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Editorial on the Research Topic
 New Rootstocks for Fruit Crops: Breeding Programs, Current Use, Future Potential, Challenges and Alternative Strategies




INTRODUCTION

Rootstocks are playing an increasingly crucial role in determining orchard efficiency and sustainability in fruit crops. Combining the desirable attributes of two or three different individuals by budding or grafting can produce dramatic effects on growth and productivity (Bowman and McCollum, 2015). The effect of rootstocks on fruit quality in terms of physical traits and internal chemical compositions is well known in several fruit crops. Rootstocks can influence precocity/juvenility, yield, tree size control, biotic and abiotic stress resistance or tolerance, fruit respiratory behavior, crop load and canopy management techniques (Domingues et al., 2021).

There has been major progress made by rootstock breeders in the second half of the last century and the beginning of the present century. The increased breeding activity of rootstock breeders is the reason why a wide range of new rootstocks are available to fruit growers. However, breeding rootstocks for fruit crops is much slower than scion breeding within the same species (Cousins, 2005). This is due to the long testing requirements of rootstocks that reduce the opportunity for comprehensive first stage tests on individual plants compounded by expanding selection criteria for new rootstocks. It is much easier to re-graft a scion than replant an orchard.

The current global agricultural challenges imply the need to generate new technologies and farming systems to cope with the need for sustainability and to face up to climate change. In this context, rootstocks are an essential component for fruit crops in modern agriculture. Currently most rootstocks used are clonally propagated and there are several ongoing efforts to develop these plant materials (Gainza et al., 2015). The aim of this Research Topic was to present the latest results of new rootstocks developed using classic and modern selection techniques and forecast novel applications.

In this context, Rufato et al. examined productive performance of apple cultivars grafted on selected Geneva® series rootstocks under extreme conditions of apple replant disease (ARD) areas in southern Brazil, including “Gala Select” and “Fuji Suprema” apples (Malus domestica [Suckow] Borkh.) grafted on “G.202,” “G.210,” “G.213,” and “G.814” rootstocks. It was found that the non-fallow condition does not alter the relative differences in vigor and apple fruit quality among the rootstocks, and the G.210 semi-dwarfing rootstock is an alternative for the immediate conversion of “Gala Select” and “Fuji Suprema” apple orchards under these conditions. Within the same species and topic, Mao et al. explored the potential ARD resistance of “12-2” elite rootstock selection and compared it with “M.9-T337” and “M.26” rootstocks, which are commonly grown in China. Authors found that “12-2” elite rootstock can be used as an important genetic source material for breeding of ARD-resistant apple rootstocks, which will be essential for fundamentally solving the rampant problem of ARD in China.

Moving toward another important tree crop species, i.e., citrus (Citrus sinensis L.), Bowman et al. described the USDA's citrus breeding program novel, multi-pronged, strategy termed “SuperSour,” for rootstock breeding and presented its key components and methodologies, along with reference to the historical favorite rootstock sour orange (Citrus aurantium), and previous methods employed in citrus rootstock breeding. One of characteristics of this strategy is the rootstock propagation by cuttings and or in-vitro methods which avoid the need for nucellar seeds (and the associated juvenility period), increases testing replication and eliminates a 6- to 15-year delay in testing while waiting for new hybrids to fruit. As a result, many of the new “SuperSour” hybrid rootstocks exhibited greatly superior fruit yield, yield efficiency, canopy health, and fruit quality, as compared with the standard rootstocks. Within the same species, Carvalho et al. investigated the effects of fruit maturity on seed quality and seedling performance of “US-802,” “US-897,” and “US-942” citrus rootstocks in Florida, US, including the evaluation of seed germination and nursery performance of the seedlings. Authors found that fruit from all three rootstock varieties can be harvested as early as August without losing any germination potential. In another trial, Cruz et al. evaluated the influence of five rootstocks on the vegetative growth, yield performance, fruit quality, and HLB tolerance of “Emperor” mandarin (Citrus reticulata Blanco) under the Southern Brazilian humid subtropical climate. Based on their findings “Cleopatra” mandarin, “Sunki” mandarin, “Swingle” citrumelo, and “Fepagro C-13” citrange were considered more suitable rootstocks for “Emperor” mandarin under such conditions.

Some interesting aspects of grapevine (Vitis spp.) rootstocks regarding their tolerance to fungal grapevine trunk diseases (GTDs) were investigated by Ramsing et al. in Spain. Twenty-five rootstocks were screened for xylem characteristics and tolerance to main associated fungi. Authors found differences in all the analyzed xylem traits, and also in DNA concentration for both of the main associated fungi among the tested rootstocks. This finding is an important tool to support future rootstock breeding programs to reduce the detrimental impact of GTDs worldwide.

The rootstock-mediated genetic contributions in recombinant juvenile cacao (Theobroma cacao L.) across target traits, specifically cadmium (Cd) uptake, and its correlation with growth and physiological traits, were addressed by Férnandez-Paz et al., in which 320 progenies were used as rootstocks in grafts with two commercial clones (ICS95 and CCN51) commonly grown in Colombia. Authors found that differences in the specific combining ability for Cd uptake were mostly detected in ungrafted rootstocks, or 2 months after grafting with the clonal CCN51 scion. These findings will harness early breeding schemes of cacao rootstock genotypes compatible with commercial clonal scions and adapted to soils enriched with toxic levels of Cd.

Also in Colombia, Cañas et al. assessed how elite “crioulo” “plus trees” of avocado rootstocks (Persea americana Mill.) inherit trait variation to their seedling progenies, and whether such family superiority may be transferred after grafting to the clonal scion. The results revealed that that elite “criollo” “plus trees” may serve as promissory donors of seedling rootstocks for avocado cv. Hass due to the inheritance of their outstanding trait values.

Finally, Xiong et al. evaluated in China the graft compatibility of melon cv. Akekekouqi (Cucumis melo) grafted onto eight Cucurbitaceae species including cucumber, pumpkin, melon, luffa, wax gourd, bottle gourd, bitter gourd, and watermelon. The starch–iodine staining technique was used to predict graft compatibility. Authors found that cucumber and pumpkin are graft compatible with melon, while luffa, wax gourd, bottle gourd, bitter gourd, and watermelon are graft incompatible. Also, it was demonstrated that graft compatibility can be evaluated earlier by the starch–iodine staining technique, supporting breeding programs.
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Geneva® rootstocks in Brazil are known to be efficient in controlling vigor, and are precocious and resistant to diseases. The objective of this study was to evaluate the performance of apple tree cultivars grafted on the Geneva® rootstocks in severe replant disease areas, by planting 60 days after the eradication. The experiments were implemented in 2017, in São Joaquim and Vacaria. The Gala Select and Fuji Suprema cultivars were grafted onto ‘G.202’, ‘G.814’, ‘G.210’, and ‘G.213’ rootstocks in the Tall Spindle training system. In 2018/2019, total thinning was carried out to promote plant growth. In São Joaquim, partial thinning was carried out in 2019/2020 harvest of ‘Gala Select’. The rootstocks were divided into two groups based on vigor, for both areas and cultivars. ‘G.202’ and ‘G.213’ were 40% less vigorous than ‘G.210’ and ‘G.814’. For ‘Gala Select’, the extreme non-fallow condition mainly affected the vigor and productivity of ‘G.213’ in both areas. At the end of two harvests, ‘G.213’ was 17% less productive than ‘G.210’, contrary to what is observed in areas where the fallow period is respected. However, ‘G.213’ confirmed a greater yield efficiency, which was 27% higher than ‘G.210’. This suggests that a perspective of forecasting production for the third crop is higher for ‘G.213’ than for ‘G.210’. In the case of ‘Fuji Suprema’, the G.210 rootstock was the most productive in both areas. In São Joaquim, ‘G.202’ matched ‘G.210’ in productivity and efficiency as it sprouts better in colder regions. Considering the fruit quality, ‘G.213’ anticipated the maturation with fruits of larger size and higher total soluble solids (TSS) in both areas and cultivars, making it possible to anticipate the harvest. It was concluded that the non-fallow condition does not alter the relative differences in vigor and fruit quality among the rootstocks. However, notwithstanding the overall replant tolerance of these rootstocks, it does reduce productivity by mainly affecting less vigorous rootstocks that need about three crops to overcome the allelopathic effects of the soil and start growing normally. The G.210 semi-dwarfing rootstock is an alternative for the immediate conversion of apple orchards of Gala Select and Fuji Suprema cultivars in southern Brazil.

Keywords: apple tree, yield efficiency, replanting area, ‘G.213’, ‘G.210’


INTRODUCTION

Most of the modern apple orchards rely on dwarfing rootstocks, which produce a more compact tree allowing for high density planting and earlier and higher yields, and therefore, great economic viability (Afonso et al., 2017). Anticipated production, alternate bearing (Kviklys et al., 2016), resistance and tolerance to pests and diseases (Beers et al., 2006), drought resistance capacity (Tworkoski and Fazio, 2016), resistance to sprouting time, sensory characteristics, and physicochemical composition of fruits (Kviklys et al., 2015) are the other characteristics of apple trees induced by the rootstocks or by the combination of the canopy cultivar and the rootstocks (Harrison et al., 2016).

Currently, in Brazil, there is a gradual change toward the use of densely packed apple orchards with the introduction of the Geneva® series rootstocks (e.g., ‘G.210’ and ‘G.213’) in commercial areas of large companies such as Fischer, Hiragami, Rasip, and Schio. The Geneva® series rootstocks were developed by the apple rootstock breeding program at Cornell University with the original intention of breeding rootstocks resistant to fire blight, collar rot, wooly apple aphid, and replant disorders in addition to size control (Robinson et al., 2011; Fazio et al., 2012). These rootstocks have a wide vigor range, allowing greater plant densities per area and better light inside the canopy (Fazio et al., 2013).

In the south of Brazil, some research has been carried out with the Geneva® series rootstocks ‘G.202’ ‘G.213’, ‘G.210’, and ‘G.814’. According to Denardi et al. (2015), ‘G.213’ has good adaptability and production stability, whereas the G.202 rootstock has less constant productivity over the years. These same authors classified G.202 and G.213 rootstocks as dwarves (vigor similar to M.9). According to Macedo et al. (2019), the Fuji Suprema cultivar grafted on ‘G.213’ is more productive in both virgin and replanting soil. The G.210 rootstock is considered semi-dwarf (Denardi et al., 2015) and has vigor similar to ‘G.814’. According to Pasa et al. (2016), the G.814 rootstock has the potential for use in high-density orchards.

Before choosing the most adapted rootstock, the capabilities and limitations of each rootstock should be evaluated in each growing condition (Gjamovski and Kiprijanovski, 2011). Thus, the objective of this work was to evaluate the productive performance of apple cultivars grafted on the Geneva® series rootstocks under extreme conditions of replanting areas in southern Brazil.



MATERIALS AND METHODS

Two experiments with the ‘Gala Select’ and ‘Fuji Suprema’ grafted on Geneva® rootstocks ‘G.202’, ‘G.210’, ‘G.213’, and ‘G.814’ were implemented.

The first experiment was implemented in a commercial orchard of the company named Mareli, located at an altitude of 1,364 m, with the geographic coordinates of 28°16' south latitude and 49°56' west longitude, in São Joaquim, Santa Catarina, Brazil. The soils of the region fall into the classes Cambisolo Humico, Neossolo Litólico, and Nitossolo Háplico, formed from riodacite rock and basalt (Embrapa, 2004). The climate is humid mesothermal type with mild summers, which is Cfb according to the classification of Köppen (Köppen, 1948).

The second experiment was implemented in a commercial orchard of the company Agropecuária Schio Ltda, located at an altitude of 971 m, with the geographical coordinates of 28°24' south latitude and 50°50' west longitude, in Vacaria, Rio Grande do Sul. The climate according to the Köppen classification is Cfb, subtropical with mild summers (Köppen, 1948). The maximum, minimum, and average air temperatures have a marked annual amplitude (Pereira et al., 2009). The soils of the region can be classified as Latossolo Bruno, with smooth to wavy relief, containing high levels of clay and aluminum (Embrapa, 2004).

Both the experiments were implemented in 2017, about 60 days after the eradication of the old orchard, under extreme replanting conditions with no fallow period before planting the trials. The spacing between trees and rows, pruning, training system, and thinning adopted were based on the current grower preference for each region.

In 2018/2019, all fruits were removed during the spring from both the varieties and regions to encourage vegetative growth. In São Joaquim area, in the winter of 2019, pruning was carried out to form and train the trees in the two-dimensional fruit wall system. Partial thinning was carried out in the 2019/2020 harvest, aiming to standardize the production to approximately 7 t.ha−1 or 1 (one) fruit per cluster. In Vacaria, in the winter of 2019, minimal pruning was carried out with the sole aim of removing branches that were competitive with the leader centering and training of the trees by the tall spindle system. Maximum plant production was prioritized, with no thinning in 2019/2020. In 2020/2021, no thinning was carried out in both areas.

In São Joaquim area, the trial was planted with a spacing of 0.90 m between trees and 3.2 m between rows (3,472 trees.ha−1) for ‘Gala Select’; 1.0 m between trees and 3.2 m between rows (3,125 trees.ha−1) for ‘Fuji Suprema’. In Vacaria area, the trial was planted with a spacing of 0.90 m between trees and 4.0 m between rows (2,777 trees.ha−1) for ‘Gala Select’; 1.0 m between trees and 4.0 m between rows (2,500 trees.ha−1) for ‘Fuji Suprema’.

In 2018/2019, all fruits were removed to encourage vegetative growth. Thus, the analyses accounted for 3 years of vegetative data and two consecutive crops of yield performance and fruit quality. Trunk cross-sectional area (TCSA) (cm2), total plant height (m), TCSA increase (cm2), canopy volume (m3), number of branches, cumulative yield (t.ha−1), cumulative yield efficiency (kg.cm−2), fruit size (100–120 mm, 120–150 mm, or higher than 150 mm), firmness (N), and total soluble solids (TSS) (°Brix) were measured. In both the experiments, we adopted the following methods to measure these variables:

• Trunk cross-sectional area (TCSA) (cm2): it was obtained by averaging the longitudinal and transversal measurements of trunk diameter planting line, 10 cm above the grafting point. To transform the diameter values into TCSA, the equation A = (πd2)/4 was used, where d = trunk diameter.

• Total plant height (m): it was measured with a topographic ruler, from the grafting point to the apex of the plant.

• TCSA increase (cm2): the average increase in TCSA was obtained by calculating the average of the differences between subsequent years.

• Canopy volume (m3): obtained by measuring L = length, H = height from first branch insertion point to apex, W = width, and using equation (L × H × W) (Macedo et al., 2019).

• Number of branches: it was obtained by counting all the branches larger than 10 cm spreading out from the central leader.

• Cumulative yield (t.ha−1): it was obtained by adding the yield of all harvests.

• Cumulative yield efficiency (kg.cm−2): it was obtained by adding the yield efficiency of all harvests. The yield efficiency was calculated through the ratio of fruit weight mean per plant (kg.plant−1) to crown trunk cross-sectional area (cm2), expressed in kg of fruits produced per square centimeter of TCSA.

• Fruit size: a sample of 20 fruits per plot was used to classify the size of the fruits. A ruler with circular holes of different diameters was used to measure the fruits and classify them into three sizes: 100–120 mm (low size), 120–150 mm (intermediate size), and >150 mm (high size). The results were expressed as percentage.

• Firmness (N): a sample of 50 fruits per plot was measured with a digital texturometer with 11 mm tip. The measurement was performed in the fruit equatorial zone, after two epidermis discs of about 1 cm in diameter were removed from opposite sides.

