne and Samsun respectively. The long-term average temperatures of April 
and May in which leaf rust is developed were 12.6 and 17.6 °C, 12.8 and 18.1 °C and 11.4 
and 15.6 °C for the same locations respectively. 

All locations selected for experiments had a history of leaf rust on wheat. Wheat lines 
were sown by hand in the first quarter of November in each growing season in 1 m long 
rows with two replications in each location year. Disease was allowed to develop natu-
rally and no inoculation was performed. For more uniform disease spreading, susceptible 
control cultivars (cv. Thatcher and cv. Morocco) were sown in every 10 rows of experi-
mental entries. Again, for the same purpose, the susceptible cv. Gün 91 was also sown in 
every 6 of experimental entries. 

An international differential set composed of 20 genotypes with different leaf rust  
resistance genes was used to identify the virulent/avirulent pathogen race/races present 
(Table 1). 

Table 1. Genotypes in international differential set and resistance genes

No Genotype Resistance gene No Genotype Resistance gene

  1 RL 6003 Lr1 11 RL 6008 Lr17

  2 RL 6016 Lr2a 12 RL 6049 Lr30

  3 RL 6047 Lr2c 13 RL6051 LrB

  4 RL 6002 Lr3 14 RL 6004 Lr10

  5 RL 6010 Lr9 15 RL 6013 Lr14a

  6 RL 6005 Lr16 16 RL 6009 Lr18

  7 RL 6064 Lr24 17 RL 6042 Lr3bg

  8 RL 6078 Lr26 18 RL 6006 Lr14b

  9 RL 6007 Lr3ka 19 RL 6092 Lr20

10 RL 6053 Lr11 20 RL 6079 Lr28
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Disease observations were initiated when the susceptible control cultivars Thatcher 
and Morocco reached to 80 S level and assessments were made 3 times in 10-day inter-
vals. Disease intensity was recorded in accordance with Modified Cobb scale (Peterson et 
al. 1948). The infection type was also scored: R = resistant, very small uredia surrounded 
by necrotic tissues; MR = moderately resistant, small uredia surrounded by necrotic  
tissues; MS = moderately susceptible, moderate sized uredia without necrotic tissues;  
S = susceptible, large uredia without necrotic tissues (Akin et al. 2008). The replication 
with the greatest score was taken as the basis of adult plant scores at each environment. 
Then the entries were classified according to their coefficient of infection (CI) which is 
calculated by multiplying infection % with coefficient of reaction which were 1 for S, 0.8 
for MS, 0.6 for MS/MR, 0.4 for MR, 0.2 for MR/MS and 0 for R (For example, the dis-
ease score 50S becomes (CI); 50 = (50 × 1.0). CI are values; Immune (I): 0, Resistant (R): 
0.1–5.0, Moderately Resistant (MR): 5.01–20.0, Moderately Susceptible (MS): 20.1–
40.0, Susceptible (S): 40.1–100).

The GGE-biplot technique (Yan and Falk 2002; Yan 2014) was used to establish a 
genotype-focused GGE-biplot graph to assess the reactions of the pure lines against the 
disease and to select resistant materials. The statistical theory of GGE biplot methodology 
was explained in detail by Yan (2014). 

The GGE model used to determine the resistance of pure lines across environments 
was:

where 
Yij = the mean value for pure line i in environment j ; μ = the grand mean of all pure line 
– year combinations; βj = the main effect of environment j; λ1 and λ2 are the singular val-
ues of first and second largest principal components, PC1 and PC2, respectively; ξi1 and 
ξi2 are the eigenvectors of pure line i for PC1 and PC2, respectively; η1j and η2j are the 
eigenvectors of environment j for PC1 and PC2, respectively, and εij = the residue for 
each pure line-environment combination not explained by PC1 and PC2.

Genotype-focused GGE biplot graphs (Figs 1, 2 and 3) were created with GGE biplot 
technique (Yan and Falk 2002; Yan 2014).

Results

Virulence of Lr genes

In the three growing seasons, the susceptible control cultivars Thatcher and Morocco 
were 80–100 S disease severity in all sites taken into account in assessments indicating 
good disease development and allowing satisfactory comparison of the materials tested.

