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Cassava is the main source of carbohydrate for over 70% of the people in Nigeria, the world’s largest producer and consumer of the crop. The yields of cassava are, however, relatively low in Nigeria largely due to pests and disease infections that significantly lead to inconsistencies in productivity of cassava genotypes in various environments. Fifty-eight F1 hybrid cassava genotypes plus their two parents which served as check varieties were evaluated in three locations for two years (that is six environments). The objectives of the study were to evaluate genotype by environment interactions (GEI) on resistance to cassava green mite [CGM, Mononychellus tanajoa (Bondar)] associated traits and effects on yield performance of cassava genotypes in Nigeria and to identify superior genotypes that exhibit high stability which combine CGM resistance and high fresh root yield with general and specific environmental adaptation using additive main effects and multiplicative interaction (AMMI) and genotype stability index (GSI). The combined analysis of variance based on AMMI revealed significant genotype, environment, and genotype by environment interactions (GEI) for all traits. The percentage variation due to environment was higher than the percentage variation due to genotype for cassava green mite severity (CGMS), leaf retention (LR), root dry matter content (RDMC), and fresh root yield (FRY) indicating that environment greatly influenced the expression of these traits. The percentage variation due to GEI accounted for higher percentage variation than that of genotype and environment separately for all traits, indicating the influence of genotype by environment interaction on expression of the traits. These findings reveal that screening/evaluating for these traits needs multi-environment trials. According to GSI ranking, genotypes G31 (IBA131794), G19 (IBA131762), the check variety G52 (TMEB778), and G11 (IBA131748) were identified as the most stable and most resistant to CGM which also combine high FRY and other useful agronomic traits, implying that these traits in cassava can even be incorporated as preferred by farmers. These genotypes can be tested in more environments to determine their adaptability and potential recommendation for release to farmers for growing.
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Introduction

Cassava (Manihot esculenta) is a perennial vegetatively propagated woody shrub, mostly grown as an annual that belongs to the Euphorbiaceae family. It is commonly grown in the tropical regions of the world (El-Sharkawy, 2003) with Nigeria being the world’s largest producer with approximately 45 million tonnes (Adekanye et al., 2013). The crop is an essential staple food and animal feed, especially in tropical and sub-tropical Africa because it is a major source of low-cost carbohydrates (Adekanye et al., 2013). Millions of Nigerians (even Africans) daily depend on cassava. It serves as a famine reserve crop, and the plants are left in the soil until required. Cassava is cultivated nearly in all the agro-ecological zones of Nigeria for its edible parts (roots and leaves). This also provides farmers with steady income since it can be harvested at regular intervals.

Unfortunately, biotic and abiotic stresses are the major challenges that farmers face in cassava production. These have resulted in subsequent yield and biomass losses worldwide. Cassava green mite [CGM, Mononychellus tanajoa (Bondar)] is one of the major and most destructive dry season cassava pests. CGM threatens food security in Neotropics and Africa by causing yield losses ranging from 30 to 80% (Yaninek and Hanna, 2003). It has been recorded to cause the greatest yield losses in the Americas and Africa (Bellotti et al., 2012), particularly in the seasonally dry areas of the lowland tropics. Reproduction in CGM is arrhenotokous (Roy et al., 2003). There are four active stages, a six-legged larva, two nymphal stages, and the adult stage. From egg to adult developmental stage is about 12.5 days at 27°C. The adult female survives for about 12 days and lays an average of 60 eggs (Yaninek and Hanna, 2003). The adults are green to yellowish in color and can be hardly seen with the naked eyes. The mite pierces and sucks out the fluid content from the abaxial surface of cassava leaves (Yaninek et al., 1989); this causes chlorosis, defoliation, severe ‘candle-stick’ effects with the loss of terminal shoots and die-back.

CGM diminishes the plant’s photosynthetic capacity and growth rate by reducing the leaf area of the plant (Tomkiewicz et al., 1993). Damage by the mite affects the quantity and quality of planting material and roots, reduces the acceptability for both fresh consumption and processing, increases weed infestation, reduces root dry matter, and causes root rot disease in cassava (Yaninek et al., 1989). However, the selection of resistant genotypes to these constraints is difficult due to the complexity of the genotype responses across environments. These differential genotypic responses when exposed to different environments are commonly known as genotype × environment interaction (GEI) (Fox et al., 1997). This kind of interaction leads to bias in the prediction of genetic advance and decreases gain from selection (Farshadfar, 2013). In plant breeding and varietal release programs, GEI enables plant breeders to identify genotypes that are superior with better stability and adaptability (Yan et al., 2000). Various GEI studies on cassava have explored areas related to yield, nutrition, and disease traits (Egesi et al., 2007; Ssemakula and Dixon, 2007; Esuma et al., 2016; Adjebeng-Danquah et al., 2017; Nduwumuremyi et al., 2017; Masinde et al., 2018). Unfortunately, reports are quite few on the effects of GEI on CGM (Bellotti et al., 2012; Chalwe, 2013). In this study, multi-environment trials were conducted to study GEI effects on resistance to CGM and other useful agronomic traits using AMMI model. AMMI analysis is the most reliable statistical method for determining stable cassava clones for specific adaptations, and AMMI biplot analysis enables a simple view of the specific interactions between genotypes and environments (Kvitschal et al., 2009). The AMMI model in multi-environmental trial (MET) data analysis combines analysis of variance (ANOVA) and principal component analysis (PCA) into an integrated approach (Crossa et al., 1990; Gauch and Zobel, 1996). AMMI uses ANOVA to study the main effects of genotypes and environments and a PCA for the residual multiplicative interaction among genotypes and environments. It also helps in grouping environments with the best genotypes into mega-environments using the principal component axis scores and AMMI stability value (ASV) (Hagos and Abay, 2013). The ASV is derived from the Interaction Principal Components Axes 1 and 2 (IPCA1 and IPCA2) scores of the AMMI model (Purchase et al., 2000). Stability parameter alone does not provide much information about the yield performance of a genotype and cannot be used as the only selection parameter since most stable genotypes would not necessarily be the best yield performer. Therefore, Mahmodi et al. (2011) and Tumuhimbise et al. (2014) used yield stability index (YSI) and genotype stability index (GSI) which incorporate high yield performance with stability. Both the YSI and the GSI are based on the sum of the ranking due to ASV scores and yield or performance ranking. Low GSI value indicates desirable genotypes with high mean yield or performance and stability (Mahmodi et al., 2011).


Shoot morphological traits such as high pubescence on the leaves, outstanding retention of the leaves, and ability to stay green also known as cassava green mite associated traits have been reported to promote resistance to CGM; therefore, selecting genotypes for stability and enhanced expression of such traits would improve the durability of resistance and yield (Aina et al., 2007). The main aim of this research was to analyze the effects of genotype by environment interaction on resistance to CGM, shoot morphological and yield traits on 60 cassava genotypes using AMMI model. The specific objectives were to:

	identify superior genotypes that exhibit high stability which combine CGM resistance and high fresh root yield with general and specific environmental adaptation


	identify stable genotypes with enhanced expression of the shoot morphological traits to promote resistance to CGM and increase yield


	identify environments that best represent the target environment for high expression of the traits.






Materials and Methods


Study Sites

The research was done at Umudike, Igbariam, and Otobi in two years 2015 and 2016 cropping seasons, totaling six environments (3 locations × 2 years, denoted as Umudike2015, Umudike2016, Igbariam2015, Igbariam2016, Otobi2015, and Otobi2016). Umudike location is situated at 7°24′East, 5°29′North at an altitude of 120 m belonging to humid forest agro ecological zone. It has an annual rainfall of 2,200 mm, average annual temperature of 22 to 31°C and dystric luvisol soils. Igbariam is located in forest-savanna transition agro ecological zone with the geographical coordinates 7°31′East, 5°56′North, altitude of 150 m, annual rainfall of 1,800 mm, average annual temperature of 24 to 32°C and dystric luvisol soils. Otobi is located at 7°20′East and 8°41′North geographical coordinates of southern guinea savanna agro ecological zone. It has an annual rainfall of 1,500 mm, altitude 319 m, mean annual temperature of 24 to 35°C and ferric luvisol soils. These sites represent the country’s major cassava-growing agro-ecological zones.