• Total Soluble Solids (TSS) (°Brix): it was determined with a digital refractometer from the juice extracted from a slice of each fruit in a sample of 50 fruits.

The experiments were implemented in randomized blocks, using four blocks, four treatments, and five replications. The data were analyzed using univariate and multivariate methods. In the univariate method, they were submitted to F-test and when significant, analyzed by Tukey's test (p ≤ 0.05). Before ANOVA, the Shapiro–Wilk and Bartlett tests were performed to analyze normality and homogeneity of variances. Multivariate analysis was performed using principal component analysis (PCA) to analyze the interrelation between variables.



RESULTS

The results were presented based on two stages. The first stage evaluated the productivity and yield efficiency progression over time. The second stage evaluated the vigor-productivity-efficiency relationship using the final averages of the experiments.


Area of São Joaquim

In the first harvest (2020), ‘Gala Select’ grafted on ‘G.814’ and ‘G.210’ was more productive than those grafted on other rootstocks. In the second year (2021), the trees on G.202 and G.210 rootstocks had higher productivity. Thus, Gala Select cultivar grafted on the G.210 rootstock had higher accumulated productivity (54 t.ha−1) in extreme replanting conditions, 25% higher than the G.213 rootstock (43 t.ha−1) and 14% higher than G.814 and G.202 rootstocks (each 47 t.ha−1). The trees with greater yield efficiency were grafted on G.213 rootstock, which was 34% higher than the G.210 rootstock (Figure 1).


[image: Figure 1]
FIGURE 1. Yield and yield efficiency of the Gala Select cultivar grafted on different rootstocks, under replanting area in São Joaquim. Yield and yield efficiency that do not share a letter are significantly different (Tukey's test, α = 0.05).


For the Fuji Suprema cultivar, high yields were observed on G.814 and G.210 rootstocks in 2020 and on G.210 rootstock in 2021 (Figure 2). Over the period of these 2 years, ‘Fuji Suprema’ on the G.210 rootstock was 102% more productive (77 t.ha−1) than on the G.202 rootstock (38 t.ha−1). The results of greatest yield efficiency were observed in ‘Fuji Suprema’ on G.213 rootstock.


[image: Figure 2]
FIGURE 2. Yield and yield efficiency of the Fuji Suprema cultivar grafted on different rootstocks, under replanting area in São Joaquim. Yield and yield efficiency that do not share a letter are significantly different (Tukey's test, α = 0.05).


Figures 3, 4 present the principal component analysis results of the vigor-productivity-efficiency relationship of the Gala Select and Fuji Suprema cultivars. The points represent the rootstocks, and the axes represent the vectors that describe the weight of variables to represent the behavior of the first two main components. Figure 3 shows the results of the Gala Select cultivar and Figure 4 shows that of the Fuji Suprema cultivar.


[image: Figure 3]
FIGURE 3. Vigor-productivity-efficiency relationship of the Gala Select cultivar on the Geneva® series rootstocks. São Joaquim – SC.



[image: Figure 4]
FIGURE 4. Vigor-productivity-efficiency relationship of the Fuji Suprema cultivar on the Geneva® series rootstocks. São Joaquim – SC.


In both cultivars, the distancing of the dwarfing rootstocks (‘G.202’ and ‘G.213’) from the semi-dwarfing rootstocks (‘G.210’ and ‘G.814’) is observed mainly in terms of vigor. The rootstocks ‘G.202’ and ‘G.213’ were 38.7 and 40% less vigorous than ‘G.210’ and ‘G.814’ in ‘Gala Select’ and ‘Fuji Suprema’, respectively.

In the Gala Select cultivar, the dwarfing rootstocks G.202 and G.213 showed the highest yield efficiency (40%). Between G.202 and G.213 rootstocks there was a difference in relation to productivity. ‘G.202’ correlated with both yield efficiency and productivity, providing greater productivity to the canopy cultivar (11.3%). Despite both being dwarfing rootstocks, ‘G.202’ was about 16.3% more vigorous and 18% less efficient than ‘G.213’. Between the less efficient rootstocks G.210 and G.814, a clear difference in relation to the vigor and productivity of ‘Gala Select’ is shown in Figure 3. ‘G.210’ was more productive (15.3%) and less vigorous than ‘G.814’ (9%).

For the Fuji Suprema cultivar, the yield efficiency did not differentiate the dwarfing rootstocks from the semi-dwarfing ones. In this cultivar, the G.202 rootstock proved to be less efficient and less productive compared to all the others −29% less efficient than ‘G.213’ and 9% less efficient than the semi-dwarfing rootstocks. Thus, ‘G.213’ maintained the characteristic of greater yield efficiency for both cultivars.

The highest yields of the Fuji Suprema cultivar were on the semi-dwarfing rootstocks G.210 and G.814. In this cultivar, ‘G.814’ surpassed the productivity of ‘G.213’ by 23% and was 18% below ‘G.210’. Figure 4 shows a greater correlation between ‘G.210’ and the vigor variables in the Fuji Suprema cultivar compared to that shown in ‘Gala Select’ (Figure 3). The position of ‘G.210’ and ‘G.814’ in relation to the vigor variables indicates the superiority of the G.210 rootstock. In other words, in the Fuji Suprema cultivar in São Joaquim, ‘G.210’ showed greater vigor (8% ASTT) than ‘G.814’.

Figures 5, 6 present the principal component analysis results of the fruit quality dimension, for the Gala Select (Figure 5) and Fuji Suprema (Figure 6) cultivars.


[image: Figure 5]
FIGURE 5. Fruit quality analysis of the Gala Select cultivar on the Geneva® series rootstocks. São Joaquim - SC.



[image: Figure 6]
FIGURE 6. Fruit quality analysis of the Fuji Suprema cultivar on the Geneva® series rootstocks. São Joaquim - SC.


Regarding the fruit quality parameters of the Fuji Suprema cultivar, the dwarfing rootstocks differed from the semi-dwarfing rootstocks in having a higher index of total soluble solids. The firmness axis was responsible for differentiating between ‘G.202’ and ‘G.213’. ‘G.202’ showed characteristics of greater fruit firmness than ‘G.213’. All rootstocks provided fruits similarly distributed among the three sizes classes. All of them had the largest number of fruits categorized in the intermediate size class (100% more than in the low size class and 25% more than in the high size class). However, the position of ‘G.210’ on the graph (Figure 6) shows a greater number of fruits in the high size class and lesser in the low size class compared to the other rootstocks.

For the Gala Select cultivar, all rootstocks provided most of the fruits categorized as high size. However, the positions of ‘G.213’ and ‘G.814’ on the graph (Figure 5) identify them with higher amounts of high size fruits compared to ‘G.202’ and ‘G.210’. The difference between ‘G.213’ and ‘G.814’ is on the axis of the low size class. ‘G.213’ has a positive correlation with this axis. In other words, ‘G.213’ has a higher number of fruits categorized as low size when compared to ‘G.814’. ‘G.202’ continued to provide fruits with greater firmness than the other rootstocks. ‘G.210’ resembled ‘G.202’ and ‘G.213’ in total soluble solids.



Area of Vacaria

In the first harvest (2020), the Gala Select cultivar was more productive on the G.210 and G.213 rootstocks (Figure 7). In the second harvest (2021), ‘Gala Select’ grafted on ‘G.210’ had high productivity. In the sum of these 2 years, the Gala Select cultivar on ‘G.210’ was 143% (56 t.ha−1) higher than ‘G.202’ (23 t.ha−1) and 24% higher than G.814 and G.213 rootstocks (45 t.ha−1). However, the G.213 rootstock had a higher yield efficiency than the other rootstocks.


[image: Figure 7]
FIGURE 7. Yield and yield efficiency of the Gala Select cultivar grafted on different rootstocks, under replanting area in Vacaria. Yield and yield efficiency that do not share a letter are significantly different (Tukey's test, α = 0.05).


The Fuji Suprema cultivar had high productivity when grafted on the G.814 rootstock in the 2020 and 2021 harvests, and on the G.210 rootstock in the 2021 harvest (Figure 8). Thus, the cumulative productivity of these 2 years was higher for the G.814 and G.210 rootstocks when compared to the G.202 and G.213 rootstocks. However, even with lower productivity, the trees grafted on ‘G.213’ had a higher yield efficiency than when grafted on other rootstocks.


[image: Figure 8]
FIGURE 8. Yield and yield efficiency of the Fuji Suprema cultivar grafted on different rootstocks, under replanting area in Vacaria. Yield and yield efficiency that do not share a letter are significantly different (Tukey's test, α = 0.05).


Figures 9, 10 present the principal component analysis results of the vigor-productivity-efficiency relationship of the Gala Select and Fuji Suprema cultivars in Vacaria area. The points represent the rootstocks, and the axes represent the vectors that describe the weight of variables to represent the behavior of the first two main components. Figure 9 presents the results of the Gala Select cultivar and Figure 10 of the Fuji Suprema cultivar.


[image: Figure 9]
FIGURE 9. Vigor-Productivity-Efficiency relationship of the Gala Select cultivar on the Geneva® series rootstocks. Vacaria - RS.



[image: Figure 10]
FIGURE 10. Vigor-productivity-efficiency relationship of the Fuji Suprema cultivar on the Geneva® series rootstocks. Vacaria - RS.


Based on vigor, there was again the separation of G.814 and G.210 rootstocks from G.202 and G.213 rootstocks for both cultivars. Dwarfing rootstocks were 32 and 43% less vigorous than semi-dwarfing rootstocks for ‘Gala Select’ and ‘Fuji Suprema’, respectively.

‘G.213’ showed higher yield efficiency in both cultivars (43% in ‘Gala Select’ and 32% in ‘Fuji Suprema’). For both cultivars, ‘G.202’ was characterized by low productivity. For the Fuji Suprema cultivar, the semi-dwarfing rootstocks provided higher yields than the dwarfing ones. The greater vigor induced by these rootstocks did not affect the average productivity, and the Fuji Suprema cultivar grafted on ‘G.814’ and ‘G.210’ had 58% higher productivity than when grafted on ‘G.202’ and ‘G.213’ (38 × 24 t.ha−1). However, for the Gala Select cultivar, the productivity vector changed direction separating the G.210 and G.814 rootstocks. The G.210 rootstock continued to show higher productivity, and the yield efficiency of ‘G.213’ made it equal to ‘G.814’ in terms of average and accumulated productivity.

Figures 11, 12 present the principal component analysis results of the fruit quality dimension, for the Gala Select (Figure 11) and Fuji Suprema (Figure 12) cultivars.


[image: Figure 11]
FIGURE 11. Fruit quality analysis of the Gala Select cultivar on the Geneva® series rootstocks. Vacaria - RS.



[image: Figure 12]
FIGURE 12. Fruit quality analysis of the Fuji Suprema cultivar on the Geneva® series rootstocks. Vacaria - RS.


Two groups can be identified for the Gala Select cultivars. The G.213 and G.210 rootstocks were characterized by higher total soluble solids and lesser firmness when compared to ‘G.202’ and ‘G.814’. The difference in the positions of ‘G.213’ and ‘G.210’ in the graph is due to the fruit size. ‘G.213’ has a greater number of fruits of high size and a smaller number of fruits of intermediary size when compared to ‘G.210’. The G.202 and G.814 rootstocks were characterized by greater firmness and lesser total soluble solids when compared to G.213 and G.210 rootstocks. They were similar in relation to the distribution of fruit size classes, with fruits of high size being greater in quantity than ‘G.210’ and lesser than ‘G.213’. No rootstock showed fruits of the low-size category for the Gala Select cultivar.

For the Fuji Suprema cultivar, the principal component analysis result was similar to São Joaquim area. The total soluble solids axis differentiated the dwarfing rootstocks from the semi-dwarfing rootstocks. ‘G.202’ and ‘G.213’ had higher total soluble solids than ‘G.210’ and ‘G.814’. The G.202 rootstock showed characteristics of greater firmness than the G.213 rootstock. The size and firmness axes were responsible for separating ‘G.210’ from ‘G.814’. The G.210 rootstock provided a larger number of fruits with greater size than the G.814 rootstock. ‘G.814’ resulted in more firm fruits than ‘G.210’. The G.213 rootstock showed a strong positive correlation with the classes of high- and low-size fruits. Thus, the quantity of high-size fruits provided by ‘G.213’ was similar to that provided by ‘G.210’; however, ‘G.213’ provided a greater quantity of low-size fruits when compared to ‘G.210’.




DISCUSSION

In both the cultivars and experimental areas, it was possible to divide the rootstocks into two groups based on vigor. The G.814 and G.210 rootstocks were allocated to the group of rootstocks that induced greater vigor (semi-dwarfs) to the canopy cultivars and the G.202 and G.213 rootstocks formed the group of rootstocks that induced smaller vigor (dwarfs) to the cultivars. The dwarfing rootstocks were ~38% less vigorous than the semi-dwarfing rootstocks. The classification of ‘dwarf rootstock’ is related to the efficient control of the vigor of trees induced by rootstock (Denardi et al., 2015). Thus, it is possible to claim that even under extreme replanting conditions the evaluated Geneva rootstocks retained the same vigor characteristics as noted by Denardi et al. (2016) and Macedo et al. (2021) in replanting areas.

In São Joaquim and Vacaria, the ‘Gala Select’ apple trees in the G.210 rootstock had high accumulated productivity (2 years), and hence these trees were able to express a high productive potential. Both ‘G.210’ and ‘G.814’ were categorized as semi-dwarfs; however, the lower vigor of ‘G.210’ compared to ‘G.814’ made it more efficient than ‘G.814’. Thus, in extreme replanting conditions, greater vigor combined with yield efficiency seems to be related to the productive performance of apple trees. The high accumulated productivity of the G.210 rootstock was also observed by Reig et al. (2020) in an experiment developed in a replanting area in the United States of America (USA), using Super Chief Delicious cultivar.

For the Gala Select cultivar in São Joaquim, the non-fallow condition reduced the productivity of the trees on all rootstocks, especially on ‘G.213’, which showed 17% less productivity at the end of two harvests when compared to ‘G.210’ (the most productive). In Vacaria area, due to the lack of thinning in 2019, yields started at a higher level than in the São Joaquim area, resulting in a low increase in production for all rootstocks in the next harvest. The G.213 rootstock was the most affected as it showed less vigor. According to Denardi et al. (2018), on replanting soil conditions, the performance of apple trees may vary according to the rootstock that is used. In general, the most vigorous rootstocks are less affected by apple replant disease when compared to the dwarfing ones, and the tolerance of their root system to harmful agents has a crucial role to play (Isutsa and Merwin, 2000; Leinfelder and Merwin, 2006).

Macedo et al. (2021) evaluated the productive performance of the Gala Select cultivar grafted on Geneva ‘G.213’ and on rootstocks currently used in southern Brazil (M.9 and Maruba/M.9) in virgin and replanting areas. In the replanting area, fallow period of 12 months was grown before conversion of the orchard. The mean productivity of ‘G.213’ over a period of 4 years was around 21 t.ha−1 in both areas, which was very similar to the value of 22 t.ha−1 found in our study (Table 1). The cumulative yield in virgin area was higher than in the replanting area over the period of 4 years. However, virgin areas are no longer widely available. Thus, it is important to assess the real need for fallow periods before the orchards are converted. The average and accumulated yields of the replanting area with fallow were numerically smaller than our results obtained for the replanting area without fallow (extreme replanting conditions). Both replanting areas took a year longer than the virgin area to start production. This result shows that trees grafted mainly on dwarfing rootstocks require more time to reach vegetative conditions sufficient for the expected productivity in replanting areas.