The international differential set composed of 20 genotypes (Table 1) in 5 experimen-
tal locations in 2011–2012 and 2012–2013 growing seasons indicated that the leaf rust 
population was virulent to Lr1, Lr2c, Lr3, Lr16, Lr26, Lr3ka, Lr17, Lr30, LrB, Lr10, 

Yij j i j i j ij− − = + +µ β λ ξ η λ ξ η ε1 1 1 2 2 2
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Figure 1. Polygon views of the GGE biplot based on leaf rust reactions symmetrical scaling for the which won 
where pattern of genotypes and environments

Figure 2. GGE-biplot based on genotype-focused scaling for comparison of the pure line with ideal genotypes
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Lr14a, Lr18, Lr3bg, Lr14b, Lr20 and Lr28 resistance genes and avirulent to Lr2a, Lr9, 
Lr24 and Lr11 resistance genes. 

On the other hand In 2 experimental environments in 2014 growing season, leaf rust 
disease population was virulent to Lr1, Lr2a, Lr2c, Lr3, Lr16, Lr26, Lr3ka, Lr17a, Lr30, 
LrB, Lr10, Lr14a, Lr18, Lr3bg, Lr14b, Lr20 and Lr28 resistance genes and avirulent to 
Lr9, Lr24 and Lr11 resistance genes. 

Reactions of landraces

The leaf rust reaction data of the test entries in the seven environments are presented in 
Table S1*. Only 4–7 entries were identified as leaf rust resistant in the test environments. 
In all locations, the greater variation was observed with the moderately resistant and 
susceptible groups (Table S1).

At Edirne location, four genotypes were placed in resistant reaction group in growing 
seasons of 2011–12 (L16, L18, L19 and L52) and 2012–13 (L2, L16, L18 and L19) while 
seven genotypes (L16, L18, L19, L45, L52, L86, L87) were rated as resistant in the 
2013/2014 growing season. 

In Çanakkale location, 7 genotypes (L2, L16, L18, L19, L45, L52, L86) were placed 
in the resistant group in the 2011–2012 growing season, while 5 genotypes were in the 

*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.

Figure 3. Average Environment Coordination (AEC) views of the GGE biplot based on environment focused 
scaling for the mean performance and stability of pure lines
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resistant group in growing seasons of 2012–2013 (L2, L18, L19, L45 and l86) and 2013–
14 (L18, L19, L41, L45, L86) . 

In Samsun location, where there was no disease development in the growing seasons 
of 2012–13 and 2013–14, 4 genotypes (L2, L41, L45 and L87) were placed in the resist-
ant group in 2011–2012 growing season. 

Variations across environments 

In all locations, the group with the greatest variation in terms of resistance of genotypes 
was in the Moderate Resistance (MR) group (Table S1). The GGE biplot graph used to 
assess leaf rust explained 73.89% of total variation due to G + GE. The polygon or which-
won-where form of the biplot was used to visualize the patterns in the data (Fig. 1). The 
polygon was divided into 11 sections with the lines drawn from the biplot origin. Con-
trary to common assessment of GGE biplot analysis of grain yield data, the pure lines 
placed in IXth and Xth sections of the graph with low PC1 values were assessed as resist-
ant, because a higher disease score means more susceptible. In these sections, L18 and 
L19 were the most resistant genotypes across the environments. The lines L84, L41, L61, 
L15, L76 and L31 in the second section were the most susceptible genotypes across the 
environments. The seven environments fell into two apparent groups. 

The genotypes are ordered along the average environment axis (AEA) in the genotype-
focused GGE biplot (Fig. 2). The most susceptible entries were placed on the far right and 
the most resistant ones on the far left along the AEA. Entries placed away from the AEA 
were less stable across environments. For instance, L43 and L87 were placed on the far-
thest distance from the AEA. While they exhibited resistant reactions in some environ-
ments (E3) and susceptible reactions in others (Fig. 2). 