Experimental Plant Materials

Sixty cassava genotypes were evaluated in the experiment (Table 1). These included fifty-eight F1 hybrids and two check varieties (TMEB419 and TMEB778). The fifty-eight F1 hybrids were generated by crossing two parents with contrasting responses to CGM; TMEB778 is the female parent, resistant to CGM and high yielding while TMEB419 is the male parent, very susceptible to CGM and moderately yielding. These two parent varieties are extensively used in breeding programs to develop new superior genotypes which combine high and stable yield, pest and disease resistance because of the consumer acceptance qualities of their roots.


Table 1 | Cassava genotypes with their codes evaluated during 2015 to 2016 cropping seasons at three locations.





Experimental Design and Management

A 6 × 10 alpha lattice design with three replications was used to execute the experiment at each location. The plot area was four ridges with five plants in a ridge giving a population of 20 plants in each plot at a spacing of 1 m × 1 m inter-plant and inter-row distances, respectively. No fertilizer was applied to the trial. Weeds were controlled manually using hoes.



Data Collection

Data were collected from the inner six plants to avoid border effects. Cassava green mite severity, leaf pubescence, leaf retention, and stay green were evaluated at the peak of dry season (January) at six months after planting (MAP). Harvesting was done at 12 MAP and data were collected on yield and yield traits (Table 2).


Table 2 | Description of the studied traits.





Data Analysis

The effects of the genotype, location, year, genotype by location by year interaction, and replication were determined for each trait in an analysis of variance (ANOVA) using the standard linear model:

	

where Yijkl is the phenotypic observations, µ is the mean, βi is the effect of the location, Rij is the replication effect, Gk is the clone effect, βi × Gk is the interaction between clone by location, and eijkl is the residual. Broad-sense heritability (H2) for the traits were captured using the equation   where   and   are the variance components for the genotype effect and the residual error, respectively, on a plot basis.

The phenotypic correlations were calculated between traits using trait means of the genotypes, and this was performed using Pearson’s correlation coefficient. A multivariate regression was calculated to predict yield traits (FRY, RDMC, and biomass) based on CGM associated traits (CGMS, LP, LR, and SG). The model is

	

where X is the explanatory variable and Y is the dependent variable; b1, b2 and b3 are regression coefficients and a is the intercept (the value of y when x = 0).

Data analyses were done in R statistical software package (R Core Team, 2014) and Genstat 12th edition.

The additive main effect and multiplicative interaction (AMMI) equation by (Mahmodi et al., 2011) was used for the analysis

	

where Yij is the cassava yield of the ith genotype in the jth environment, μ is the grand mean, Gi and Ej are the ith genotypic effect and jth environment effect, respectively, λk is the square root of the eigenvalue of the PCA axis k, αik and γjk are the principal component scores for PCA axis k of the ith genotype and the jth environment, respectively, and eij is the residual.

The AMMI model fits the analysis of variance for genotypes and environment effects as the additive main effects and fits the genotype by environment interaction by principal component analysis as the multiplicative terms. AMMI biplots are primarily used in exploring and visualizing G × E pattern.



Stability Analysis


AMMI Stability Value (ASV) Analysis

ASV was calculated for each genotype based on the contributions of the principal component scores (IPCA1 and IPCA2) to the interaction sum of squares (Farshadfar, 2008).

Purchase et al., 2000 proposed ASV formula for calculating and ranking each genotype based on the stability of yield as follows

	

Where IPCA1 sum of squares/IPCA2 sum of squares is the weight given to the IPCA1 value by dividing the IPCA1 sum of squares by the IPCA2 sum of squares. Genotypes with lower ASV scores are considered to be more stable across environments (Mahmodi et al., 2011).



Genotype Stability Index

Genotype stability index (GSI) was calculated for each genotype based on summing the ranking of overall mean performances for each trait and the ranking for ASV for each trait. GSI incorporates both genotype performance and stability in a single criterion to determine the best-performing stable genotypes across the six environments.

The GSI was calculated as follows:

	

Where: GSI = genotype stability index for the genotype across environments for each trait; RASV = rank of ASV across environments; RY = rank of the genotypes based on mean performance of a trait across environments. The genotype with the lowest GSI score for a particular trait was considered as the best for combined performance and stability across the environments (Farshadfar et al., 2012).





Results


Descriptive Summary of Cassava Traits Analyzed Across the Environments

Summary statistics of phenotypic data acquired for two cropping seasons 2015 and 2016 in the three locations Igbariam, Otobi, and Umudike are shown in Table 3.


Table 3 | Summary statistics (mean ± standard error of mean (SEM), coefficient of variation (CV) and broad-sense heritability estimates (H2) for phenotypic data across locations and years.



The lowest mean (1.72 of a maximum of 5) was obtained for CGM at Umudike, and the highest mean (2.80 of a maximum of 5) was obtained for CGM at Otobi. The highest mean for LP, LR, and SG was found in Umudike, whereas the lowest was found in Otobi. This means that the higher the CGM attack on the leaves, the lower the LP, LR, and SG. The highest mean for biomass (10.97), FRY (24.98), and RDMC (30.85) was recorded at Umudike and the lowest mean for biomass (6.34), FRY (18.01), and RDMC (24.0) was recorded at Otobi. Broad-sense heritability (H2) estimates varied from low-to-moderate, with the highest H2 for biomass (0.67) and the lowest H2 for SG (0.32). Coefficient of variation was used to measure the variability among the traits, ranging from 25.96% for RDMC to 85.46% for biomass.



Correlation Analysis of the Traits

The results of phenotypic correlation between CGMS and other useful agronomic traits (Table 4) showed that LP (r = −0.80), LR (r = −0.52), SG (r = −0.52), FRY (r = −0.50), RDMC (r = −0.20), and biomass (r = −0.31) were significantly and negatively correlated with CGMS (P < 0.001, P < 0.01, and P < 0.05). LR (r = 0.57), SG (r = 0.61), and FRY (r = 0.44) significantly and positively correlated with LP. LR had a significant positive correlation with SG (r = 0.76) and FRY (r = 0.44). FRY had a significant positive correlation with SG (r = 0.31), RDMC (r = 0.32), and biomass (r = 0.28). These results indicate that plants with severe CGM had glabrous to little leaf pubescent, poor leaf retention and stay green, low root dry matter content, low root and stem yield.


Table 4 | Phenotypic correlation coefficients for cassava green mite severity and other agronomic traits.





Multivariate Regression Analysis

A multivariate regression was calculated to predict yield traits (FRY, RDMC, and biomass) based on CGM associated traits (CGMS, LP, LR, and SG). For FRY, a high significant regression equation was found [F (4, 1075) = 73.48, p < 0.000], with an R2 of 0.21. Using the same variables, multivariate regression model was carried out for RDMC and biomass. The multivariate regression model for RDMC was highly significant, R2 = 0.06, F (4, 1075) = 27.63, p < 0.000. For biomass, the model was highly significant at the p < 0.000 level, R2 = 0.10, F (4, 1075) = 29.38. This model showed significant negative sign of CGMS on the yield traits. This means that the CGMS had significant negative effect on FRY, RDMC, and biomass. The results of the model showed that CGMS caused a loss of 4.5 tonnes of fresh root yield per ha (Supplementary Table 1). The current value of this loss is around 367.85 USD (135,000 Naira). In addition, the results showed that LR is significantly positive for FRY. Also, for biomass, LP (B = −0.27, p < 0.01) and LR (B = 0.61, p < 0.01) contributed significantly to the model. For DMC, LP (B = −0.25, p < 0.01) and LR (B = 0.98, p < 0.000) contributed significantly to the model.