Table 1. Yield of the Gala Select cultivar grafted on ‘G.213’, in the virgin area, the replanting area with fallow, and the replanting area without fallow in Vacaria.
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However, the 12-month fallow replanting area remained without apple cultivation for 12 months, which is 1 year longer than for the replanted area without fallow. Thus, the productivities obtained from this work in comparison with those published by Macedo et al. (2021) suggests the possibility of immediate conversion of apple orchards of the Gala Select cultivar grafted onto the Geneva G.213 rootstock.

The mean yield efficiency of ‘G.213’ was around 1.12 in the trials by Macedo et al. (2021), while that obtained from this work was 1.14. In other words, ‘G.213’ maintained its yield efficiency even under extreme replanting conditions. Thus, it is noteworthy that the main characteristics of these rootstocks, such as yield efficiency and production stability, remain unchanged even under extreme replanting conditions. Macedo et al. (2021) also highlighted that the G.213 rootstock had the lowest alternation bearing in replanting soil, making it a rootstock of high and stable productivity.

The Gala Select cultivar on the G.213 rootstock formed trees with greater yield efficiency than when grafted on ‘G.210’, in São Joaquim and Vacaria. According to Robinson et al. (2006), some pieces of evidence affirm the direct relationship between yield efficiency and the ananizing effect of rootstocks. The average increment of production per increment of TCSA of ‘G.213’ was 50.83 tons, while that of ‘G.210’ was 6.03 tons. In other words, for a small difference in TCSA from 1 year to the next, ‘G.213’ increased its production by many more tons when compared to ‘G.210’. In Vacaria, due to the superiority of yield efficiency (30% higher than ‘G.210’), the difference in productivity between ‘G.213’ and ‘G.210’ (more productive) was ~18%. This result corroborates with Rufato et al. (2015) and Macedo et al. (2021), who observed greater yield efficiency among apple trees grafted on G.213 rootstock in replanting areas, based on an experiment developed in Vacaria.

In São Joaquim area, ‘Fuji Suprema’ grafted on the G.210 rootstock produced trees with high accumulated productivity within 2 years of harvest, followed by the G.814 rootstock. In Vacaria, the Fuji Suprema cultivar in G.814 and G.210 rootstocks produced trees that were equally more productive in the same 2 years. The G.213 rootstock produced trees with lower productivity and greater yield efficiency. However, the yield efficiency of the G.213 rootstock compared to semi-dwarf rootstocks at ‘Fuji Suprema’ was 39% less than at ‘Gala Select’. This relationship explains the lower productivity of the Fuji Suprema cultivar by the G.213 rootstock, because the Fuji Suprema cultivar is more vigorous and is better adapted to more vigorous rootstocks than the Gala Select cultivar (Denardi et al., 2018).

From the results obtained on the accumulated productivity of 2 years, it was possible to infer that the dwarf rootstocks G.202 and G.213 were not able to express all their productive potential for the Gala Select cultivar, under extreme conditions of replanting. The replanting conditions delayed the development of dwarf rootstocks, especially the G.213 rootstock, which required more time to provide the expected productive performance for the Gala Select cultivar. One of the characteristics of dwarf rootstocks is the precocious production. According to Fazio and Robinson (2019), the dwarfing Geneva® rootstocks are much more precocious, with flowering in the first year in an orchard or even in a nursery. However, under extreme conditions of replanting, the expected precocity was not observed. In this condition, ‘G.210’ produced more than ‘G.213’ accumulated in the first two crops. However, ‘G.213’ maintained its characteristic of yield efficiency, with 39% less vigor and 37% more yield efficiency than G.210. As described by Robinson et al. (2011), it is also necessary to consider that greater vigor can result in a laborious orchard.

For the Fuji Suprema cultivar, the effect of the non-fallow condition was less noticeable when comparing the productive performance on the rootstocks analyzed. This is because the Fuji Suprema cultivar already showed higher productivity when grafted on semi-dwarf rootstocks (Pasa et al., 2017). Thus, the more vigorous rootstocks G.210 and G.814 remain important alternatives for the productivity of the Fuji Suprema cultivar, even under extreme replanting conditions.

As for the fruit quality, the G.213 rootstock provided sweeter fruits in both areas and cultivars, indicating the characteristic of possible harvest anticipation. As for the fruit size, the G.213 dwarf rootstock provided a greater quantity of high-size fruits in the Gala Select cultivar and the semi-dwarf G.210 rootstock in the Fuji Suprema cultivar. The fruit size of the Gala Select cultivar provided by G.213 is in accordance with Denardi et al. (2015), who compared G.213 and G.210 rootstocks and concluded that the greatest ‘Gala Select’ fruit weight was by the G.213 rootstock. However, Pasa et al. (2017) evaluated the fruit size in the Fuji Suprema cultivar for different rootstocks and concluded that the differences in fruit weight are not consistent along the years and are probably not due to rootstock influence.

In general, the fallow time normally respected in the process of reconverting apple orchards has always been considered essential to guarantee the complete development of rootstocks and canopy cultivars. However, this fallow time economically results in the loss of a production crop. In both experimental areas, it was necessary to postpone the first harvest and carry out total thinning to allow the vegetative development of the trees. Thus, despite the immediate conversion, the orchards that did not have a fallow period took the same time to start production as if they had gone through the fallow period. Compared to the virgin area, notwithstanding the overall replant tolerance of Geneva series rootstocks, the non-fallow reduced the productivity by mainly affecting the less vigorous rootstocks that needed about three crops to overcome the allelopathic effect of the soil and start growing normally. However, on comparing the replanting areas (with and without fallow), it was found that both took the same time to start production after implementation and had the same accumulated productivity in 4 years. However, the one with fallow remained a year without any cultivation. Thus, it can be stated that immediate conversion, without fallowing, can be considered as a strategy in the absence of virgin area for the implantation of new orchards.

Considering the goal of 150 tons in five harvests to cover the costs of orchard implanting, in non-fallow conditions, the G.210 semi-dwarf rootstock was considered to be a good alternative for Gala Select cultivar. Taking into account that the productive potential tends to increase in the next harvest and considering an average of 27.4 tons in the first two harvests, the prospect of reaching the goal was feasible. For the Fuji Suprema cultivar, the G.210 rootstock was also the one that best adapted to the extreme replanting conditions. Productivity was also reduced; however, it resulted in an average of 37.8 tons, ensuring that the goal in five harvests is easily exceeded.

Thus, the immediate conversion leads to the need for 2 years for vegetative formation of the trees and reduces productivity in the first harvest. However, even with reduced productivity in the first harvest, the G.210 rootstock proved to be capable of achieving a productivity of at least 150 tons in five harvests.



CONCLUSIONS

The immediate reconversion of the orchards without fallowing, results in 2 years without vegetative formation for the trees. With or without fallow, the time that elapsed from the orchard implantation until the first commercial harvest remained the same. In replanting area with fallow, the time that elapsed from the orchard eradication until the first commercial harvest was 1 year longer than replanting areas without fallow (extreme replanting conditions).

The non-fallow condition does not alter the difference in vigor and fruit quality between the rootstocks. However, it results in lower productivity, mainly affecting less vigorous rootstocks that need about 3 years to overcome the allelopathic effect of the soil and start growing normally.

The G.210 rootstock is an alternative for the immediate conversion of apple orchards of Gala Select and Fuji Suprema cultivars, in southern Brazil.
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Fungal grapevine trunk diseases (GTDs) are some of the most pressing threats to grape production worldwide. While these diseases are associated with several fungal pathogens, Phaeomoniella chlamydospora and Phaeoacremonium minimum are important contributors to esca and Petri diseases. Recent research has linked grapevine xylem diameter with tolerance to Pa. chlamydospora in commercial rootstocks. In this study, we screen over 25 rootstocks for xylem characteristics and tolerance to both Pa. chlamydospora and Pm. minimum. Tolerance was measured by fungal incidence and DNA concentration (quantified via qPCR), while histological analyses were used to measure xylem characteristics, including xylem vessels diameter, density, and the proportion of the stem surface area covered by xylem vessels. Rootstocks were grouped into different classes based on xylem characteristics to assess the potential association between vasculature traits and pathogen tolerance. Our results revealed significant differences in all the analyzed xylem traits, and also in DNA concentration for both pathogens among the tested rootstocks. They corroborate the link between xylem vessels diameter and tolerance to Pa. chlamydospora. In Pm. minimum, the rootstocks with the widest xylem diameter proved the most susceptible. This relationship between vasculature development and pathogen tolerance has the potential to inform both cultivar choice and future rootstock breeding to reduce the detrimental impact of GTDs worldwide.

Keywords: tolerance, vascular pathogens, Esca, Petri, fungal trunk diseases


INTRODUCTION

Esca and Petri diseases are two major fungal grapevine trunk diseases (GTDs) that currently and significantly threaten grapevine production (Gramaje et al., 2018). These diseases are present in every grape-growing region worldwide. The complex etiology of such diseases comprises many fungal species. These include the pathogen Phaemoniella chlamydospora and several Phaeoacremonium species with Phaeoacremonium minimum being the most widely distributed and the most commonly isolated species of this genus affecting grapevine (Bertsch et al., 2013; Gramaje et al., 2015, 2018).

Esca symptoms can emerge in either mild or severe forms. Severe esca is also called “apoplexy” and can involve abrupt wilting and even grapevine death. Milder or chronic forms usually feature deteriorating foliage. This begins with interveinal chlorosis that progresses to necrotic tissue and results in “tiger-striped” leaves. Berries may display scattered spots known as “black measles.” The internal wood symptoms of affected plants include white soft-rot surrounded by a dark line and cinnamon to black spots (Bertsch et al., 2013; Gramaje et al., 2018).

Petri disease more frequently affects grafted vines in grapevine nurseries and young vines in newly planted vineyards and causes plant stunting and dieback (Gramaje and Armengol, 2011; Gramaje et al., 2018). Additional external symptoms include delayed bud break, weak vegetative growth, and occasional interveinal chlorosis that leads to necrosis and leaf wilt. Internal symptoms are often characterized by dark discoloration on the grapevine trunk and cordons, and by brown to black vascular streaking (Mostert et al., 2006b; Gramaje et al., 2010, 2018).

Esca and Petri diseases have become increasingly prevalent in recent years due to several factors. Specifically, (i) the worldwide grapevine planting boom in the 1990s, (ii) changes in cultural practices that favor fungal infections, and (iii) lack of effective chemicals preventing fungal infections in both nurseries and vineyards (Gramaje et al., 2018; Mondello et al., 2018). Unfortunately, there are no current viable or universal methods to manage these diseases, thus contributing to their widespread across all vine-growing areas (Mondello et al., 2018).

Host resistance is almost always the ideal management method for plant pathogens, especially in perennial crops like grapevine, where re-establishing fields year after year makes production costly (Gramaje et al., 2018). The estimated worldwide annual financial cost of replacing plants that have died of GTDs is more than € 1,132 billion (US$ 1.502 billion) (Hofstetter et al., 2012). However, while the susceptibility of rootstocks and cultivars differ to some GTDs, no cultivar or species in Vitis has been found to express complete resistance (Eskalen et al., 2001; Feliciano et al., 2004; Gramaje et al., 2010; Martínez-Diz et al., 2019). Instead, all grapevine rootstocks and cultivars can be potentially infected by GTD fungi, but symptom expression and severity vary among cultivars. Quantitative resistance does not prevent infection, but limits crop losses and damage and reduce the epidemic over time (Suthman et al., 2007; Poland et al., 2008; St. Clair, 2010). Quantitative resistance is typically not strain-specific and thus, tends to be effective across all the strains of a pathogen population (Niks et al., 2015).

A better understanding of disease development is essential to identify novel genetic resources for resistance against Esca and Petri diseases. Screening studies to evaluate rootstock susceptibility to Pa. chlamydospora and Pm. minimum have been conducted by artificial inoculation under field (Gramaje et al., 2010), under controlled conditions using in vitro grapevine shoots (Zanzotto et al., 2008), and greenhouse cuttings (Eskalen et al., 2001). Although these studies were useful, they yielded inconsistent results and did not offer any information about pathogen colonization or rootstock characteristics that might be associated with different susceptibility levels. Identifying physiological characteristics linked with tolerant rootstocks would greatly help breeding toward disease tolerance (Nelson et al., 2018).

The physiological and histochemical alterations associated with Pa. chlamydospora infections are subjects of more recent interest. Studies employing green fluorescent protein (GFP)-transformed Pa. chlamydospora and Pm. minimum have demonstrated that the fungi are found mainly in woody tissue and concentrates around occluded xylem vessels (Landi et al., 2012; Pierron et al., 2015). Pa. chlamydospora is known to induce the host plant to produce tyloses containing various tannins and phenolic compounds, which may explain these obstructions (Lorena et al., 2001). Similar occlusion structures are found in many fungal wilt diseases and are considered to plant defense mechanisms that seal off and trap pathogens in an enclosed space where defense compounds accumulate (Fradin and Thomma, 2006). These findings indicate that the plant vasculature may play a more relevant role in disease development than expected. Indeed, one key determinant of plant resistance to vascular infections lies in the ability of the host to successfully compartmentalize invaders at the xylem level (Pouzoulet et al., 2020a). More specifically, the impact of xylem vessel diameter on compartmentalization efficiency and, thus, on vascular pathogen movement has been analyzed for Pa. chlamydospora in grapevine (Pouzoulet et al., 2017, 2020a). Recent studies into grapevine xylem anatomy have shown that grapevine rootstocks display varying xylem vessel diameters, and the density of xylem vessels with diameters above 120 μm correlates with the Pa. chlamydospora DNA concentration. These observations support the hypothesis that a wider xylem vessel would be harder to obstruct (Pouzoulet et al., 2014, 2017). Comparable results have also been found in Dutch elm disease caused by the vascular pathogen Ophiostoma novo-ulmi (Solla and Gil, 2002; Venturas et al., 2014).

There is a need to provide further insights into the idea that vasculature anatomy is a driver in grapevine tolerance to esca and Petri diseases. In our study, shoots from grapevine rootstocks representing different agronomical characteristics and Vitis spp. crosses were inoculated with Pa. chlamydospora and Pm. minimum to determine their susceptibility to these pathogens using fungal isolation and DNA concentration (the latter determined by qPCR) as the main criteria. Xylem anatomy parameters such as xylem density, xylem vessels surface area, and vessel diameter were also measured. The specific objectives of this study were to (i) evaluate differences in pathogen tolerance to Pa. chlamydospora and Pm. minimum and in xylem vessel characteristics among the studied rootstocks, and (ii) investigate the relationship between tolerance to fungal pathogens and xylem anatomy.



MATERIALS AND METHODS


Grapevine Rootstock Inoculation

Shoots from different grapevine rootstocks were selected to represent different agronomical characteristics and Vitis spp. crosses (Table 1). Referenced well-characterized isolates of Pa. chlamydospora (Pch-184, obtained in 2004 at Sinarcas, Valencia, from Tempranillo variety grafted onto 110 R rootstock) and Pm. minimum (Pal-45, obtained in 2002 at Argamasilla de Alba, Ciudad Real, from Tempranillo variety grafted onto Richter 110 rootstocks) were used for inoculation. These isolates were maintained in 15% glycerol solution at −80°C into 1.5 ml cryovials at the fungal collection of the Instituto Agroforestal Mediterráneo—Universitat Politècnica de València (IAM-UPV) (Spain).


Table 1. List of the rootstocks used in the study.
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Rootstock shoots were cut into smaller cutting fragments (10 cm length) with at least one terminal node. The base of these fragments was immersed for 30 min in Pa. chlamydospora and Pm. minimum spore suspensions (106 conidia/ml) obtained from the above-mentioned isolates based on the methodology described by Gramaje et al. (2010). Nine cuttings per cultivar and fungal species were inoculated and nine cuttings were immersed in sterile distilled water as negative controls.