The Average Environment Coordination (AEC) view of the GGE biplot based on en-
vironment focused scaling for the mean performance and stability of pure lines was used 
to identify the ideal genotypes with consistent resistance (Fig. 3). As was in the first two 
biplot graphs, low PC1 (negative values) values means better resistance to leaf rust. The 
concentric circles facilitate visualizing the resistance of the genotypes. The resistance 
decreased from the first circle through the last circle (Fig. 2). Accordingly, L19, L45 and 
L2 were identified as the most resistant genotypes, the L31 and L56 the most susceptible 
genotypes. 

Discussion

Sufficient disease development occurred for assessing the leaf rust resistance of the tested 
materials in all experimental environments assessed in the study. The disease reactions of 
genotypes were similar in Edirne and Çanakkale locations of Thrace region in all 3 ex-
perimental years. This was probably because the two locations are geographically close. 
On the other hand, the reactions of the genotypes were quite different in Samsun location, 
which is far from Edirne and Çanakkale. 
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GGE biplot analysis is an effective method for visual analysis of data from multi-envi-
ronment experiments. The Average environment axis in the GGE biplot presented in  
Figs 2 and 3 allowed a general assessment of resistance or susceptibility of the genotypes 
as suggested by Sandhu et al. 2015. While the genotypes placed on the left side of the line 
vertically transecting this axis presented a resistant reaction, the ones placed on the right 
side of this line exhibited susceptible reaction in majority of environments. Stability of 
disease reactions were assessed through the distance of pure lines from the average envi-
ronment axis. The genotypes placed closest to average environment axis (AEA) were 
stable in reaction to the disease, either stable resistant or stable susceptible reaction. The 
genotypes with the same or similar disease reactions across the 7 experimental environ-
ments were placed close to the axis and the genotypes with different reactions in different 
environments were placed relatively away from the axis. For instance, L19 was placed in 
the resistant group across all environments while L6 was placed in the susceptible group 
across all environments (Fig. 2). 

The disease reaction experiments carried out in different environments or locations in 
cereals are evaluated separately in each environment. In this study, the disease reactions 
obtained from the leaf rust reaction experiments conducted in different environments 
were examined together with the GGE biplot analysis method. This method is a very ad-
vantageous method according to the classical evaluation method. Resistance or suscepti-
ble genotypes can be easily grouped by GGE biplot method with genotypes with different 
disease reactions in different environments. The GGE biplot methodology has also been 
used to study the stability of disease reactions through multi-location trials, to character-
ize and identify germplasm, segregations, or breeding lines, and cultivars resistant to 
diseases such as net blotch (caused by Pyrenophora teres Drechs) in barley (Yan and Falk 
2002), spot blotch disease (caused by Cochliobolus sativus) in wheat (Joshi et al. 2007), 
fusarium head blight and powdery mildew in wheat (Kadariya et al. 2008 Lillemo et al. 
2010), ascochyta blight in faba bean (Rubiales et al. 2012), fusarium wilt and ascochyta 
blight in chickpea (Pande et al. 2013), and fusarium wilt in pigeon pea (Sharma et al. 
2016).

This function of GGE biplot was used in visual assessment of different disease reac-
tions of different plants such as assessment of host x pathogen interaction for white rust 
(caused by Albugo candida Pers.) disease in Brassica (Sandhu et al. 2015), assessment of 
reactions of barley genotypes to different isolate groups of net blotch (caused by Pyre-
nophora teres Drechs.) disease (Yan and Falk 2002). 

In conclusion, GGE biplot analysis allowed efficient assessment of the resistance of 
wheat genotypes to leaf rust disease across environments. The method both allowed iden-
tification of ideal genotypes and grouping of the experimental environments. Leaf rust 
reactions of genotypes in 6 environments located in Thrace region (E1, E2, E4, E5, E6, 
E7) were similar, but one environment (E3) located in Mid Black Sea regions was differ-
ent from the others. The genotypes L19, L45 and L2 were identified as the most stably 
resistant genotypes which can be used in wheat breeding programmes to improve leaf rust 
resistance of varieties in the mentioned environments. 
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