Analysis of Variance for Traits Evaluated

The combined analysis of variance results for all traits evaluated in three locations across two years revealed highly significant (P < 0.001) for effects of genotype, location, and genotype by location interaction, indicating that there were substantial variations in phenotypic response across locations, and also the locations had a strong influence on the traits (Supplementary Table 2). Genotype by year interaction and location by year interaction were not significant for any of the traits. Besides SG, all other traits were significant for year effect, genotype by location by year interaction and location by rep. The results also indicated that the effect of replication was significant (P < 0.001 and 0.05, respectively) for CGMS, LP, LR, biomass, RDMC, and FRY. In other words, blocking was effective for these traits.



AMMI Analysis of Variance

The results of the combined AMMI analysis of variance revealed high significant (P < 0.001 and P < 0.01) effects of genotypes, environment, and genotype by environment interactions for all the traits evaluated (see Table 5). Block effect was highly significant (P < 0.001) for CGMS, LP, biomass, RDMC, and FRY and very significant (P < 0.01) for LR but was not significant for SG. The % treatment sum of squares due to environment was higher than the % treatment sum of squares due to genotype for CGMS, LR, RDMC, and FRY, indicating that environment greatly influenced the expression of these traits. The interaction principal component analysis (IPCA1) indicated high significant (P < 0.0001) variation for all traits. IPCA2 also showed significant difference (P < 0.001 and P < 0.05) for all the traits, justifying the use of the AMMI2 (IPCA2 vs IPCA1) biplot model for all the traits studied. AMMI2 biplots show the pattern of the genotype by environment interaction based on the plot of the IPCA1 and IPCA2 of both genotype and environment.


Table 5 | Combined AMMI ANOVA for 7 traits of 60 cassava genotypes evaluated across six environments.



The % treatment sum of squares due to GEI for CGMS was higher (50.22%) than that due to environment (25.39%) and genotype (24.39%). The GEI variation partitioned into principal components indicated that IPCA1 accounted for 56.04% and IPCA2, 19.36% (Table 5). For leaf pubescence, 25.14% of the treatment sum of squares was due to genotype effect, while environment and interaction effect accounted for 12.97 and 61.86%, respectively. The IPCA1 accounted for 46.21% with IPCA2 accounting for 19.76%. A greater proportion of the treatment sum of squares for leaf retention was due to interaction effect (61.41%) followed by environment effect (20.64%) and genotype effect (17.95%). The first two interaction principal component axes (IPCA1 and IPCA2) cumulatively accounted for 77.83% of the GE interaction SS. Genotype effects accounted for 21.43% of the treatment sum of squares for stay green ability, whereas environment and interaction effects accounted for 15.70 and 62.88%, respectively. The IPCA1 accounted for 54.63% of the interaction sum of squares with IPCA2 accounting for 15.70%. For biomass, interaction effect (55.82%) contributed a greater proportion of the treatment sum of squares compared with genotype effect (32.24%) and environment effect (11.94%). The IPCA1 and IPCA2 explained 46.26 and 22.60% of GE interaction SS, respectively. The influence of genotype by interaction (49.08%) on dry matter content of the root was greater than both effects of environment (34.10%) and genotype (16.83%). The IPCA1 and IPCA2 accounted for 64.74% of the interaction sum of squares. Interaction effect (43.80%) on fresh root yield was greater than the effect of environment (33.17%) and genotype (23.03%). The first two principal component axes captured a total of 65.04% of the interaction SS. The % treatment sum of squares due to GEI accounted for higher % variation than that for genotype and environment separately for all traits studied, indicating that all the observed variations cannot be explained independently by each variable.



Stability and Biplot Analysis


Genotype-by-Environment Interaction Effects on Resistance to Cassava Green Mite Across Environments

The majority of the genotypes were scattered far from the AMMI2 biplot origin, indicating that most of the genotypes were unstable across the six environments (Figure 1). The ASV and the AMMI2 biplots indicated that G19, G33, G36, G10, and G18 were the most stable genotypes but not those showing the lowest severity and should therefore not be recommended, whereas the GSI revealed that G31, G19, G52, G38, and G11 showed the lowest severity and were the most stable genotypes (Table 6). Thus, genotypes G31 and G19 were more stable with better response to CGM attack than the check variety (G52). G19, G18, G31, and G36 lie close to the biplot origin (0, 0) indicating low interaction with the environments scattered far from the biplot center (Figure 1). The mean rank and GSI rank show that G31 was the best genotype to resist cassava green mite attack (Table 6). The AMMI2 biplot indicated that the environments Otobi2015 and Otobi2016 were located far away from the biplot origin thus elicit a stronger interactive force than those environments Umudike2016, Umudike2015, Igbariam2015 and Igbariam2016 which were near the origin. The distance from the biplot origin (0, 0) indicates that G37, G14, and G13 were positively interacting with Igbariam2016 and Igbariam2015, indicating specific adaptation to these environments, whereas genotype G15 showed specific adaptation to the Umudike2015 environment. Environment Umudike2016 which had the lowest CGMS score appears to be the most stable environment with genotypes G52 (check variety), G20, and G16. G1, G2, and G51 showed specific adaptation to the Otobi2015 environment, and G7 and G8 showed positive interaction with the Otobi2015 environment, indicating specific adaptation (Figure 1).




Figure 1 | AMMI2 biplot for CGMS.




Table 6 | Overall mean and ranking of 60 cassava genotypes across six environments based on cassava green mite score.





Genotype-by-Environment Interaction Effects on Shoot Morphological Traits Across the Six Environments

For LP, these genotypes G28, G23, G18, G58, and G19 were the best performers in that order since they have the least scores for ASV (Table 7). G17, G7, G1, G40, and G22 were ranked in that order as the least stable genotypes. GSI ranked G31, G19, G52 (check variety), G11, and G41 as genotypes with highest pubescent and improved stability (Table 7). The AMMI2 biplot graph showed that apart from environment Umudike2016, all other environments were far from the biplot origin (0, 0). It also revealed that G28, G23, and G18 were close to the origin, and hence they were most stable genotypes (Figure 2A), whereas G15, G22, and G17 were found to be more responsive because they are far from the origin. Genotypes that are close to each other appear to have similar performance, and those close to the environment have better adaptation to that specific environment. In this case, the best adapted genotypes for environments Otobi2016 and Otobi2015 were G22, G17, and G32; for environment Igbariam2015 were G7, G24, and G33, for Igbariam2016 were G24, G19, and G33; for environment Umudike2016 was G7; for environment Umudike2015 were G8 and G7. The AMMI2 biplots for LR and SG showed that most of the genotypes were scattered far from the biplot center, implying that most genotypes were unstable (Figures 2B, C). In Figure 2B for LR, G46, G12, G34, and G51 lie close to the biplot origin (0, 0) revealing weak interaction with the locations scattered far from the biplot center. The mean and GSI ranks indicate that G31, G45, G44, G46, and G19 were the best five genotypes with better response to leaf retention and improved (Table 7). On the genotype points on environments, G26 had positive interaction with the Otobi2015 environment, indicating specific adaptation to the environment. G60 and G55 showed specific adaptation to the Igbariam2015, while G7 and G2 were specifically adapted to the Umudike2016 and Umudike2015 environments, revealing their specific adaptation to both environments. G22, G31, G37, and G44 were specifically adapted to Otobi2016, whereas G3 had a positive interaction with Igbariam2016 environment. For SG, G59, G46, and G54 were close to the biplot origin (0, 0) indicating general adaptation to the environments while G7, G60, and G44, which were far apart from the origin, tend to show a dissimilar pattern of response over the environments (Figure 2C). Therefore, the genotypes close to the origin are not sensitive to environmental interaction, while those that are distant from the origin are sensitive and have a wider interaction. To identify superior genotypes with very good stay green ability and high stability, GSI was used to rank these genotypes G31, G19, G45, G46, and G48 as the superior genotypes across environments.