The inoculated cuttings were randomly distributed in a hydroponic culture system as described by Sosnowski et al. (2016). These cuttings were placed inside holes made in 2 cm-thick polystyrene boards to ensure that the base of cuttings dropped ~1 cm below the boards. These boards were floated on water dosed with a soluble fertilizer (25% Hoagland solution) in plastic tubs inside a plant growth chamber. The liquid substrate received a continuous oxygen supply by an aquarium air pump. Cuttings were maintained at ~25°C for 45 days. The experiment was repeated once. The extent of fungal colonization on shoots was evaluated 45 days after inoculation by pathogen isolation and quantifying the amount of fungal DNA by a qPCR assay.



Fungal Isolation

Cuttings were collected 45 days after inoculation. The bark was removed using a sharp knife and the exposed wood was surface disinfected for 1 min in 1.5% sodium hypochlorite solution before being rinsed twice in sterile distilled water. For each cutting, wood discs (4 mm) were cut using sterile secateurs at a distance of 4 cm above the inoculated base to assess the presence of Pa. chlamydospora or Pm. minimum. One-half of each disc was used for pathogen isolation and the other half for DNA extraction (Table 1).

For fungal isolation purposes, six small segments were plated on potato dextrose agar (PDA; Biokar-Diagnostics, Zac de Ther, France) supplemented with 0.5 g/L of streptomycin sulfate (Sigma-Aldrich, St. Louis, MO, USA) (PDAS). Plates were incubated at 25°C in the dark for 7 to 10 days, and all the colonies were transferred to PDA. A cutting was considered infected when at least one positive isolation point was obtained for the inoculated pathogens. Identification of Pa. chlamydospora or Pm. minimum was based on the colony morphology (Crous and Gams, 2000; Mostert et al., 2006a). By considering these results, the disease incidence percentage was estimated as the number of infected cuttings of all the total inoculated. Of all the non-inoculated controls, one additional wood disk from each rootstock cutting was taken and kept for further histological analyses.



DNA Extraction and Quantification

Bark and pith were removed from wood sections with a sterile scalpel before genomic DNA (gDNA) was obtained. A total initial wood mass of 50 mg was analyzed. Each sample was homogenized using a mortar and pestle and placed in 2 ml tubes containing 2 and 4, 3- and 2.35-mm-diameter, respectively, tungsten carbide beads (Qiagen, Hilden, Germany), and 500 μl of cetyl trimethylammonium bromide (CTAB) extraction buffer [2% CTAB, 100 mM Tris-HCl, pH 8.0, 20 mM ethylenediaminetetraacetic acid (EDTA), 1.4 M NaCl, and 1% polyvinylpyrrolidone (PVP)]. Tubes were placed in a FastPrep® (MP Biomedicals, Santa Ana, CA, USA) at 124 Hz for 30 s. Subsequently, the DNA extraction procedure was conducted as described by Saito et al. (2013).

For pathogen DNA quantification, the total DNA of the inoculated isolates grown in PDA was extracted with the EZNA Plant Miniprep kit (Omega Bio-Tek, Norcross, GA, USA). Before DNA extraction, the sample was homogenized in 2 ml tubes following the same procedure described before, but with 600 μl of P1 buffer (provided in the kit) instead of CTAB buffer. The concentration (ng/μl) of the obtained gDNA was quantified with the Qubit Fluorometric Quantitation kit (Life Technologies, Carlsbad, CA, USA), which resulted in 18.2 and 5.5 ng/μl for Pa. chlamydospora and Pm. minimum, respectively. Seven 1:10-fold serial dilutions of gDNA were prepared and used as standards.

Quantitative polymerase chain reaction assays were performed in a final 25 μl volume, and the reaction mixtures contained 12.5 μl of TB Green™ Premix Ex Taq™ (2x) (Tli RNaseH Plus; Takara Bio Inc., Shiga, Japan) and 2 μl of template DNA. The primer sets PchQF/R and PalQF/R described by Pouzoulet et al. (2013) to detect Pa. chlamydospora and Pm. minimum, respectively, were used at a final concentration of 0.5 μM. Experiments were conducted in a Rotor-Gene Q 5plex HRM instrument (Qiagen), and the reaction conditions were initial denaturation at 95°C for 1 min, followed by 40 cycles of 95°C for 15 s, and 62°C for 45 s. Additional melting analysis from 50 to 99°C was performed to confirm correct product amplification.

The quantification cycle (Cq) value for each standard gDNA sample was calculated by the Rotor-Gene Q Series software (version 2.3.1) to generate a standard curve for the quantification of Pa. chlamydospora and Pm. minimum, and to estimate the limit of detection. Both standards and samples were analyzed using four technical replicates and the nomenclature for interpreting all the qPCR results followed the MIQE guidelines, as described by Bustin et al. (2009).



Histological Analysis

For a selected number of rootstocks (Table 1), four 3–5 mm-stem fragments were collected and vacuum-infiltrated by fixation for 15 min in 70% EtOH. Samples were then processed for dehydration, eosin staining, and paraffin infiltration using a Leica TP1020 tissue processor (Leica Biosystems, Buffalo Grove, IL, USA). Subsequently, paraffin blocks containing the eosin-stained samples were made and sectioned using a Leica microtom (Leica Biosystems). In all cases, 60 μm sections were produced, floated in 40°C water, and mounted on slides, which were left overnight on a 40°C heated plate. Samples were then de-parafinned through two histoclear baths. Histoclear was removed with 100% ethanol and coverslips were placed on samples and fixed with Merck-Glass fixing media (Merck, Kenilworth, NJ, USA). For the quantitative analyses, photographs were taken for each sample using a Leica DM5000 microscope (Leica Biosystems). For each sample, the diameter and area of at least 100 vessels were measured in both lateral and dorsal interfascicular regions using the Fiji free software. Xylem vessel area occupancy, namely, the xylem vessel surface, was calculated for each analyzed interfascicular region as the total vessel area/total interfascicular region area ratio. The mean xylem vessel diameter (μm), xylem vessel density (no. of vessels/mm2), and xylem vessel surface (mm2 xylem/total mm2 surface area) values were obtained for each rootstock.



Data Analysis

Statistical analyses were run within each variable, both independent and dependent, to test if there were significant differences between rootstocks. Data distribution was right-skewed and justified by running a Kruskal-Wallis test for all the variables except xylem density. Dunn's and Wilcoxon rank sum tests were run for the post-hoc analyses. Xylem density was assessed by a one-way ANOVA followed by Tukey's post-hoc HSD test.

The imbalance between the number of replicates per sample used for the independent and dependent variables made a direct comparison between both variables difficult. Whereas four replicates per rootstock were used for the histological data (independent variables), from four to sixteen replicates per rootstock were employed for the DNA concentration (dependent variable). To mitigate this issue, the independent variables were sorted into classes to convert them from quantitative variables into qualitative factors based on Pouzoulet et al. (2017). Five classes were established for each variable (diameter, density, surface) and assigned as follows: five diameter classes (<44, 45–54, 55–64, 65–74, ≥75 μm), five density classes [<40, 40–49, 50–59, 60–69, ≥70 (no. vessels/mm2)], and five surface classes [0.10–0.14, 0.15–0.19, 0.20–0.24, 0.25–0.30, ≥0.31 (mm2 xylem/total mm2)]. Kruskal-Wallis tests were run for the histological variable DNA concentration combination, followed by Dunn's and the Wilcoxon ranked sum post-hoc tests. To see if there were any differences in incidence and DNA concentration and if histological factors were common between crosses, rootstock varieties were sorted into their parent crosses and the same statistical tests were run. The Kendall rank correlation test was used to investigate the potential correlation between histological traits.

All the data analyses were run in RStudio 1.3.959 with R 4.0.0 (R Core Team, 2020). Essential packages included “agricolae,” “ARTool,” “dplyr,” “FSA,” “ggplot2,” “ggpubr,” and “grDevices” (Wickham, 2016; de Mendiburu, 2019; Kassambara, 2020; Kay and Wobbrock, 2020; Wickham et al., 2020; Ogle et al., 2021).




RESULTS


Pathogen Tolerance

No significant rootstock effect was observed on either Pa. chlamydospora or Pm. minimum incidence based on the pathogen isolation from the inoculated cuttings (P = 0.1451 and P = 0.4739, respectively). All the rootstocks were infected, except Castel 6971 cuttings inoculated with Pm. minimum, which had no positive point of isolation. Incidence results vastly varied, with percentage value ranges of 5.5–86.7 and 0–88.9% for Pa. chlamydospora and Pm. minimum, respectively. Very low Pa. chlamydospora incidence levels (<17%) were observed for rootstocks Cardeden 31, Castel 7605, Couderc 601, Paulsen 1447, and Richter 99. Low Pm. minimum incidence levels (<17%) were obtained for rootstocks Couderc (9, 1606, and 3309) and Teleki 10A. Incidence levels below 17% were found for Couderc 404, Grimaldi 791, RG10, and Richter 31 rootstock cuttings inoculated with both pathogens (Supplementary Figure 1).

The analysis showed significant differences between rootstocks for both pathogens' DNA concentration detected in the inoculated cuttings (P < 0.0001, Figure 1). The average DNA concentration values ranged from 2.4 to 163.2 pg/μl and from 0.04 to 916.5 pg/μl for Pa. chlamydospora and Pm. minimum, respectively. Significantly lower Pa. chlamydospora DNA concentrations (<15 pg/μl) were detected in rootstocks Berlandieri Resseguier 1, Escuela Montpellier 333, Evex Jerez 13-5, and Richter 110 (P < 0.0001, P < 0.001, P < 0.001, and P < 0.05, respectively) while significantly higher Pa. chlamydospora DNA concentrations (>160 pg/μl) were detected in Millardet Grasset 420A, Couderc 161–49, and Castel 6971 (P < 0.0001, P < 0.001, P < 0.001, respectively) (Figure 1A, Supplementary Table 1). For Pm. minimum, significantly lower DNA concentrations (<1 pg/μl, P < 0.05) were detected in rootstocks Castel 6736 and 6971, Grezot G1, Grimaldi 791, and Teleki Kober 5BB, while significantly higher concentrations (<400 pg/μl) were recorded in rootstocks Castel 196-17, Fercal, and Riparia Grand Glabre (P < 0.01, P < 0.0001, and P < 0.0001, respectively) (Figure 1B, Supplementary Table 1).


[image: Figure 1]
FIGURE 1. Box plots of the fungal DNA concentration found in differing grape rootstock varieties. (A) Phaeomoniella chlamydospora DNA concentration in pg/μl considering an initial wood mass for the analysis of 50mg. (B) Phaeoacremonium minimum DNA concentration in pg/μl considering an initial wood mass for the analysis of 50mg. Significance (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001) determined by the Wilcoxon rank sum test.




Xylem Anatomy

Apart from the visual differences among xylem vessel characteristics (Figure 2), a significant rootstock effect was observed for all the xylem anatomy parameters, including vessels diameter, xylem vessel density, and surface area (P < 0.01). The average xylem vessel diameter values ranged from 41.1 to 83.6 μm, with RG4, RG9, and Richter 110 showing significantly wider xylem vessels (<75 μm, P < 0.01, P < 0.05, and P < 0.01 respectively) (Figure 3A, Supplementary Table 2). The average xylem vessel density values ranged from 31.1 to 110.5 vessels/mm2 with Blanchard 1 having significantly dense vessels (110.5 vessels/mm2, P < 0.0001; Figure 3B, Supplementary Table 2). The average xylem vessel surface values ranged from 0.1 to 0.4 mm2 xylem/total mm2 surface area with RG4, RG9, Richter 110, Ruggeri 267, and SO4 obtaining significantly higher surface values (<0.245 mm2 xylem/total mm2 surface area, P < 0.05; Figure 3C, Supplementary Table 2). Interestingly, rootstocks RG4, RG9, and Richter 110 had significantly different values for each histological parameter and significantly wider vessel diameters (<75 μm, P < 0.05), significantly lower xylem densities (<41 vessels/mm2, P < 0.05) and significantly high xylem surface values (<0.245 mm2 xylem/total mm2 surface area, P < 0.05; Figures 3A–C, Supplementary Table 2).


[image: Figure 2]
FIGURE 2. Image analysis for the different rootstocks 60 μm sections. Blanchard 1 (A), Castel 6736 (B), Grezot G1 (C), Rupestris Fort Worth 1 (D), RG9 (E), Richter 110 (F), Grimaldi 791 (G), and SO4 (H). Horizontal bars = 500μm.
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FIGURE 3. Box plots of the histological traits for each rootstock variety. (A) Xylem vessel diameter (μm). (B) Xylem vessel density (number of vessels/mm2 xylem). (C) Proportion of stem surface area covered by xylem vessels (mm2 xylem vessels/total mm2 vascular surface area). Significance (*P < 0.05, **P < 0.01, and ****P < 0.0001) determined by the Wilcoxon rank sum test for (A,C) and unpaired T-test for (B) (P < 0.05). Gray-scale color coded by rootstock parent cross (Solinis = V. longii).


A significant correlation was found between vessels diameter and xylem density (R = −0.59, P < 0.01) and between vessel diameter and xylem surface (R = 0.35, P < 0.01; Figures 4A,C). In contrast, no significant correlation was observed between xylem density and surface (R = −0.069, P = 0.28; Figure 4B).


[image: Figure 4]
FIGURE 4. Correlation plots between histological traits using the Kendall rank correlation coefficient. (A) Xylem vessel diameter correlated with xylem vessel density. (B) Xylem vessel diameter correlated with xylem vessel surface area. (C) Xylem vessel density correlated with xylem vessel surface area.


When comparing rootstock parent crosses rather than individual varieties, all the histological traits were statistically significant. Vitis berlandieri × V. vinifera showed a significantly narrower vessel diameter (P < 0.01) and significantly higher vessel density (P < 0.01), but did not statistically differ for vessel surface (Figures 5A–C, Supplementary Table 3, Supplementary Figure 3). Vitis berlandieri × Novo Mexicana, V. riparia, V. riparia × V. berlandieri, and V. rupestris also showed statistically different vessel diameters (P < 0.05; Figures 5A–C, Supplementary Table 3, Supplementary Figure 3). Of these, V. berlandieri × Novo Mexicana and V. rupestris had significantly lower vessel density, along with V. vinifera × V. rupestris (P < 0.05; Figures 5A–C, Supplementary Table 3, Supplementary Figure 3). Vitis riparia, V. riparia × V. rupestris, V. berlandieri × V. riparia, V. berlandieri × V. rupestris, V. vinifera × (V. riparia × V. rupestris) and V. vinifera × V. berlandieri all had a statistically different vessel surface (P < 0.05; Figure 5C, Supplementary Table 3).


[image: Figure 5]
FIGURE 5. Box plots of the histological traits for each rootstock parent cross (Solinis = V. longii). (A) Xylem vessel diameter (μm). (B) Xylem vessel density (number of vessels/mm2 xylem). (C) Proportion of stem surface area covered by xylem vessels (mm2 xylem vessels/total mm2 vascular surface area). Significance (*P < 0.05, **P < 0.01) determined by the Wilcoxon rank sum test.