Table 7 | Overall mean and ranking of 60 cassava genotypes across six environments for shoot morphological traits.






Figure 2 | AMMI2 biplot. (A) for LP, (B) for LR, (C) for SG.





Genotype-by-Environment Interaction Effects on Yield Traits Across the Six Environments

For FRY, the AMMI2 biplot and ASV indicated that the most stable genotypes were G33, G44, G56, and G55, whereas the most unstable ones were G15, G32, and G28 (Figure 3A, Table 8). Particularly, ASV measures genotype by environment interaction effects but does not show the best (high-yielding and stable) genotype. The GSI combines both genotype stability and high yield, indicating the best method to determine ideal genotypes. Accordingly, GSI ranked genotypes G52, G31, G11, G19, and G25 as the most ideal genotypes for all environments (Table 8). The check variety (G52) was, therefore, the highest yielder in all the environments. In Figures 3A–C, the environmental scores are joined to the origin by side lines. Environments with long spokes exert stronger interactive forces than those with short spokes. From the point where the environments are connected to the origin, the environments Igbariam2015 and Igbariam2016 had short spokes, and they exert weak interactive forces (Figure 3A). The AMMI biplot and ASV indicated that G19, G15, G14, G16, and G49 were the most stable genotypes (Figure 3B, Table 8), whereas the GSI showed that G9, G1, G3, G60, and G54 were the most ideal genotypes for biomass. For RDMC, ASV ranking and AMMI biplots indicated genotypes G15, G9, G12, G45, and G30 were most stable, whereas the GSI indicated that genotypes G15, G19, G52 (check variety), G9, and G37 were the ideal (Figure 3C, Table 8). Based on the distance from the biplot origin (0, 0), the highest GE interaction for RDMC was recorded in the Otobi2015 and Otobi2016 environments (Figure 3C).




Figure 3 | AMMI2 biplot (A) for FRY, (B) for biomass, (C) for RDMC.




Table 8 | Overall mean and ranking of 60 cassava genotypes across six environments for yield and yield traits.







Discussion

In this study, there were seasonal and environmental effects on the performance and stability of cassava genotypes. During the dry season and in areas with little rainfall, CGM attacks tend to be more severe than during the rainy season. High pubescent found on leaves, longevity of leaves, and amount of leaves found on the apex tip of cassava during the peak of dry season reduce CGM severity. Active plant growth was observed with concurrent reduction of the CGM attack during heavy rainfall. Agreeing with the observation of Yaninek et al., 1989, new plant growth is triggered by rainfall, and mites are washed off the leaves during the rainy seasons.

Estimates of broad sense heritability for the traits were found to be relatively low-to-moderate. This is in agreement with the findings of Ezenwaka et al., 2018. This suggests that the traits had non-additive gene action, and the combination of the genotype and environment effects greatly influenced the expression of the traits. However, traits that show strong dependency on non-additive genetic effects can still be enhanced by reciprocal recurrent selection and marker-assisted breeding (Ceballos et al., 2015; Ezenwaka et al., 2018).

The significant negative correlation observed between CGMS and other traits suggests that genotypes with high pubescent leaves, outstanding leaf retention, very good stay green, high biomass, high RDMC, and high FRY tend to be resistant to CGM attack. The negative pattern of the relationship between CGMS and LP is due to the leaf trichomes that restrict the movement of CGM on the leaves, resulting in a reduction of the pest damage to the leaves. Moreover, LP, specifically on immature leaves and shoot tips, has also been reported to harbor Typhlodromalus aripo (a phytoseiid predatory mite and CGM natural enemy) (Onzo et al., 2012). LP is a heritable character that effectively suppresses CGM populations in cassava (Hahn et al., 1989). The negative correlations between CGM and yield traits (biomass, FRY and RDMC) may be explained by the negative impact of the pest on yield.

The significant positive correlation between LP and all other traits means that these traits can be selected simultaneously and enhanced through breeding for resistance to CGM. It has been studied that cassava genotypes that have outstanding leaf retention with very good stay green ability play an important role in promoting the survival of T. aripo (Zundel et al., 2009) and other phytoseiid predatory mites (Pratt et al., 2003) both in the rainy and dry seasons.

Cassava yield and economic losses due to CGM attack is a serious threat to rural household incomes and global food security. The results of the multivariate regression analysis revealed the negative significance of CGMS on FRY which caused a loss of 20% of average yield approximately equivalent to a current value of 367 USD (135,000 Naira) per hectare. This proves that CGM damage is a significant factor affecting the quality and quantity of yield cassava root.

The combined AMMI analysis of variance of 60 cassava genotypes revealed that there were significant genotypic variations for all the traits indicating the presence of genetic variation in the population. This genetic variability observed indicates opportunity for selection and prospects for enhancing cassava for the traits. The environmental effect was significant for all the traits which justified the importance for multilocational testing to identify best performers for specifically and generally adapted to the environments. There were significant responses of genotype by environment interaction for all the traits. This implies that the genotypes have different adaptations explaining the need to identify and select location specific genotypes. Alternatively, genotype stability analysis (GSI) can be performed to identify genotypes with better response and improved stability over several years and environments (Mutegi et al., 2009). In this study, genotypes performed better in the ideal environments than under stress environments.

The GSI incorporates both genotype stability and high yield, indicating the best method for identifying ideal genotypes. CGMS was evaluated to identify the most stable and resistant genotypes during the growing period of cassava. GSI ranked G31 (IBA131794), G19 (IBA131762), G52 (TMEB778), G38 (IBA131809), and G11 (IBA131748) as the genotypes that combined resistance with stability. They are the most desirable and can be recommended for wider production or as sources of resistance for breeding program. Genotypes G31 (IBA131794), G52 (TMEB778), G11 (IBA131748), and G19 (IBA131762) were found to combine high stability with high FRY, high level of LP, outstanding LR, enhanced SG, and high RDMC and should be used as parents for hybridization with other cassava genotypes to enhance the level of resistance to CGM and yield traits of cassava. Accordingly, GSI ranked genotypes G52 (TMEB778), G31 (IBA131794), G11 (IBA131748), G19 (IBA131762), and G25 (IBA131776) as the most ideal genotypes for fresh root yield across environments. The check variety G52 (TMEB778) was the highest yielder in all the environments; therefore, a greater number of elite genotypes should be assessed in the future in these environments to obtain superior variety.



Conclusion

Genotype by environment interaction was significant for most of the traits suggesting the need to evaluate the genotypes in several environments before effective selection is made. The study has identified genotypes, G31 (IBA131794), G19 (IBA131762), G52 (TMEB778), and G11 (IBA131748) as most stable and most resistant to CGM which also combine high FRY and other useful agronomic traits, indicating that these traits can be combined in cassava as preferred by farmers. These genotypes can be tested in more environments to determine their adaptability and potential recommendation for release to farmers for cultivation. Umudike location displayed a low pest pressure followed by Igbariam location which showed a moderately high pest pressure, then Otobi location appeared to be the highest pest pressure zone. However, the research has helped to improve food security in Nigeria and elsewhere where cassava is grown through the identification of CGM resistant genotypes that also have high FRY and RDMC. CGM resistance, high FRY, and RDMC are the lead farmer-preferred traits. The enhancement of these traits through plant breeding is also likely to increase farmers’ adoption of new genotypes.



Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: www.cassavabase.org.



Author Contributions

LJ and CE contributed to conception and design of the study. LJ performed the statistical analysis and wrote the first draft of the manuscript. AD, IA, ED, EB, JO, and CE reviewed, edited and supervised the study. All authors contributed to the article and approved the submitted version.



Funding

This research was supported by NextGen Cassava Breeding project through Bill and Melinda Gates Foundation and UKAid (Grant 1048542, http://www.gatesfoundation.org) and from the NRCRI, Umudike, Nigeria.



Acknowledgments

The authors extend sincere thanks to Ismail Rabbi and Peter Kulakow of IITA, Ibadan, Nigeria for providing planting materials used for the study. Special thanks to the technical team working at NRCRI, Umudike for their assistance during the field activities and data collection.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2020.572200/full#supplementary-material



References

 Adekanye, T. A., Ogunjimi, S. I., and Ajala, A. O. (2013). An assessment of cassava processing plants in Irepodun local government areas, Kwara state, Nigeria. World J. Agric. Res. 1 (1), 14–17. doi: 10.12691/wjar-1-1-4

 Adjebeng-Danquah, J., Manu-Aduening, J., Gracen, V. E., Asante, I. K., and Offei, S. K. (2017). AMMI Stability Analysis and Estimation of Genetic Parameters for Growth and Yield Components in Cassava in the Forest and Guinea Savannah Ecologies of Ghana”. Int. J. Agron. 2017, 1–10. doi: 10.1155/2017/8075846

 Aina, O. O., Dixon, A. G. O., and Akinrinde, E. A. (2007). Additive Main Effects and Multiplicative Interaction (AMMI) Analysis for Yield of Cassava in Nigeria”. J. Biol. Sci. 7, 796–800. doi: 10.3923/jbs.2007.796.800

 Bellotti, A., Campo, B. V. H., and Hyman, G. (2012). Cassava Production and Pest Management: Present and Potential Threats in a Changing Environment. Trop. Plant Biol. 5, 39–72. doi: 10.1007/s12042-011-9091-4

 Ceballos, H., Kawuki, R. S., Gracen, V. E., Yencho, G.C., and Hershey, C. H. (2015). Conventional Breeding, Marker-Assisted Selection, Genomic Selection and Inbreeding in Clonally Propagated Crops: A Case Study for Cassava”. Theor. Appl. Genet. 128 (9), 1647–1675. doi: 10.1007/s00122-015-2555-4

 Chalwe, A. (2013). Manipulating morphological traits of cassava to enhance host plant resistance and biological control of cassava green mite in Zambia (Doctoral dissertation). dc.identifier.uri: http://hdl.handle.net/10413/10056

 Crossa, J., Gauch, H. G., and Zobel, R. W. (1990). Additive Main Effects and Multiplicative Interaction Analysis of Two International Maize Cultivar Trials. Crop Sci. 30 (3), 493–5005. doi: 10.2135/cropsci1990.0011183X003000030003x

 Egesi, C. N., Ilona, P., Ogbe, F. O., Akoroda, M., and Dixon, A. (2007). Genetic Variation and Genotype X Environment Interaction for Yield and Other Agronomic Traits in Cassava in Nigeria. Agron. J. 99 (4), 1137–1142. doi: 10.2134/agronj2006.0291

 El-Sharkawy, M. A. (2003). Cassava Biology and Physiology. Plant Mol. Biol. 53 (5), 621–641. doi: 10.1023/B:PLAN.0000019109.01740.c6

 Esuma, W., Kawuki, R. S., Herselman, L., and Labuschagne, M. T. (2016). Stability and Genotype by Environment Interaction of Provitamin A Carotenoid and Dry Matter Content in Cassava in Uganda. Breed. Sci. 66 (3), 434–443. doi: 10.1270/jsbbs.16004

 Ezenwaka, L., Del Carpio, D. P., Jannink, J. L., Rabbi, I., Danquah, E., Asante, I, et al. (2018). GenomeWide Association Study of Resistance to Cassava Green Mite Pest and Related Traits in Cassava. Crop Sci. 58 (5), 1907–1918. doi: 10.2135/cropsci2018.01.0024

 Farshadfar, E., Rafiee, F., and Yghotipoor, A. (2012). Comparison of the Efficiency among Half Diallel Methods in the Genetic Analysis of Bread Wheat (Triticum Aestivum L.) under Drought Stress Condition. Ann. Biol. Res. 3 (3), 1607–1622.

 Farshadfar, E. (2008). Incorporation of AMMI Stability Value and Grain Yield in a Single Non-Parametric Index (GSI) in Bread Wheat. Pakistan J. Biol. Sci. 11 (14), 1791. doi: 10.3923/pjbs.2008.1791.1796

 Farshadfar, E. (2013). GGE Biplot Analysis of Genotype× Environment Interaction in Chickpea Genotypes. Eur. J. Exp. Biol. 3 (1), 417–423.

 Fox, P. N., Crossa, J., and Romagosa, I. (1997). “Multi-environment testing and genotype × environment interaction,” In Statistical Methods for Plant Variety Evaluation. Plant Breeding Series 3 Statistical Methods for Plant Variety Evaluation. Eds.  R. A. Kempton, P. N. Fox, and M. Cerezo (Dordrecht: Springer), 117–138. doi: 10.1007/978-94-009-1503-9_8

 Gauch, H. G., and Zobel, R. W. (1996). “AMMI Analysis of Yield Trials”, in Genotype by Environment Interaction. Eds.  M. S. Kang, and H. G. Gauch (Boca Raton, FL: CRC Press), 85–122.

 Hagos, H. G., and Abay, F. (2013). AMMI and GGE Biplot Analysis of Bread Wheat Genotypes in the Northern Part of Ethiopia. J. Plant Breed. Genet. 1 (1), 12–185.

 Hahn, S. K., Isoba, J. C.G., and Ikotun, T. (1989). Resistance Breeding in Root and Tuber Crops at the International Institute of Tropical Agriculture (IITA), Ibadan, Nigeria. Crop Prot. 8 (3), 147–168. doi: 10.1016/0261-2194(89)90022-7

 Kamau, J., Melis, R., Laing, M., Derera, J., Shanahan, P., Ngugi, E. C. K., et al. (2011). Farmers Participatory Selection for Early Bulking Cassava Genotypes in Semi-Arid Eastern Kenya. J. Plant Breed. Crop Sci. 3 (3), 44–525. doi: 10.5897/JPBCS.9000053

 Kawano, K. (1980). “Cassava,” in Hybridization of Crop Plants. Eds.  W. R. Fehr, and H. H. Hadley (Copyright 1980 by the America Society of Agronomy, Inc, and the Crop Science Society of America Inc.), 225–233. doi: 10.2135/1980.hybridizationofcrops.c13

 Kvitschal, M. V., Filho, P. S. V., Scapim, C. A., Gonçalves-Vidigal, M. C., Sagrilo, E., Pequeno, M. G., et al. (2009). Comparison of Methods for Phenotypic Stability Analysis of Cassava (Manihot Esculenta Crantz) Genotypes for Yield and Storage Root Dry Matter Content. Braz. Arch. Biol. Technol. 52 (1), 163–755. doi: 10.1590/S1516-89132009000100022

 Mahmodi, N., Yaghotipoor, A., and Farshadfar, E. (2011). AMMI stability value and simultaneous estimation of yield and yield stability in bread wheat (Triticum aestivum L.) [online]. Aust. J. Crop Sci. 5 (13), 1837–1844.

 Masinde, E. A., Mkamillo, G., Ogendo, J. O., Hillocks, R., Mulwa, R. M. S., Kimata, B., et al (2018). Genotype by Environment Interactions in Identifying Cassava (Manihot Esculenta Crantz) Resistant to Cassava Brown Streak Disease. Field Crops Res. 215 (October 2017), 39–48. doi: 10.1016/j.fcr.2017.10.001

 Mutegi, C. K., Ngugi, H. K., Hendriks, S. L., and Jones, R. B. (2009). Prevalence and Factors Associated with Aflatoxin Contamination of Peanuts from Western Kenya. Int. J. Food Microbiol. 130 (1), 27–34. doi: 10.1016/j.ijfoodmicro.2008.12.030

 Nduwumuremyi, A., Melis, R., Shanahan, P., and Theodore, A. (2017). Interaction of Genotype and Environment Effects on Important Traits of Cassava (Manihot Esculenta Crantz). Crop J. 5 (5), 373–865. doi: 10.1016/j.cj.2017.02.004

 Onzo, A., Houedokoho, A. F., Hanna, R., and Liu, T. X. (2012). Potential of the predatory mite, Amblyseius swirskii to suppress the broad mite, Polyphagotarsonemus latus on the gboma eggplant, Solanum macrocarpon. J. Insect Sci. 12 (1), 1–11. doi: 10.1673/031.012.0701

 Pratt, P. D., Coombs, E. M., and Croft, B. A. (2003). Predation by Phytoseiid Mites on Tetranychus Lintearius (Acari: Tetranychidae), an Established Weed Biological Control Agent of Gorse (Ulex Europaeus). Biol. Control 26 (1), 40–47. doi: 10.1016/S1049-9644(02)00114-7

 Purchase, J. L., Hatting, H., and van Deventer, C. S. (2000). Genotype × Environment Interaction of Winter Wheat (Triticum Aestivum L.) in South Africa: II. Stability Analysis of Yield Performance. South Afr. J. Plant Soil 17 (3), 101–107. doi: 10.1080/02571862.2000.10634878

 R Core Team (2014). R: A language and environment for statistical computing. Vienna: R Found. Stat. Comput.

 Roy, M., Brodeur, J., and Cloutier, C. (2003). Temperature and sex allocation in a spider mite. Oecologia 135 (2), 322–326. doi: 10.1007/s00442-002-1160-9

 Ssemakula, G., and Dixon, A. (2007). Genotype X Environment Interaction, Stability and Agronomic Performance of Carotenoid-Rich Cassava Clones. Sci. Res. Essays 2 (9), 390–995.

 Tomkiewicz, J., Skovgard, H., Nachman, G., and Munsterswendsen, M. (1993). A Rapid and Nondestructive Method to Assess Leaf Injury Caused by the Cassava Green Mite, Mononychellus tanajoa (Bondar) (Acarina, Tetranychidae). Exp. Appl. Acarol. 17 (1–2), 29–40. doi: 10.1007/BF00156942

 Tumuhimbise, R., Melis, R., Shanahan, P., and Kawuki, R. (2014). Genotype by Environment Interaction Effects on Early Fresh Storage Root Yield and Related Traits in Cassava. Crop J. 2 (5), 329–375. doi: 10.1016/j.cj.2014.04.008

 Yan, W., Hunt, L. A., Sheng, Q., and Szlavnics, Z. (2000). Cultivar Evaluation and Mega-Environment Investigation Based on the GGE Biplot. Crop Sci. 40 (3), 597–6055. doi: 10.2135/cropsci2000.403597x

 Yaninek, S., and Hanna, R. (2003). “Cassava Green Mite in Africa - a Unique Example of Successful Classical Biological Control of a Mite Pest on a Continental Scale,” in the Biological Control in IPM Systems in Africa. Eds.  C. P. Neuenschwander, and J. L. Borgemeister (Wallingford, UK: CAB International Press), 61–69.

 Yaninek, J. S., Gutierrez, A. P., and Herren, H. R. (1989). Dynamics of Mononychellus Tanajoa (Acari: Tetranychidae) in Africa: Experimental Evidence of Temperature and Host Plant Effects on Population Growth Rates. Environ. Entomol. 18 (4), 633–640. doi: 10.1093/ee/18.4.633

 Zundel, C., Nagel, P., Hanna, R., Korner, F., and Scheidegger, U. (2009). Environment and Host-Plant Genotype Effects on the Seasonal Dynamics of a Predatory Mite on Cassava in Sub-Humid Tropical Africa. Agric. For. Entomol. 11 (3), 321–315. doi: 10.1111/j.1461-9563.2009.00429.x



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Jiwuba, Danquah, Asante, Blay, Onyeka, Danquah and Egesi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/M2.jpg
+ 0,X5 + 0. X5 + b X,





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Genotype by Environment Interaction on Resistance to Cassava Green Mite Associated Traits and Effects on Yield Performance of Cassava Genotypes in Nigeria

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Study Sites

          



          		

            Experimental Plant Materials

          



          		

            Experimental Design and Management

          



          		

            Data Collection

          



          		

            Data Analysis

          



          		

            Stability Analysis

          

            		

              AMMI Stability Value (ASV) Analysis

            



            		

              Genotype Stability Index

            



          



          



        



        



        		

          Results

        

          		

            Descriptive Summary of Cassava Traits Analyzed Across the Environments

          



          		

            Correlation Analysis of the Traits

          



          		

            Multivariate Regression Analysis

          



          		

            Analysis of Variance for Traits Evaluated

          



          		

            AMMI Analysis of Variance

          



          		

            Stability and Biplot Analysis

          

            		

              Genotype-by-Environment Interaction Effects on Resistance to Cassava Green Mite Across Environments

            



            		

              Genotype-by-Environment Interaction Effects on Shoot Morphological Traits Across the Six Environments

            



            		

              Genotype-by-Environment Interaction Effects on Yield Traits Across the Six Environments

            



          



          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table4.jpg
coMs P LR SG  FRY

cams 1080 052" -052
P 1 0sT 061" 0.

R 1 orev 032
sG 1 os
FRY 1
RDVC

BOMASS.

ROMC

-020°

o1®

019®

014

0z2"
1

BIOMASS

081
o4
018
o4
o0
028"
1

COMS, Cassava groen mito soverty: LP, eaf pubosoonco; LR, eaf reention: SG, stay

groen; RDMC, root ey mater content, FRY. fssh root k.

sioniicant.

‘Sgnifcant at P < 0.001, "sinifcant at P < 001, "Sgnifcant af P < 0.05, s, not





OEBPS/Images/table3.jpg
Trait Igbariam

MeanzSEM OV
caMs 2012005 4949
P 4g52014 5820
A 4002005 2428
s6 2461008 244
BOMASS 8762035 7765
ROMC 28462030 2029
FRY 21122071 4810

W

037
027
045
033
088
039
047

Moan = SEM

2802007
3361015
3182007
2142004
6312031
24002040
18012060

Otobi

ov

s1.19
&7.13
459
w448
o183
3102
6273

W

032
036
052
o028
o058
o024
050

Umudike
MeanzSEM OV
1722005 5239
a7as014  s517

1005 2525
2551008 230
10972048 789
30852038 2049
21982002 4977

W

039
047
053
036
o076
041
o082

Pooled
MeanzSEM OV
2102008 559
4252000 Goa2
3752008 3260
230100 2155
8692028 854
27772022 259
21372048 5885

W

038
037
050
032
067
035
056

GG, Cassava groen mito severy: LP e pbescence: LA, lea oenton; SG, sty roen; ROMC, roo y matercontntsFRY, Fosh 100yl SEM,stanrd e of mear; O,
coaliohir of wadion - Suced aaes Madishiine