Relationship Between Pathogen Tolerance and Xylem Anatomy

The effect of each xylem parameter classes was strong on Pa. chlamydospora DNA concentration (P < 0.01; Figures 6A–C, Supplementary Figure 2). A marked effect of xylem vessel diameter and xylem density classes was also observed on Pm. minimum DNA concentration, but xylem vessel surface classes had no marked effect (P < 0.01; Figures 6A–C). A significantly higher Pa. chlamydospora DNA concentration was related to the rootstocks with xylem vessel diameters from 45 to 74 μm. The Pa. chlamydospora DNA concentration was also significantly higher for the rootstocks with xylem density values above 37 vessels/mm2, and xylem surface values falling within the range of 0.2–0.24 mm2 xylem/mm2 total surface area (Figures 6A–C, Supplementary Tables 4–6). For Pm. minimum, the DNA concentration was significantly higher for the rootstocks with a vessel diameter above 75 μm and the xylem densities above 60 vessels/mm2 (Figures 6A–C, Supplementary Tables 7, 8).


[image: Figure 6]
FIGURE 6. Box plots of the fungal DNA concentration for each histological group. (A) The fungal DNA concentration in pg/μl for each diameter class (<44, 45–54, 55–64, 65–74, and 75–84 μm, respectively). Left: Pa. chlamydospora. Right: Pm. minimum. Color-coded by diameter class. (B) The fungal DNA concentration in pg/μl for each density class [<36, 37–46, 47–56, 57–66, 67, and above (vessels/mm2), respectively]. Left: Pa. chlamydospore. Right: Pm. minimum. Color-coded by density class. (C) The fungal DNA concentration in pg/μl for each surface class [0.10–0.14, 0.15–0.19, 0.20–24, 0.24–0.30, 0.31 and above (xylem/total mm2), respectively]. Left: Pa. chlamydospora. Right: Pm. minimum. Color-coded by Surface class. Surface classes are non-significant for Pm. minimum (P < 0.05). Significance (*P < 0.05, **P < 0.01, ***P < 0.001) determined by the Wilcoxon rank sum test.





DISCUSSION

This study evaluated the relationship between the xylem anatomy of grapevine rootstocks and their susceptibility to Pa. chlamydospora and Pm. minimum. This is the first time that this interaction has been studied for Pm. minimum. Our results demonstrate the existence of a relationship between xylem anatomy and the ability of both Pa. chlamydospora and Pm. minimum to differentially colonize the vascular system of a wide range of grapevine rootstocks. We found significant differences between rootstocks for the DNA concentration of both pathogens detected in the inoculated shoots and for the estimated xylem parameters. A significant relation was observed between xylem vessel diameter and density, and the Pa. chlamydospora and Pm. minimum DNA concentrations. These results also agree with previous research that has studied the xylem vessel diameter effect on compartmentalization efficiency and thus, vascular pathogen movement, using the V. vinifera-Pa. chlamydospora interaction as a model system (Pouzoulet et al., 2017).

In our study, the susceptibility characterization of grapevine rootstocks was performed by assessing pathogen colonization based on traditional isolation methods in culture medium and DNA quantification by qPCR. The results showed significant differences for the disease incidence between rootstocks by following quantitative methods to estimate the amount of pathogen DNA while no significant differences were observed based on pathogen isolation. Colonization assessment can be hindered by techniques that rely on pathogen isolation from culturing tissue sections on nutritive media. In this context, only the accurate quantification of pathogen biomass can be useful to gain a better understanding of the disease reaction of host genotypes (Gramaje et al., 2013). In a previous study about grapevine tolerance to Pa. chlamydospora, fungal colonization was evaluated based on both wood necrotic lesion length and qPCR on inoculated plants (Pouzoulet et al., 2017). Similar analyses have been performed for other perennial plants, such as olive, where the amount of pathogen DNA quantified in different genotypes correlated with susceptibility to vascular pathogen Verticillium dahliae (Mercado-Blanco et al., 2003).

Our results showed a significant effect of the xylem vessel diameter of the analyzed rootstocks on Pa. chlamydospora and Pm. minimum DNA concentrations. Significantly higher Pa. chlamydospora concentrations were detected for the diameter range from 55 to 64 μm and surface within the range of 0.2–0.24 mm2 xylem vessels/mm2. The Pm. minimum DNA concentration was significantly higher for a xylem density of above 66 vessels/mm2. Some rootstocks like Berlandieri Resseguier 1 and Castel 6736, in which significantly lower pathogen DNA concentrations were detected, also showed significantly narrower vessel diameters.

Previous studies about the grapevine xylem anatomy on cultivars Merlot, Chardonnay, Cabernet Sauvignon, and Thompson Seedless have reported varying xylem vessel diameters and a positive correlation between the number of vessels with diameters above 120 μm and the Pa. chlamydospora DNA concentration (Pouzoulet et al., 2017). In general, less efficient pathogen movement restriction was observed for the cultivars proportionally harboring more vessels with a wide diameter, such as Thompson seedless, than for those like Merlot that proportionally displayed narrower diameter vessels (Pouzoulet et al., 2017). The herein obtained conclusions agree with previous reports that consider Merlot to be relatively resistant and Thompson seedless to be more susceptible to esca (Feliciano et al., 2004; Bruez et al., 2013; Murolo and Romanazzi, 2014).

Similar results were obtained when the same cultivars were assessed for Pierce's disease susceptibility (Deyett et al., 2019). From the herein obtained results, it can be speculated that cultivars with wide xylem vessels can be more prone to Pierce's disease decline caused by vascular pathogen Xylella fastidiosa (Deyett et al., 2019). Merlot has also been described as being tolerant to other diseases like Flavescence dorée given its ability to compartmentalize vascular vessels by forming tyloses, and also for its higher proportion of narrow vessels (Jelmini et al., 2020).

The relationship between xylem characteristics and the ability of either Pa. chlamydospora or Pm. minimum to colonize grapevine rootstocks would be useful to better understand the mechanisms associated with GTDs resistance. As indicated in previous studies, this relationship contributes to the hypothesis that a larger xylem vessel would be harder to obstruct (Pouzoulet et al., 2017, 2020a). One key determinant of plant resistance to vascular infections lies in the ability of the host to successfully compartmentalize invaders at the xylem level. Growing evidence supports the notion that the structural properties of the vascular system impact the vulnerability of the host to vascular pathogens (Solla and Gil, 2002; Venturas et al., 2014; Pouzoulet et al., 2017, 2020a).

Recent studies further demonstrate how the grapevine xylem vessel diameter affects Pa. chlamydospora susceptibility (Pouzoulet et al., 2020a). In this context, the experimental xylem vessel diameter data of a single Cabernet Sauvignon genotype inoculated with Pa. chlamydospora has been used to calibrate a mechanistic stochastic model of pathogen spread and has evidenced that the efficiency of the compartmentalization process in a given xylem vessel is in accordance with its diameter (Pouzoulet et al., 2020a).

The importance of xylem anatomy to determine disease susceptibility has been previously described for other grapevine pathogens that systemically move through the vascular system, such as X. fastidiosa (Chatelet et al., 2011). Sun et al. (2013) hypothesized that vessels with wider diameters that harbor many tyloses might be linked with Pierce's disease symptom severity. The role of xylem anatomy in resistance to other pathogens that colonize the vascular system in perennial plants has also been reported for Dutch elm disease. Previous results have shown that a high proportion of vessels above 100 mm in diameter negatively correlate with host disease resistance (Solla and Gil, 2002; Venturas et al., 2014).

Disease tolerance of grapevine rootstocks to Pa. chlamydospora and Pm. minimum has been assessed by artificial inoculation based on in vitro, greenhouse, and field experiments with variable and contradictory results. For example, rootstock Richter 110 was rated as being susceptible under field and in vitro experimental conditions, but as tolerant when evaluated in greenhouse trials (Eskalen et al., 2001; Zanzotto et al., 2008; Gramaje et al., 2010). Rootstock 161-49C has been shown to be susceptible under greenhouse conditions and tolerant in field experiments (Eskalen et al., 2001; Gramaje et al., 2010). These variable results about susceptibility to these pathogens in the genetic grapevine pool could relate to their Vitis spp. cultivar pedigree. For example, it has been hypothesized that a variable degree of Pierce's susceptibility in V. vinifera could be partially attributed to the anatomical features of the host, which are shaped by its pedigree background (Deyett et al., 2019). In our study, significantly narrower vessel diameters were observed for rootstock parents V. berlandieri × V. vinifera, V. riparia, V. riparia × V. rupestris, and V. rupestris.

Anatomical measurements have also been linked with the adaptation of the xylem to dehydration in different grapevine cultivars (Pouzoulet et al., 2020b). Many xylem vessels and a large lumen area have been consistently associated with higher hydraulic conductivity and greater vulnerability to drought-induced cavitation (Pouzoulet et al., 2020b). Moreover, such cultivar conditions are consistent with domestication in a semi-arid habitat where a larger number and bigger size diversity of xylem vessels would be needed to transport water and to meet evaporative demand as opposed to cultivars domesticated in temperate forest regions. Evolution under different environmental conditions and domestication practices would explain such different strategies for water transportation and xylem anatomy traits (Pouzoulet et al., 2020b). It is important to consider the relation between drought and pathogen resistance because pathogens have been implicated as a mortality agent in plants weakened from drought (McDowell et al., 2008; Sala, 2010).

Without standard inoculation methodologies for GTD susceptibility assessments, it is useful to identify characteristics to select materials with putative resistance. In this context, the use of xylem characteristics, such as vessel diameter and vessel density, could provide a screening method to identify candidate grapevine rootstocks for further resistance testing. However, further research will be necessary to identify additional environmental effects like the effect of water availability because it may influence xylem development. Morphological traits of the vascular system, such as vessel diameter, are known to present developmental plasticity that responds to environmental factors during plant growth (Lovisolo and Schubert, 1998; Munitz et al., 2018; Pouzoulet et al., 2020b).

In the context of an integrated disease management program against GTDs, growers planting tolerant grapevine cultivars would significantly increase disease control. By providing pathogen-specific data on rootstock susceptibility, growers will have the choice to select adequate planting material in areas where some pathogens are preponderant. The information herein provided will allow researchers to offer growers planting recommendations in the short term and to provide the building blocks for future long-term breeding programs.
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Melon (Cucumis melo) is one of the top 10 fruits in the world, and its production often suffers due to soil-borne diseases. Grafting is an effective way to solve this problem. However, graft incompatibility between scion and rootstock limits the application of melon grafting. In this study, the melon was grafted onto eight Cucurbitaceae species (cucumber, pumpkin, melon, luffa, wax gourd, bottle gourd, bitter gourd, and watermelon), and graft compatibility evaluation and anatomical observation were conducted. Taking melon homo-grafted plants as control, melon grafted onto cucumber and pumpkin rootstocks was compatible, while melon grafted onto luffa, wax gourd, bottle gourd, bitter gourd, and watermelon rootstocks was incompatible based on the scion dry weight on day 42 after grafting. Meanwhile, we found that starch–iodine staining of scion stem base is an index to predict graft compatibility earlier, on day 14 after grafting. Further, microsection observations showed that there was more cell proliferation at graft junction of melon hetero-grafted combinations; vascular reconnection occurred in all graft combinations. However, excess callose deposited at graft junction resulted in the blockage of photosynthate transport, thus, leading to starch accumulation in scion stem base, and finally graft incompatibility. In addition, undegraded necrotic layer fragments were observed at graft junctions of melon grafted onto incompatible bitter gourd and watermelon rootstocks. The above results provide clues for the selection and breeding of compatible Cucurbitaceae rootstocks of melon and demonstrate that starch accumulation in scion base and callose deposition at graft junction is associated with melon graft compatibility.

Keywords: melon, graft compatibility, Cucurbitaceae, starch accumulation, vascular development, callose deposition, necrotic layer


INTRODUCTION

Grafting, as an asexual plant propagation technology, has been applied for about 3000 years (Melnyk and Meyerowitz, 2015). It is widely used in agriculture as it enhances abiotic/biotic stress resistance, extends the harvesting period, improves fruit yield and quality, adjusts flowering time, and improves fruit tree architecture (Lee et al., 2010; Louws et al., 2010; Huang et al., 2011; Nawaz et al., 2016, 2017; Ceballos et al., 2017; Niu et al., 2018; Souza et al., 2018; Zhong et al., 2018; Gautier et al., 2019; Migicovsky et al., 2019). However, graft incompatibility usually occurs between scion and rootstock, leading to a low survival ratio, abnormal growth, and low yield (Ren et al., 2018).

Graft incompatibility has been reported in various horticultural species. When watermelon was grafted onto different pumpkin rootstocks, the survival rate of graft incompatible combinations was significantly reduced (Yetisir and Sari, 2003; Yetisir et al., 2007). Litchi scion leaves turned yellow and the scion base swelled 6 weeks after being grafted onto incompatible rootstocks (Chen Z. et al., 2016, 2017). The survival ratio could reach 87 and 90% on day 30 but reduced to 0 and 7% on day 180 after honey pomelo (Citrus grandis) cv. ‘Hongmianmiyou’ and ‘Huangjinmiyou’ were grafted onto Poncirus trifoliata (Gong et al., 2016). Tomato/pepper healing junction showed the asynchronous stem bulging 30 days after grafting (Masayuki et al., 2000; Thomas et al., 2021), which was also observed in graft incompatible melon (Cohen et al., 2007; Zhou et al., 2018).

Melon (Cucumis melo L.) is an important horticultural crop that belongs to the Cucurbitaceae family. Melon often suffers due to soil-borne pathogens. Intraspecific grafting in a melon can be used to avoid damage caused by wilt pathogens, without loss of yield and fruit quality, but cannot suppress root and stem rot diseases (Cohen et al., 2007). Pumpkin rootstocks provide non-specific and efficient protection against those pathogens, and against some abiotic stresses (Cohen et al., 2007; Shang et al., 2016). The differences between melon scion and pumpkin rootstock in water absorption and sugar distribution were not correlated with graft incompatibility on day 14 but on day 24 after grafting (Aloni et al., 2008). The problem of an unbalanced distribution of sugar was also reported by Camalle et al. (2021), who found that there was over-accumulation of sugars and sugar alcohols in the scion of melon grafted onto incompatible pumpkin rootstock (Ki/r53), as compared with compatible pumpkin homo-grafted combination (r53/r53). However, the Cucurbitaceae family contains ∼1000 species, which includes many important vegetables and fruits, such as cucumber, melon, wax gourd, watermelon, pumpkin, bitter gourd, luffa, and bottle gourd (Guo et al., 2020). Previous studies on melon graft compatibility were limited to several rootstock species, such as pumpkin and bottle gourd, and a comprehensive evaluation and anatomical observation of compatibility between melon and a range of Cucurbitaceae species are lacking.

Successful vascular reconnection is regarded as a landmark event of graft healing (Melnyk, 2017). In amaranth/tomato (Xiang et al., 1992), soybean/pumpkin (Sun et al., 2015), arabidopsis/tomato (Flaishman et al., 2008), and arabidopsis/chrysanthemum (Notaguchi et al., 2020), the persistent necrotic layer of graft junction prevented the vascular bundle differentiation and reconnection, resulting in graft failure. When cucumber was grafted onto incompatible pumpkin rootstocks, its necrotic layer disappeared later than when grafted onto compatible rootstocks (Xu et al., 2016). However, after arabidopsis was grafted onto cabbage, radish, and tobacco, callus was formed at the graft junction, but there were few complete vascular bundles (Flaishman et al., 2008; Notaguchi et al., 2020). The vascular bundles of incompatible grafted combinations in litchi reconnected normally at the early stage, but gaps were formed at the later stage (Chen Z. et al., 2016, 2017). Meanwhile, Thomas et al. (2021) observed parenchymatous callus formation at the junction of compatible homo-grafted tomato and pepper, and incompatible hetero-grafted tomato/pepper, and pepper/tomato; however, the delayed vascular progression and xylem discontinuity occurred in the incompatible hetero-grafted tomato/pepper, and pepper/tomato combinations. Graft incompatibility also affects the xylem and/or the phloem functionality, and hence, the bidirectional transport of photoassimilates, hormones, mineral nutrients, and water is negatively affected (Schoning and Kollmann, 1997; Espen et al., 2005; Kawaguchi et al., 2008; Camalle et al., 2021). The transport of photoassimilates to the roots was blocked on day 78 after grafting in incompatible peach/plum combinations (Espen et al., 2005). In in vitro hetero-grafts, the non-transporting sieve-tubes were observed at the junction of Vicia grafted onto Helianthus (Schoning and Kollmann, 1997). Thus, it is essential to observe the anatomical structure of the graft junction of melon grafted onto different species.

In this study, we evaluated the graft compatibility of melon grafted onto eight Cucurbitaceae species and found that starch–iodine staining was a key index, which could be used to predict graft compatibility earlier. Excess callose was deposited in newborn phloem of incompatible combinations, leading to starch accumulations in the scion base. Undegraded necrotic layer fragments were observed at the graft junction of melon grafted onto incompatible bitter gourd and watermelon rootstocks. This study provides useful clues for the selection and breeding of melon rootstock, and more insights to understand the graft compatibility mechanism of melon.



MATERIALS AND METHODS


Plant Material and Grafting

In this study, eight Cucurbitaceae species (cucumber, pumpkin, melon, luffa, wax gourd, bottle gourd, bitter gourd, and watermelon) including 40 cultivars were used to evaluate the melon graft compatibility. A Xinjiang local cultivar, ‘Akekekouqi,’ was used as the melon scion. The detailed information on these cultivars is provided in Supplementary Table 1.

The experiments were conducted in 2021 at the National Center of Vegetable Improvement in Huazhong Agricultural University, Central China (30°27′N, 114°20′E, and altitude 22 m above sea level). The seeds were sown in the 50-cell plug trays. Seedlings were cultivated with a day/night (14/10 h) cycle at 28/18°C, and 60–70% relative humidity, in a climate chamber. When the scion cotyledons had fully opened and the first true leaf of rootstocks had fully unfolded, one cotyledon grafting was performed as described by Hassell et al. (2008). The grafted seedlings were then maintained under the conditions described previously (Liu et al., 2021). Briefly, the grafted seedlings were maintained under complete darkness on day 1, low light intensity (80 μmol m–2 s–1, 14/10 h photoperiod) from day 2 to day 7, and normal light intensity (170 μmol m–2 s–1, 14/10 h photoperiod) from day 7. The light source was a full-spectrum LED tube light T8 (Gexinlai Optoelectronics Technology Co., Ltd., China). The temperatures were kept at 28/18°C (day/night) during graft healing. The humidity was kept above 95% during the first 5 days, and decreased to 85% from day 6 to day 10, and then to 70% from day 10. For long-term evaluation experiments, grafted seedlings were transplanted into plastic pots on day 14 after grafting, each containing 10 L of the substrate (peat: vermiculite: perlite = 1:1:1, v/v). Each pot contained one grafted seedling. The pots were arranged at 150 cm row spacing, spaced 50 cm apart in a greenhouse, from April to May 2021. The average day/night temperature was 28/18°C. Plants were irrigated with a full-strength Hoagland nutrient solution.



Determination of Scion Dry Weight, Scion Height, and Scion and Rootstock Stem Diameters

For scion dry weight determination, three plants per replicate were harvested on day 42 after grafting (28 days after transplanting). The scion samples were dried in a forced-air oven at 85°C for 96 h and then weighted. Scion height and scion and rootstock diameters were determined on day 14, day 21, day 28, and day 42 after grafting. Scion and rootstock diameters were determined at 5 mm above or below the graft junction. Stem diameter ratio = (scion diameter/rootstock diameter).



Determination of Leaf Area and Root Length Ratio, and Leaf SPAD

The 14-day-old grafted plants were analyzed. Leaf area ratio = (true leaf area of melon hetero-grafted plants/true leaf area of melon homo-grafted plants). Root length ratio = (root length of melon hetero-grafted plants/root length of rootstock homo-grafted plants). Leaf area and root length were determined by WinRHIZO (Regent, Canada). SPAD (relative chlorophyll value) was determined using the second true leaf from the top with SPAD-502 Chlorophyll Meter (Konica Minolta, Japan).



Starch–Iodine Staining of Scion and Rootstock Stem

Plants were sampled on day 14 and day 42 after grafting. To conduct the starch–iodine staining, 2 mm stem above and below the graft junction were cut as the scion and rootstock respectively. The collected samples were placed in 75% ethanol for 24 h to decolorize. After washing the decolorized samples using ddH2O2 for 1 min, they were placed in I2–KI solution (24 mg I2, 96 mg KI/ml) for 1 min, followed by washing with ddH2O2 for 1 min. The stained stem was imaged using a stereoscopic microscope (Olympus SZ61, Olympus, Japan). Starch–iodine staining area ratio = (staining area/transected stem area). The area was analyzed using ImageJ1.



Anatomical Observation of Graft Junction

Graft junctions were collected on day 14 after grafting. The collected samples were placed in 70% FAA (Formaldehyde-acetic acid-ethanol Fixative, Formaldehyde: Acetic acid: Ethanol = 1: 1: 18, volume ratio) for 24 h, and then stored in 70% ethanol at 4°C. The paraffin section was performed as described by El-Gazzar et al. (2017). Samples were sectioned to 8 μm vertically using a rotary microtome (Leica RM2255, Leica, Germany), dewaxed, rehydrated, cleaned, stained with 1% safranin, counterstained with 1% fast green, and then fixed with neutral balata. Sections were imaged using a positive fluorescence microscope (Leica DM6B, Leica, Germany). The vibratome section was performed as described by Wang et al. (2018). Samples were embedded as tissues into 4% agarose and sectioned to 100 μm vertically using an automatic vibratome (Leica VT1200S, Leica, Germany). Lignin was stained for 5 min using 0.01% Basic fuchsin and imaged using a confocal laser scanning microscope (Leica SP8, Leica, Germany). Callose was stained for 1 h using 0.01% aniline blue in 150 mM KH2PO4 (pH = 9.5) without light and imaged using a confocal laser scanning microscope (Leica SP8, Leica, Germany). For lignin, fluorescence was detected at 552 nm excitation, 580–630 nm emission wavelength; for callose, fluorescence was detected at 405 nm excitation, 505–545 nm emission wavelength.



Statistical Analysis

All data were analyzed using SPSS 20.0 software (SPSS Inc., Chicago, IL, United States). The significance analysis was performed using Student’s t-test (p < 0.05). The correlation analysis was done using the Pearson method. The column diagram was made using GraphPad Prism 8.0 (GraphPad Software Inc., San Diego, CA, Canada). The heat map of correlation analysis was made by R.2



RESULTS


Scion Dry Weight of Melon Grafted Onto Eight Cucurbitaceae Species

Compared with melon homo-grafted plants, hetero-grafted rootstocks affected the scion dry weight (Figure 1). According to scion dry weight, cucumber and pumpkin were graft compatible rootstocks, and for cucumber rootstocks, four out of six cultivars had significantly higher scion dry weight than melon homo-grafted plants and, therefore, had higher compatibility than pumpkin rootstocks (Figure 1B). By contrast, luffa, wax gourd, bottle gourd, bitter gourd, and watermelon rootstocks were graft incompatible with melon, and scion dry weight of all tested cultivars was significantly lower than melon homo-grafted plants (Figure 1B).
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FIGURE 1. Pictures and scion dry weight of melon grafted onto eight Cucurbitaceae species. (A) Pictures of melon cv. ‘Akekekouqi’ grafted onto cucumber cv. ‘Jinyou No.35,’ pumpkin cv. ‘Qingyouzhen No.1,’ melon cv. ‘Akekekouqi,’ luffa cv. ‘Sanbi No.6,’ wax gourd cv. ‘Aonong,’ bottle gourd cv. ‘H19,’ bitter gourd cv. ‘Liangku No.1,’ and watermelon cv. ‘Zaojia 8424’ on day 42 after grafting. Scale bar represents 15 cm. (B) Scion dry weight of melon cv. ‘Akekekouqi’ grafted onto cucumber (Cu1–Cu6), pumpkin (Pu1–Pu6), melon (M), luffa (Lu1–Lu5), wax gourd (Wax1–Wax5), bottle gourd (Bo1–Bo6), bitter gourd (Bi1–Bi5), and watermelon (Wa1–Wa6) on day 42 after grafting. Asterisks indicate a significant difference between melon homo-grafted plants and hetero-grafted plants on day 42 after grafting using Student’s t-test (p < 0.05).




Scion Height and Scion and Rootstock Stem Diameters of Melon Grafted Onto Eight Cucurbitaceae Species

Melon grafted onto cucumber rootstocks had significantly higher scion height than melon homo-grafted plants on day 14, day 21, day 28, and day 42 after grafting, and only Cu5 rootstock showed no significant difference on day 14 (Figure 2). There was a significant difference in scion height of melon grafted onto different pumpkin rootstocks, but no hetero-grafted combination showed a significantly lower height as compared with melon homo-grafted plants (Figure 2). Luffa, wax gourd, bottle gourd, and watermelon rootstocks showed significance on day 14, day 21, and day 28, but no hetero-grafted combination showed a significantly higher scion height as compared with melon homo-grafted plants (Figures 2A–C); and the scion height of all cultivars of these rootstocks was significantly lower on day 42 (Figure 2D). Bitter gourd 1 and Bitter gourd 2 rootstocks showed significantly higher scion height than melon homo-grafted plants on day 14 and day 21; however, all cultivars showed significantly lower height on day 42 (Figure 2).
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FIGURE 2. Scion height of melon grafted onto eight Cucurbitaceae species. Scion height of melon cv. ‘Akekekouqi’ grafted onto cucumber (Cu1–Cu6), pumpkin (Pu1–Pu6), melon (M), luffa (Lu1–Lu5), wax gourd (Wax1–Wax5), bottle gourd (Bo1–Bo6), bitter gourd (Bi1–Bi5), and watermelon (Wa1–Wa6) on day 14 (A), day 21 (B), day 28 (C), and day 42 (D) after grafting. Asterisks indicate a significant difference between melon homo-grafted plants and hetero-grated plants using the Student’s t-test (p < 0.05).


The stem diameter of graft junction was usually related to graft compatibility. On day 14 after grafting, the stem diameter ratio showed that five out of six cucumbers, four out of five luffas, four out of five wax gourds, three out of six bottle gourds, four out of five bitter gourd cultivars, and all watermelon rootstocks grafted combinations had thicker scion base than rootstock (Figure 3A). All rootstock species, excluding melon homo-grafted plants, showed a thicker scion base than rootstock on day 42; the watermelon rootstocks grafted combinations had the highest stem diameter ratio of scion/rootstock (Figure 3D). Furthermore, rootstock diameters of incompatible combinations were generally lower than compatible combinations on day 42 (Figures 3A–D; Supplementary Figures 2, 3).
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FIGURE 3. The stem diameter ratio of scion and rootstock of melon grafted onto eight Cucurbitaceae rootstocks. The stem diameter ratio of scion and rootstock (above and below 5 mm of the graft junction) of melon cv. ‘Akekekouqi’ grafted onto cucumber (Cu1–Cu6), pumpkin (Pu1–Pu6), melon (M), luffa (Lu1–Lu5), wax gourd (Wax1–Wax5), bottle gourd (Bo1–Bo6), bitter gourd (Bi1–Bi5), and watermelon (Wa1–Wa6) on day 14 (A), day 21 (B), day 28 (C), and day 42 (D) after grafting. Asterisks indicate a significant difference between melon homo-grafted plants and hetero-grated plants using the Student’s t-test (p < 0.05).




Leaf Area and Root Length Ratio, and Leaf SPAD of Melon Grafted Onto Eight Cucurbitaceae Species

Compared with melon homo-grafted plants, hetero-grafted rootstocks had different effects on leaf area ratio, where only six cultivars of watermelon rootstocks showed a significantly lower ratio on day 14 after grafting (Figure 4A). Compared with rootstock homo-grafted plants, 15 cultivars of 39 hetero-grafted combinations, including one cucumber, two pumpkins, one luffa, three wax gourds, one bottle gourd, two bitter gourds, and five watermelons, had significant negative effects, and only four cultivars including two cucumbers, one luffa, and one bottle gourd had significantly positive effects on root length ratio on day 14 (Figure 4B). For SPAD, there was no significant difference in graft compatible combinations (cucumber and pumpkin), while 12 of 27 graft incompatible combinations (luffa, wax gourd, bottle gourd, bitter gourd, and watermelon) had higher values when compared with melon homo-grafted plants (Figure 4C).
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FIGURE 4. Leaf area, root length, and SPAD of melon grafted onto eight Cucurbitaceae rootstocks on day 14 after grafting. Leaf area ratio (A, melon hetero-grafted plants/melon homo-grafted plants), root length ratio (B, melon hetero-grafted plants/rootstock homo-grafted plants), and SPAD (C, relative chlorophyll value) of melon cv. ‘Akekekouqi’ grafted onto cucumber (Cu1–Cu6), pumpkin (Pu1–Pu6), melon (M), luffa (Lu1–Lu5), wax gourd (Wax1–Wax5), bottle gourd (Bo1–Bo6), bitter gourd (Bi1–Bi5), and watermelon (Wa1–Wa6). Asterisks indicate a significant difference between melon or rootstock homo-grafted plants and hetero-grafted plants using Student’s t-test (p < 0.05).




Starch Accumulation Above and Below the Graft Junction of Melon Grafted Onto Eight Cucurbitaceae Species

Starch–iodine staining can indicate the starch accumulation in plant tissue (Santacruz et al., 2005). According to the staining area, only around 10% area of melon scion stems was stained above 2 mm of the graft junction when grafted onto cucumber, pumpkin, and melon rootstocks on day 14 after grafting, while 27–70% area was stained when the melon was grafted onto luffa, wax gourd, bottle gourd, bitter gourd, and watermelon rootstocks (Figure 5). Only around 10% area of the rootstock stem was stained below 2 mm of the graft junction in all grafted plants on day 14 (Supplementary Figure 4). On day 42 after grafting, the staining tendency was similar as on day 14 after grafting (Supplementary Figure 5).
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FIGURE 5. Starch accumulations above and below the graft junction of melon grafted onto eight Cucurbitaceae rootstocks on day 14 after grafting. (A–H) Starch–iodine staining of scion stem above 2 mm of the graft junction of melon cv. ‘Akekekouqi’ grafted onto cucumber cv. ‘Jinyou No.35,’ pumpkin cv. ‘Qingyouzhen No.1,’ melon cv. ‘Akekekouqi,’ luffa cv. ‘Sanbi No.6,’ wax gourd cv. ‘Aonong,’ bottle gourd cv. ‘H19,’ bitter gourd cv. ‘Liangku No.1,’ and watermelon cv. ‘Zaojia 8424.’ Scale bar represents 500 μm. (I–P) Starch–iodine staining of rootstock stem below 2 mm of the graft junction of melon cv. ‘Akekekouqi’ grafted onto cucumber cv. ‘Jinyou No.35,’ pumpkin cv. ‘Qingyouzhen No.1,’ melon cv. ‘Akekekouqi,’ luffa cv. ‘Sanbi No.6,’ wax gourd cv. ‘Aonong,’ bottle gourd cv. ‘H19,’ bitter gourd cv. ‘Liangku No.1,’ and watermelon cv. ‘Zaojia 8424.’ Scale bar represents 500 μm. (Q) Scion starch staining ratio (starch–iodine staining area/transected area of scion stem) of melon cv. ‘Akekekouqi’ grafted onto cucumber (Cu1–Cu6), pumpkin (Pu1–Pu6), melon (M), luffa (Lu1–Lu5), wax gourd (Wax1–Wax5), bottle gourd (Bo1–Bo6), bitter gourd (Bi1–Bi5), and watermelon (Wa1–Wa6) on day 14 after grafting. Asterisks indicate a significant difference between melon homo-grafted plants and hetero-grafted plants using the Student’s t-test (p < 0.05).