OEBPS/Images/im3.jpg





OEBPS/Images/fpls.2020.572200_cover.jpg
’ frontiers
in Plant Science

Genotype by Environment Interaction
on Resistance to Cassava Green
Mite Associated Traits and Effects on
Yield Performance of Cassava
Genotypes in Nigeria





OEBPS/Images/table8.jpg
Genotype

asv
61 58
Glo 098
Gl 203
G2 159
Gia 093
G oa2
Gis 027
Gi6 045
617 o84
Gis 286
clo 026
c2 288
c20 206
cot 109
G2 25
G2 226
c21 085
ces 112
c26 143
cor 184
czs 107
c2 124
a3 387
G 208
631 266
62 198
Gl 105
Gu 156
6% 165
G 151
6 187
o 124
6% 048
Gt 484
Glo 168
61 26
6z 16t
cis 155
o 121
ots 207
ci6 216
7 075
ol 187
Gto 046
6s 386
Gso 197
Gst 177
G2 320
Gss 104
Gst 347
Gss 345
Gss 0ot
cs7 081
Gss 09
Gss 098
66 16
G 338
67 251
cs 337
3 115

AV A S0l vl G Gerotn: GBIl SatoRis sslecibn Mickes ROMG, 100r oy mater Comtent: FIIY, Besh 7000 Mt

ast

3xgaxe

333:888283588228

29
a7
5
61
62
22

Biomass
AV asi
fank  rank
s 2
513
o 2
0 a4
oo
3 3
2 5
PR
o 2
0 10
1o
st 1
s »
0o s
w® 23
s
0 a8
0 s
2% w0
)
O
25 2
)
PERY
9w
®  w
7o 3
%
a7
% 55
2 s
2w
6 57
o 6
3
8w
2 s
27 a6
2 s
2 s
oz
7 @
Y
s 2%
s 8
1
R
2 2
2
% 5
557
1w
s s
"o
o1
3.
s a4
a7
5 9

21

biomass.

1551
154
o7
641
1071
729
an
72
841
1282
1228
1228
864
606
o4
1033

519
66
764
572
230
1399
587
624
766
815
a7t
601
468
58
724
431
1353
608
743
a2
602
79
579
888
687
1059
898
1321
1038
523
078
Qa2
1366
1337
691
541
634
11
108
1383
na
1316
1615

Genotype

o
610
a1t
612
613
61
615
616
G
o1
o1

a7

o081
175
336
023

174
02
8
215
168
051
113
o084
101
0%
281

216
105
0a7
109
112
035
104
263

078
224

o076
177
083
o073
043
152
175
25
248
o0z
11
o068
13
21
208
125
o091
147
1148
115
212
27
222
168
165
135
o7
091
114
022

gR3I~882898| B

%888

LRRINLBLIBRIRR2E328R8RBBsRIAE

888

57
6

ROMC
asv o csi
rank  rank
B 10
2 15
o
3
2 .
0 6
1o
a2
0 12
E T
9 2
»n s
w4
x5
2 o
s 8
8 5
51 s
2 ®
6 3
w6
5w
PR
5 @
s w2
% 53
0 2
5 e
s 2
s
uos
687
2
@
S
® o
o s
s a
55 a7
4 m
% 55
noos
@ @
s w®
a5
2
w9 st
E
% 1
0 2
o wm
s 1
2 w®
s a0
w7
a9
B2
0 B
» =

2

ROMC

2081
2023
274
2605
2023
w85

2197
2050
2061
150
X

257
275
2135
2001
2851
2043
2597
2147
23
2747
2047
28
2683
2520

2025
23
2716
09

015
2843
2718
2836
2827
2520
287

2853
2887
2605
stz

ot
610
an
612
613
61
G615
616
a7
=
a1

2228932888888

sV Gsi

145
51
15
201
285
346
381
243
a9
197
128
28
T4
236
165
100
158
184
195
220
310
206
24
130
151
320
047

LI Y 1Y

8BI3BRIBBBE/IHB28883

236
a1
299
100
145
156
265
199
176
21
o5t
0%
16
17
23
17
27
195
23
T4
198
197
085
o051
132
182
21
101
169
181
127
097

388

222225588888 L82583

2238288888

FRY

sy
rank

1

AREBEUBELEIBIBB OB

CELEEY T Y

S2BB2RNE2-2888

a2

2129
074
2516
52
2643
2765
2012
1662
2073
2308
2146
w8
2675
231





OEBPS/Images/logo.jpg
, frontiers
in Plant Science





OEBPS/Images/M1.jpg
Yieg =+ P + Ry + Gy + b x GK + ¢y





OEBPS/Images/fpls-11-572200-g003.jpg





OEBPS/Images/table7.jpg
Genotype

asv
61 237
Glo 157
Gl 109
G2 05t
Gia 183
G 221
Gis 139
Gie 098
Gi7 393
Gis 019
clo 039
c2 207
c20 o047
G2t 12
22 222
G2 o012
G2 122
ces 175
626 075
cer o062
c2s 0
c2 08
a3 123
o 132
631 13
6 o8
Gl 114
Gu 091
6% 053
c 172
6 103
T
G 055
ot 09
clo 226
Gt 098
o2 187
cis 086
G 102
cts 108
o6 o082
o7 133
o8 069
619 14
6s 06
G0 042
Gst 141
G2 17
Gss 078
cst 049
Gss 133
cse 134
cs7 148
css 038
Gso 165
G 078
G 114
67 266
cs 17
3 055

015

715

555
2

505
%05
a7
2
g
05
15

a7

s
2
7

505

a5

815
1015
r

5

&

282888

CRBLBB-5IELOEB~NR0wBY

50
50
i3

osi
rank.

85
65

4
275
E]
®
16
5
1©
25

15
385
75

25

05

57
a5
50
9
18
58
25
515
35

w

394
361
556
378
461
428
356
489
367
48
567
422
494
394
522
433
a2
an
483
389
508
511
a2
322
583
528
5
361
522
483
483
483
478
a2
422
533
61
461
306
491
511
330
383
430
204
383
380
567
an
15
338
261
322
178
358
489
25
478
533
a7

Genotype

&t
610
a1t
612
613
614
615
16
617
618
I

G2t

Gzr

a7
=
=

G0
a1

206
233
081
057
18
215
172
215
086
09
126
313
148
121
224
069
100
12
24
197
147
189
216
178
169
165
135
07
235
100
213
15
055

187
165
24
125
268
12
015
o078
09
183
167
i
08
191
061
112
22
25
258
243
1ot
153
28
325
239
075

asi

115
815

05
815
915

%25

535

25
27
100

505
565

51
65

)
65
815
76
%
75
35
565
585
315
i
25
)
110
525
65
)
315
50
20
6
05
265
565
)
o
%5
8
m
7
%85
o
1045
1055
6
Py
%
045
o
65

asv
rank

~3ENBBLRERIIFORERREBYR

B5INBNE28838

55
52
)
2
57
&
a9
o

asi
rank.

57
345
27
s
a5
95

95
95
105

a

05
105
5
2

155
5

185
w75
a

5
205
535
105
15

7
2

155
15
2
105
3
2
5
205
135
205
50
2
P
a7
a
50
535
at
495
a5
2
19
@t
s
5
575

a7

528
a7
406
428
422
388
322
an
408
389
a7
43
4
428
a72
a7
391
an
389
361
34
35
an
528
35
333
328
388
4
35
361
sa1
35

Genotype

ot
610
=
612
613
i
615
616
617
a1
19
[

=
o2

G2
625

Gz

Gaz

a6
660
o7
G
G0

O A Sl S G GEOton Bl GRSy St Tk L e Cubeacanos: LIt Mol moterions 35 S0 Drodik

134
1163
125
085
127
o073

077
o7
045
068
172
o052
062
114
081
049
o072
152
104
054
108
157
13
038
07
096
047
o077
075
107
096
068
o088
161
o078
104
o079
162
097
021
045
049
035
142
0z
062
o054
052
026
129
131
152
124
o
152
175
201
142
08

8

EL

Ngrggeaee

e3afagenz

$Z8RY

615
e

a7
505
65

%05
85

7

675

&

1

108

65

a7

ot

a7
o1
118

104
&

288338888

CERa2LAFLEN

BEBIRBRY

IesosenEEBY

i
"

P
a7

515
£

515

88388

ast
rank.