Correlation Analysis Between Measured Parameters of Melon Grafted Onto Eight Cucurbitaceae Species

Scion dry weight on day 42 after grafting was significantly correlated with plant height on day 42 (r = 0.98∗∗∗) and day 28 (r = 0.83∗∗∗), rootstock diameter on day 42 (r = 0.80∗∗∗), and scion starch staining ratio on day 14 (r = −0.87∗∗∗). Scion starch staining ratio was significantly correlated with plant height on day 28 (r = −0.84∗∗∗) and day 42 (r = −0.88∗∗∗) (Figure 6). However, other parameters on day 14, including scion height (r = 0.66∗∗∗), rootstock diameter (r = 0.55∗∗∗), stem diameter ratio (r = −0.49∗∗), leaf area ratio (r = 0.36∗), and SPAD (r = −0.66∗∗∗) were significantly correlated with scion dry weight on day 42 after grafting (Figure 6).
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FIGURE 6. Correlation analysis between parameters in melon grafted onto eight Cucurbitaceae rootstocks. Stem diameter ratio: stem diameter above 5 mm of the graft junction/stem diameter below 5 mm of the graft junction. Root length ratio: root length of melon hetero-grafted plants/root length of their rootstock homo-grafted plants. Leaf area ratio: scion leaf area of melon hetero-grafted plants/melon homo-grafted plants. Scion starch staining ratio: starch–iodine staining area/area of transected scion stem above 2 mm of the graft junction. Rootstock starch staining ratio: starch–iodine staining area/area of transected rootstock stem below 2 mm of the graft junction. Different colors, square size, and pie size indicate Pearson’s correlation coefficient. Asterisks indicate significant correlation between two parameters (*p < 0.05, **p < 0.01, ***p < 0.001).




Anatomical Observation of the Grafted Junction

To observe the graft junction, one cultivar of each rootstock species was selected, using melon as the scion, and their anatomical analyses were performed on day 14 after grafting (Figures 7, 8). We observed the completed newborn vascular bundle passing through the graft junction in all grafted combinations (Figures 7, 8). However, more cell proliferation was observed at graft junctions in hetero-grafted plants when compared to homo-grafted plants. The compatible rootstocks cucumber cv. ‘Jinyou No.35’ and pumpkin cv. ‘Qingyouzhen No.1’ grafted combinations showed more cell proliferation than the incompatible rootstocks luffa cv. ‘Sanbi No.6,’ wax gourd cv. ‘Aonong,’ bottle gourd cv. ‘H19,’ bitter gourd cv. ‘Liangku No.1,’ and watermelon cv. ‘Zaojia 8424’ grafted combinations (Figure 7). We observed the undegraded necrotic layer fragments at the graft junction of bitter gourd and watermelon rootstocks, especially bitter gourd (Figures 7F,G). The aniline blue staining results indicated that excess callose was deposited in new-vascular tissue in luffa, wax gourd, bottle gourd, bitter gourd, and watermelon rootstocks grafted combinations (Figure 8).
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FIGURE 7. Necrotic layer and vascular reconnection of melon grafted onto eight Cucurbitaceae species. (A–H) Longitudinal sections of the graft junction of melon cv. ‘Akekekouqi’ grafted onto cucumber cv. ‘Jinyou No.35,’ pumpkin cv. ‘Qingyouzhen No.1,’ melon cv. ‘Akekekouqi,’ luffa cv. ‘Sanbi No.6,’ wax gourd cv. ‘Aonong,’ bottle gourd cv. ‘H19,’ bitter gourd cv. ‘Liangku No.1,’ and watermelon cv. ‘Zaojia 8424’ on day 14 after grafting. Asterisks indicate graft junction. Red arrows indicate undegraded necrotic layer fragments. VC, vascular reconnection; NI, necrotic layer. Scale bar represents 250 μm.
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FIGURE 8. Callose deposition of melon grafted onto eight Cucurbitaceae species. (A–H) Microscopic observation of the new vascular tissue at graft junction of melon cv. ‘Akekekouqi’ grafted onto cucumber cv. ‘Jinyou No.35,’ pumpkin cv. ‘Qingyouzhen No.1,’ melon cv. ‘Akekekouqi,’ luffa cv. ‘Sanbi No.6,’ wax gourd cv. ‘Aonong,’ bottle gourd cv. ‘H19,’ bitter gourd cv. ‘Liangku No.1,’ and watermelon cv. ‘Zaojia 8424’ on day 14 after grafting. Asterisks indicate graft junction. White arrows indicate callose deposition. Scale bar represents 200 μm.




DISCUSSION


Melon Graft Compatibility in Cucurbitaceae

Previous studies on the evaluation of melon graft compatibility mainly focused on a small number of rootstock species, such as wild watermelon, pumpkin, and bottle gourd (Cohen et al., 2007; Aloni et al., 2008; Shang et al., 2016; Zhou et al., 2018; Camalle et al., 2021). In this study, 40 cultivars were selected to evaluate the melon graft compatibility, including eight species of Cucurbitaceae (cucumber, pumpkin, melon, luffa, wax gourd, bottle gourd, bitter gourd, and watermelon), which gave a more comprehensive evaluation on graft compatibilities between melon and a range of Cucurbitaceae species. Based on the melon scion dry weight on day 42 after grafting, it was found that cucumber and pumpkin were the graft compatible rootstocks with melon, while luffa, wax gourd, bottle gourd, bitter gourd, and watermelon were the graft incompatible rootstocks. Other studies showed that there was a difference in the compatibility of melon grafted onto different pumpkin cultivars (Aloni et al., 2008; Camalle et al., 2021). However, melon cv. ‘Akekekouqi’ was compatible when grafted onto all six pumpkin cultivars in this study; different scion and rootstock combinations could explain the discrepancy. Melon scion growth was normal when compatible rootstocks were used. However, the evaluation of incompatible rootstock combinations should be carefully done. For example, bitter gourd rootstock combinations showed higher scion height on day 14 and day 21, while on day 42, the scion height was significantly lower than that of the compatible rootstocks (Figure 2). Therefore, the graft compatibility evaluation of melon should be done over a relatively long time period if only considering plant growth parameters.



Starch–Iodine Staining Is an Index That Can Be Used to Evaluate the Melon Graft Compatibility Earlier

Graft incompatibility results in an inhibition of plant growth and physiological function, such as plant height suspension, swollen graft junction, and lower photosynthesis (Cohen et al., 2007; Kawaguchi et al., 2008; Xu et al., 2015; Chen Z. et al., 2016). According to our study, the scion height between incompatible and compatible combinations cannot be accurately distinguished until day 42 after grafting for all species. Rootstock stem diameter showed a decreased trend between compatible and incompatible combinations on day 42. Although the correlation heat map showed that plant height on day 42 and rootstock diameter on day 42 were significantly correlated with scion dry weight, they cannot be used as an index to evaluate the melon graft compatibility earlier than scion dry weight.

For the early physiological response on day 14 after grafting, we could not see lower values of SPAD (relative chlorophyll value) in all incompatible graft combinations, which was inconsistent with the values of Xu et al. (2015), who reported the decrease in chlorophyll fluorescence levels and chlorophyll contents on day 25 after grafting in incompatible cucumber graft combinations. Chen Z. et al. (2016) reported the decrease in net photosynthetic rate and chlorophyll contents after 6 months of litchi grafted onto incompatible rootstocks. We thought that in this study, more time was needed to observe the decrease in SPAD because the decrease in photosynthesis of incompatible graft cucumber was noticed on day 25 after grafting (Xu et al., 2015). In addition, other candidate indexes on day 14, such as leaf area ratio, root length ratio, scion diameter, scion height, rootstock diameter, stem diameter ratio, and rootstock starch staining ratio, were not strongly correlated with scion day weight on day 42 after grafting; the scion dry weight is a key parameter to evaluate melon graft compatibility. Therefore, the above indexes are not suitable to evaluate the melon graft compatibility at an earlier stage.

Sugar response ranged from asymmetric to symmetric was the main event in graft healing development (Melnyk et al., 2018). A previous study showed that there was an accumulation of sugars and sugar alcohols, such as glucose, fructose, galactose, and sucrose, in the scion of melon grafted onto incompatible rootstocks (Camalle et al., 2021). Meanwhile, when plants experience huge fluctuations in available carbon, such as that caused by a photosynthetic rate change, abiotic stress, or other unusual situations, they will accumulate and remobilize starch to slow down changes in the carbon balance (Gibon et al., 2009; Stitt et al., 2010). For example, increased sugar levels in leaves can activate the AGPase activity and promote the synthesis of starch during the day (Geigenberger et al., 2005). Starch, as a storage carbohydrate deposited in plant tissues, can be characterized using Iodine solution (Santacruz et al., 2005). Therefore, we tried to build the starch–iodine staining to evaluate the graft compatibility. Based on starch–iodine staining results, the starch accumulation was asymmetric between scion and rootstock in incompatible combinations, while symmetric starch accumulation in compatible combinations was observed on day 14 after grafting. Scion stem starch–iodine staining on day 14 was significantly correlated with scion dry weight on day 42 after grafting (Figure 6), suggesting that it was an index to evaluate the melon compatibility earlier, instead of long-time measurement of scion dry weight, height, and rootstock stem diameter. Therefore, in the future, it would be convenient and efficient to evaluate the graft compatibility of melon earlier (on day 14 after grafting) by a starch–iodine staining of scion stem base, and since this procedure can be done at the seedling stage, even when the plants are still in the plug tray, there is no doubt that the cultivation space, resources, labor input, and evaluation time will be saved.

Compared to plant growth, plant metabolism responds earlier to the internal changes and environmental stimulus (Chen L. et al., 2016; Chen et al., 2017; Zhang et al., 2019). In de novo root regeneration of Arabidopsis, jasmonic acid (JA) and indole-3-acetic acid (IAA) accumulated within 4 h, but new roots appeared at least 6 days later (Chen L. et al., 2016; Zhang et al., 2019). Litchi showed a significant difference in IAA content between graft compatible and incompatible combinations at 2 h after grafting, but a difference in plant growth was observed for more than 30 days (Chen et al., 2017). Compared to graft compatible combinations, incompatible combinations accumulated excess starch at graft junction, but not all showed significant lower value in plant height and SPAD on day 14 after grafting (Figures 2, 4, 5), indicating that graft incompatibility induced significant differences in starch metabolism, which emerged earlier than in plant growth. In incompatible combinations of luffa, wax gourd, bottle gourd, and watermelon, there were significant differences in scion starch staining ratio between some cultivars in individual species on day 14 after grafting (Figure 5), such as Lu2 and Lu5 compared to Lu1, which could be due to differences in metabolic levels among different cultivars, and this led to varied starch accumulation at an early stage of graft formation in incompatible combinations. Similar results were also observed in melon plants grafted onto different watermelon cultivars, such as higher starch staining ratio but similar plant height in Wa2 and Wa4 compared to Wa3. In conclusion, the difference in metabolic levels of plants due to incompatibility precedes the difference in plant growth, which facilitated us to predict graft incompatibility by metabolic differences earlier.



Photoassimilate Transport Blockage and Undegraded Necrotic Layer Are Associated With Melon Incompatibility

The graft healing development is accompanied by cell proliferation, cell differentiation, and vascular reconnection at the graft junction (Melnyk et al., 2015). On day 14 after grafting, vascular reconnection events were observed in all grafted combinations. Meanwhile, more cell proliferation at graft junction was observed in hetero-grafted combinations, indicating that scion–rootstock combinations of different species could stimulate callus activities (Figure 7). Compatible combinations showed more cell proliferation than incompatible combinations in hetero-grafted plants, and undegraded necrotic layer fragments were observed at the graft junction of incompatible bitter gourd and watermelon rootstock combinations (Figures 7F,G). Therefore, although the vascular reconnection happened in incompatible combinations, the early graft healing process was still influenced by melon incompatibility, showing reduced callus activities and undegraded necrotic layer fragments at the graft junction, especially in incompatible bitter gourd and watermelon rootstock combinations (Figure 7).

As the photoassimilates, carbohydrates are synthesized from the leaves, transported to the whole body through the phloem sieve, and unloaded at the parenchyma cells through the symplast pathway in plants (Ma et al., 2019; Lu et al., 2020). As mentioned above, excess starch accumulated in the scion base of incompatible combinations, which indicated that there was a blockage of the transport of photoassimilates at the graft junction. These results are consistent with those findings obtained by Schoning and Kollmann (1997) and Espen et al. (2005), who used radiocarbon translocation and 5/6-carboxyfluorescein (CF) experiments to show the transport of photoassimilates via the phloem in incompatible grafted combinations. However, these studies only proposed the hypothesis of blockage based on transportation of photoassimilates and did not give detailed information about the blockage of phloem. In this study, microsection observation of fluorescent staining showed that excess callose was deposited in the newborn phloem of incompatible combinations, while no callose deposition was observed in compatible combinations. Callose is mainly distributed in the phloem sieve and participates in regulating the organic transport of plants under unfavorable environments (Wu et al., 2018). Therefore, considering the inhibited plant growth of graft incompatible combinations, we think that callose deposition in new-born phloem, leading to the blockage of transport of photoassimilates, is the main reason for melon graft incompatibility. Further studies are needed to clarify the underlying mechanism of callose deposition in incompatible graft melons.



CONCLUSION

In this study, the compatibility of melon grafted onto eight Cucurbitaceae species including 40 cultivars was evaluated. Cucumber and pumpkin are graft compatible with melon, while luffa, wax gourd, bottle gourd, bitter gourd, and watermelon are graft incompatible with melon. Callose deposition and undegraded necrotic layer fragments at graft junction were the main reason for melon graft incompatibility. In this study, we proved that graft compatibility can be evaluated earlier (on day 14 after grafting) by a starch–iodine staining. This study provides clues for compatible melon rootstock selection and breeding.
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Citrus crops have a long history of cultivation as grafted trees on selected rootstock cultivars, but all current rootstocks have significant limitations and traditional methods of rootstock breeding take at least 2–3 decades to develop and field test new rootstocks. Citrus production in the United States, and other parts of the world, is impaired by a wide range of biotic and abiotic problems, with especially severe damage caused by the disease huanglongbing (HLB) associated with Candidatus Liberibacter asiaticus. All major commercial citrus scion cultivars are damaged by HLB, but tree tolerance is significantly improved by some rootstocks. To overcome these challenges, the USDA citrus breeding program has implemented a multi-pronged strategy for rootstock breeding that expands the diversity of germplasm utilized in rootstock breeding, significantly increases the number of new hybrids evaluated concurrently, and greatly reduces the time from cross to potential cultivar release. We describe the key components and methodologies of this new strategy, termed “SuperSour,” along with reference to the historical favorite rootstock sour orange (Citrus aurantium), and previous methods employed in citrus rootstock breeding. Rootstock propagation by cuttings and tissue culture is one key to the new strategy, and by avoiding the need for nucellar seeds, eliminates the 6- to 15-year delay in testing while waiting for new hybrids to fruit. In addition, avoiding selection of parents and progeny based on nucellar polyembryony vastly expands the potential genepool for use in rootstock improvement. Fifteen new field trials with more than 350 new hybrid rootstocks have been established under the SuperSour strategy in the last 8 years. Detailed multi-year performance data from the trials will be used to identify superior rootstocks for commercial release, and to map important traits and develop molecular markers for the next generation of rootstock development. Results from two of these multi-year replicated field trials with sweet orange scion are presented to illustrate performance of 97 new hybrid rootstocks relative to four commercial rootstocks. Through the first 7 years in the field with endemic HLB, many of the new SuperSour hybrid rootstocks exhibit greatly superior fruit yield, yield efficiency, canopy health, and fruit quality, as compared with the standard rootstocks included in the trials.