502888828

s6

217
21
228
233
228
189
2n
267
228
261
272
206
25
23
261
233
20
228
256
222
25
2
23
222
272
267
P
2
256
2
261
261
256
206
239
261
228
267
261
272
267
233
267
25
2n
25
230
25
235
217
222
222
228
217
222
228

2
21
211





OEBPS/Images/M5.jpg





OEBPS/Images/im4.jpg





OEBPS/Images/M4.jpg
IPCAYSumof e

ASV = [






OEBPS/Images/table6.jpg
Geuope  ASV  GSI  ASVrank  GSironk  CGMSmeans

1 ) © 201
1o 0% a5 4 Bl 248
Gt 0% 1 s 5 i
iz o6 @ 15 o 217
12 9 & s 7 157
G4 2 s s - 178
G5 e es  ® 2 228
Gte [E “ 7 i
17 o s 2 @ 228
Gia ox s 0 i
1o o6 3 ' 2 156
G2 26 ws & “ 256
G20 e © o 2
21 50 5 2 o4
a2 4 es  a s 2
=] s w5 % 2t 159
24 om @ 25 " 2
25 i w4 2 21
26 o @ 2 ® 178
27 o5t s 10 » 233
20 08 ms w0 s 8
20 om w5 2 2t 159
ca 0% @ 7 2 189
&0 woomsar w2 222
o1 o4 10 H 1 15
2 e W " 2
s o 1 2 " 2
oo [ ] 55 288
s o @ w = 18
= o3 2 3 2 159
o7 e a2 2 200
8 e ®m “ 156
%0 o w5 w2 217
o4 o7 ms = 2m
G0 s 65 50 5 8
a1 % © 7 161
oz o ®s s ) 23
613 2w % 5 278
Gar 2 o % 55 278
a5 i s 45 = 21
cio 0% s % 2 189
647 1 w5 48 “ 256
i e o 3 3s 228
640 ooes s El 233
Gs. 0% 5 2 2 25
50 0% @ 2 5 280
Gst 1o @s s ® 261
sz e m ® 3 156
= 0% ss 6 % 267
51 o 7 " ® a7
Gss o ws oz % 261
a6 o5 &5 1 % 267
cs7 woov % F 290
= o 7 i) s s
50 w5 om » 240
o o s s 72
00 o 10 s 27
67 woos s % 267
4 wows s % 27
&0 oss 75 % 261

A5V, A oty ok G, Ganotpe:GS, ginoypo tketon o OGS, Cosne
e il S





OEBPS/Images/im5.jpg





OEBPS/Images/fpls-11-572200-g002.jpg





OEBPS/Images/table2.jpg
Trait type.

Traitname  Abbreviation Description o trait

Grisstst  Cuswa  CGMS s Gree Mis Sy CGMS) v vkt t 1 oua g of s Gerage cose by Gassva g i,

(categorical)  green mite. Symptoms rated from 1 = highly resistant; no symptoms observed, 2 = resistant; moderate damage, o reduction in leaf

oy o sctored Chrol S G Yoo o, < ket oS0t Sk CHOOR ST, S i

leal size, 4 = susceptible; severe chiorotic symptoms and severe reduction in leaf size of young shoot, § = highly
Sscapior vy ster ke, e iclao, ol appeaaeof g s

vorroogi Lol 15 Va1 f h Gy of o o h young o i = i, 3= o pubescan, 5 = oot

catogrcs)  pubescace Pbescars a7 « o xbeste

Morphological  Leaf (L} Visual rating of leaf longevity using a scale of 1 = very poor, 2 = poor, 3 = fair, 4 = good, 5 = outstanding

o) itetion

apmiogea Sy Goen S5 Ve s s o gty a0 sta ron bty sing s of 1 oo (<507 o v e 2

o) i, 2 < e 3000 (50.74% o o oo and e, = vty 000 (175% o el a1 oo
e

pgonamc  Fosn et FRY pe—

o Yu8 FRY was ostimated accordng o (Kamau o ., 2011). FRY () = 200G 0000

Agonomic  Bomass  Bomass  Tota iesh weight ofeaves, stem and orgal pantng stk (scale kg)

(continuous)

hgorame  Ro%Ony FOMC. oty o spect sty moiod by (<, 1950 meseed 9, WG (%) 1593+

o) Mot

Content. Jegtner ]- 142

e ar - woight e






OEBPS/Images/fpls-11-572200-g001.jpg





OEBPS/Images/M3.jpg
X,=M'G,*E,'A2&mm"u
d





OEBPS/Images/table1.jpg
Genotype code  Genotype name  Genotype code  Genotype name

Gt 1BA131729 @31 1BAT31794
G2 1BAT31730 62 1BAT31796
63 1BAT31731 &3 1BATS1797
G4 1BA131741 G 1BAT31798
Gs. 1BAT31736 &35 1BATS1777
Gs 18A131738 &% 1BAT31801
67 1BA131734 ca7 1BAI31819
G8 1BATS1742 a8 1BAT31809
Go 1BAT31743 639 1BAT31812
G10 1BAT31746 Gi0 1BAT31817
G11 1BAT31748 641 1BAT31808
G12 1BAI31750 o2 1BAT31856
613 1BAT31750 68 1BAT31858
G14 1BAI31752 o4 1BAI31826
G15 1BAT31753 65 1BAT31827
616 1BAI31754 o6 1BAI31833
G17 1BAT31757 67 1BAT31836
618 1BAT31749 68 1BAT31839
G19 1BAT31762 Gi9 1BATS1842
G20 1BAT31763 650 1BAT31866
G21 1BAI31767 G5t 1BAI31869
G22 1BAT31768 652 TMEBTTS
623 1BA131770 653 1BAT31851
G24 1BAI31774 G54 1BAT31821
625 1BAT31776 655 1BAT31825
626 1BAT31800 656 1BAT31861
7 1BA131778 657 1BAT31863
628 1BAT31782 658 TMEBATO
G29 1BA131784 659 1BATS1844
630 1BAT31785 680 1BAT31847

& Garotoe.





OEBPS/Images/table5.jpg
Treatments
Genatypes ()
Envircrments €)
Block
iteractons (G4
POAT

PoR2

Eror

Source
Treatments

Genatypes (6)
Envircrments €)

Biock

iteractons (GHE)

POAT

PoR2

Eror

% veatment S due 10 G

% veatment S8 due to E

% veatment S8 due 1o GHE
% GrE $3 e 1o IPCAT

% GHE duo 0 PCAZ

cam

89290
21780
2670
7110
24840
25130
580
60960
2039
2539
5022
5601
1936

360000
90500
46700
%2800

222700

102900
24000

468000

2514
1297
6185
621
1976

243

13820
7550
2170
20080
2143
1570
6288
5483
1570

BloMASS
3379300
1089500
408600
217000
1886200
872500
426200
2854700
3224
194
ss82
626
260

IPCAY, nteraction pinoiplcomponent s 1; PCAZ,Inteacton princiol component i 2; CGMS, Cassava groen o svery; P, a pbesoence; LRl rentn: S, st roen
RO Mot 2 et ot AR agh SGEMRAL “ibioutiat B 001 “Shnlbiil ot P (.07 oalinet P OOL Aa ot ioatinat