Keywords: fruit yield, genetic mapping, citrus rootstock, breeding strategy, huanglongbing disease


INTRODUCTION

The genus Citrus encompasses a broad range of fruit crops of worldwide importance, including sweet orange (Citrus sinensis [L.] Osbeck), mandarin (C. reticulata Blanco), grapefruit (C. paradisi Macf.), and lemon (C. limon [L.] Burm. f.), all of which are usually grown in modern citriculture as grafted trees on selected specialized rootstock cultivars. Although most selection of citrus in early history focused on fruit and above-ground tree characteristics, many natural citrus selections with useful rootstock characteristics were identified before the beginning of modern directed citrus breeding (Bitters et al., 1969). These natural selections provided the major rootstocks employed during the early use of grafted citrus trees in the 19th century. Directed citrus breeding for improved scions began in the late 19th century (Cooper et al., 1962), and related interest in breeding for improved rootstocks began shortly afterward. As a result of selection among natural variants and directed breeding efforts, there are now hundreds of different rootstock clones with some commercial use in the many countries involved in citrus production. In Florida, more than 40 different rootstocks are used for propagation in commercial citrus nurseries each year (Rosson, 2020), as growers attempt to find the best rootstock for each situation. Unfortunately, all currently used rootstocks have known or indeterminate faults (Bowman and Joubert, 2020), which limit their survival, tolerance of disease, adaptability, or positive influence on fruit productivity or quality.

In particular, threats from a range of common diseases and pests have continued to reduce tree health and cause major losses in terms of tree survival and productivity in most production regions. The disease huanglongbing (Bove, 2006), associated with Candidatus Liberibacter asiaticus (CLas) and other Ca. Liberibacter species, is widespread in the Eastern Hemisphere and has spread to most of the citrus production area in the Western Hemisphere over the last 15 years. In Florida and Brazil, the disease is causing devastating declines in productivity (Alvarez et al., 2016; Bassanezi et al., 2020; Li et al., 2020) and fruit quality (Dala-Paula et al., 2019). Perhaps of the greatest commercial significance, all existing sweet orange and grapefruit cultivars and many mandarins are highly susceptible and severely affected by huanglongbing (HLB) disease. While specialized intensive management practices can somewhat slow disease spread and lessen the disease effects (Stansly et al., 2014), these practices have limited effectiveness and incur significant costs that often eliminate the profitability of growing the citrus crop. In addition, many of the management practices required to effectively moderate disease spread and limit decline in production involve intensive use of pesticides and nutritional treatments that threaten the environment. As a partial solution, good tolerance to CLas infection has been demonstrated in citrus germplasm, and some existing rootstocks such as US-942, have demonstrated field tolerance to HLB that can significantly improve health and productivity of sweet orange trees in an HLB-endemic environment (Bowman and McCollum, 2015; Bowman et al., 2016a,b). However, even with the use of the best of the currently available HLB-tolerant rootstocks, sweet orange and grapefruit trees suffer a significantly reduced tree health, and loss in fruit production and fruit quality, as compared to non-infected trees. Improved citrus rootstocks are urgently needed to provide better tolerance or resistance to diseases such as HLB, as well as improved influence on fruit production and fruit quality of the scion. While traditional citrus breeding efforts by USDA and others have been historically successful in producing new rootstocks of commercial value (Bowman and Joubert, 2020), the pace of these efforts has been very slow, taking several decades from cross to commercial release. In addition, previous conventional citrus rootstock breeding by USDA and several other programs focused on relatively limited portions of the citrus genepool because of an obligatory apomictic seed reproduction that has characterized essentially all citrus rootstocks in commercial use. In this article, we describe a new multi-pronged strategy for citrus rootstock breeding in the USDA program, which includes greater genetic diversity and expanded concurrent early-stage testing of a large number of new hybrids. The strategy significantly reduces the time from cross to release of a new hybrid rootstock by eliminating apomictic seed reproduction as a prerequisite for field-testing and as a requirement for new rootstocks. Although uniform seed propagation is convenient and economical for the citrus nursery, the historical focus on nucellar polyembryony as a primary rootstock trait has become a critical limitation in traditional citrus rootstock breeding. The expanded concurrent and replicated testing of hundreds of new hybrid rootstocks also is providing extensive genotype-performance information that will be used to map important genetic traits and develop molecular markers to power the next generation of citrus rootstock breeding.



HISTORY OF CITRUS ROOTSTOCKS AND BREEDING

Early cultivation of citrus crops undoubtedly relied on seedling trees chosen for their favorable fruit quality traits. Some citrus species and selections have a reproductive trait known as nucellar polyembryony (Frost and Soost, 1968; Koltunow et al., 1995; Kepiro and Roose, 2007), which causes most seedlings to be derived by apomixis from maternal tissue and genetically identical to the seed source tree. In citrus, the apomictic production of seedlings for many species and selections made rapid and uniform seed propagation of many fruiting types quite easy, and probably had an important role in early selection of those types that were easy to propagate by seed. The existence of nucellar polyembryony, and resulting easy uniform propagation by seed, in sweet orange, sour orange (Citrus aurantium L.), and lemon was probably a critical reason for the widespread distribution of these types in early history, as seedlings grown for their fruit.

There is mention of grafting citrus in historical accounts in Chinese, Greek, and Roman literature from 1000 to 2000 years ago (Bitters, 1986), but it appears that this was usually as a curiosity for citrus in botanical collections, arboretums, and orangeries (Webber, 1967), rather than a practice for widespread fruit production. Undoubtedly, the ease of propagating many citrus fruiting varieties with good fidelity through nucellar seedlings reduced the motivation for grafting and rootstock use in these crops. Historical accounts suggest the first significant use of grafted trees for large-scale citrus production began about the mid- to late 1800s in the United States, and was driven primarily by Phytophthora disease problems on seedling trees in Florida (Castle, 2010), and the desire to vegetatively propagate specific clones of seedless sweet orange (such as Washington Navel orange) in California (Bitters, 1986). Initially, the use of grafting in citrus commercial production appears to have been as topworking of existing seedling trees growing in the field, rather than production in a tree nursery. The topworking of wild sour orange groves with sweet orange in Florida began as early as 1830, but was very successful and became widespread by the late 1800s (Webber, 1967). Through the end of the 19th century, all citrus varieties in existence were natural species or the result of natural hybridizations, and any efforts at using citrus rootstocks relied upon those naturally occurring varieties.

The rootstock with greatest fame and notoriety may be sour orange, or the genetic clone that has long been classified as Citrus aurantium. Sour orange was originally selected for cultivation because of its fragrance and fruit that was valued for flavoring fish and meat (Tolkowsky, 1938), rather than as a fresh fruit or a rootstock. Over time, interest in sour orange as a fruiting variety declined, but it came to be recognized as possessing many excellent rootstock traits, including uniform seed propagation, broad soil adaptability, and good influence on fruit cropping and fruit quality of a grafted scion. Sour orange was probably the most often used rootstock during the early era of grafted citrus trees in most citrus regions. In Florida, established groves of sour orange seedlings were topworked with sweet orange during the mid-1800s with great success, and contributed to the rapid expansion of the citrus industry in Florida (Webber, 1967). However, sour orange also has a flaw in its sensitivity to citrus tristeza virus (CTV) when used as a rootstock with most scions, and there are numerous examples of disastrous citrus industry losses because of CTV-induced quick decline in trees on this rootstock. Historically, major tree losses from CTV infection of citrus trees on sour orange rootstock have been reported in Argentina, Brazil, Ghana, and California (Bar-Joseph et al., 1989). Despite this risk, sour orange still has some popularity in many citrus growing areas and is regarded by many as one of the best citrus rootstocks (except for the Achilles heel of CTV sensitivity) because of its good adaptability to unfavorable soil conditions and good influence on fruit quality. One of the citrus production areas where sour orange is still regarded very highly is the Indian River Region of Florida, where it is especially considered as an outstanding rootstock for grapefruit (Castle et al., 2011). Although sour orange is given species status in botanical classification, it is now identified from several different lines of evidence, including nuclear (Wu et al., 2014) and chloroplast (Carbonell-Caballero et al., 2015) sequencing studies, to be derived from a single natural hybridization of pummelo (Citrus maxima [L.] Osbeck) as the seed parent, and mandarin (Citrus reticulata) as the pollen parent. That natural hybridization probably occurred about 3,000 years ago (Carbonell-Caballero et al., 2015). Over the last 30 centuries, point mutations have created a multitude of sour orange variants with similar fruit and horticultural traits (Bowman and Garnsey, 2001), and the many small variations on this interspecific hybrid have been spread widely through genetically identical apomictic seedlings produced by nucellar polyembryony.

The clearest evidence of a transition to a more scientific approach to breeding new citrus varieties was in the establishment of the USDA Subtropical Laboratory at Eustis, Florida, in 1892, where H. J. Webber and W. T. Swingle began research on citrus diseases and breeding. Over the following 30 years, similar efforts to begin scientific research directed at solving citrus problems, in part through breeding, began at University of California, University of Florida, and in Europe, South Africa, and Japan (Webber, 1967). The earliest focus of breeding in the USDA program in Florida was to obtain fruiting varieties with greater cold hardiness, a response to the disastrous freeze in the winter of 1894/1895. This effort, which focused most heavily on crossing the cold hardy citrus relative trifoliate orange (Poncirus trifoliata [L.] Raf.) with sweet orange and grapefruit, was not successful in producing cold hardy scion varieties because of very acrid fruit flavors found in first- and second-generation hybrids of citrus with trifoliate orange. However, out of this effort a series of trifoliate orange hybrids were produced which eventually became recognized as having good rootstock traits. Two of these trifoliate hybrids, Carrizo citrange (sweet orange × trifoliate orange) and Swingle citrumelo (grapefruit × trifoliate orange) were eventually released by USDA as rootstocks, in 1934 and 1974 (Hutchison, 1974; Wutscher, 1979), respectively, and have become major rootstocks with commercial use in all regions of the world (Bowman and Joubert, 2020). The USDA citrus rootstock breeding program was revived beginning in 1992, and the program released several other trifoliate hybrids that became important in Florida production during 2001–2020 (Bowman et al., 2016a). Testing of candidate hybrid rootstocks under the USDA breeding program has included focused evaluation of selected traits of horticultural importance, including nursery traits (Bowman et al., 1995, 1997, 2016a; Barcelos-Bisi et al., 2020) and tolerance to diseases and pests (Bowman and Garnsey, 2001; Bowman et al., 2001, 2002, 2003; Albrecht and Bowman, 2004, 2007, 2011, 2012, 2019; Graham et al., 2007; Xiang et al., 2010; Bowman and Albrecht, 2015, 2020), but focus of evaluation and selection was on field performance under typical commercial production conditions. Similar rootstock breeding efforts to cross trifoliate orange with sweet orange, grapefruit, and mandarin were also conducted at University of Florida (Castle, 1987; Castle et al., 1988) and University of California (Bitters et al., 1964; Cameron and Soost, 1986), as well as by researchers in Europe (Forner et al., 2003), South Africa (von Broembsen, 1985; Lee et al., 2009), and Australia (Long et al., 1977; Freeman et al., 1986). Other than work with the USDA, recent rootstock breeding efforts are best documented for programs at University of Florida (United States), Valencian Institute of Agrarian Research (IVIA, Spain), Council for Agricultural Research and Economics (CREA, Italy), and Empresa Brasileira de Pesquisa Agropecuária (EMBRAPA, Brazil).

At University of Florida, active work to breed new citrus rootstocks has been underway by a team at Lake Alfred for more than 35 years. Much of the early work by the team made use of somatic hybridization, and then subsequent crosses among allotetraploid products of that prior work (Grosser et al., 2004; Grosser and Gmitter, 2011). Sexual hybridization among diploid parents was also used in the UF program to develop new rootstock hybrids. During the evolution of this program, the UF team began to use “the gauntlet” method for screening new rootstock hybrids, which involves the screening of individual hybrid seedlings sequentially by high pH, Phytophthora infestation, and HLB exposure to identify those most hardy to survive these stresses, followed by a field trial with the survivors (Grosser et al., 2016, 2020). Nine new UF citrus rootstocks were released in 2013 (UFR-1, UFR-2, UFR-3, UFR-4, UFR-5, UFR-6, UFR-15, UFR-16, and UFR-17)1. The most popular of those is UFR-4, which was used for 49,057 Florida propagations in 2019–20 (Rosson, 2020).

At IVIA (Valencia, Spain), conventional sexual hybridization to develop superior new citrus rootstocks has been underway since the 1970s (Martínez-Cuenca et al., 2016). During the later stages, the IVIA program emphasized and documented information on screening and selection of hybrids for resistance to salinity (Forner-Giner et al., 2009), iron deficiency (Llosa et al., 2009), and water stress (Rodriguez-Gamir et al., 2010). Validating tolerance to citrus nematode Tylenchulus semipenetrans (Verdejo-Lucas et al., 1997) and Phytophthora species found in Spain has also been an important part of rootstock selection, along with highly uniform seedling propagation (Forner et al., 2003). The rootstocks released from the program include F-A 5, F-A 13, F-A 418, and F-A 517, with the latter two being considered dwarfing (Forner-Giner et al., 2014). Of these, F-A 5 has had the most commercial interest, with considerable plantings using this rootstock in Spain and nearby citrus production regions.

In the 1960s, the CRA-Research Center for Citriculture and Mediterranean Crops (CRA-ACM) initiated a conventional citrus rootstock breeding program in Sicily, Italy. Selections were made from among progeny from crosses for tolerance to “mal secco” and Phytophthora, and for nucellar embryony and vigor, followed by field trials (Russo and Reforgiato Recupero, 1984; Reforgiato Recupero and Russo, 1992). Out of this work, CREA (Acireale, Italy) released three hybrids of C. latipes (Tan.) × P. trifoliata (F5P12, F6P12, F6P13) that demonstrated high yield in field trials with several different scions (Reforgiato Recupero et al., 2009). In a recent rootstock trial with triploid Mandared scion in Siracusa (Italy), this team found that some of the rootstocks from California (including C35) were superior to the CREA hybrids (Caruso et al., 2020).

Citrus production in Brazil is primarily on Rangpur rootstock, which is well suited to rainfed cultivation and the primary crop of that region, juice oranges. But there is still great interest in diversifying rootstock use and finding better rootstocks for specialty scions, different production areas in the region, and to cope with HLB and other specific problems, motivating active breeding and evaluation under EMBRAPA and at The Sylvio Moreira Citriculture Center (Institute Agronomic of Campinas, Cordeirópolis), as well as work under Fundecitrus, IDR-Paraná (Rural Development Institute of Paraná), and University of São Paulo (ESALQ – USP). Hybrid and clonal rootstocks from Brazil and other countries are evaluated for nursery performance (Marques et al., 2021), drought (Santana-Vieira et al., 2016), and tree size control (Costa et al., 2021). Numerous field trials have been used to compare performance of the many rootstocks, with superior rootstocks identified for the different production situations (Cantuarias-Avilés et al., 2010; Girardi et al., 2017; Carvalho et al., 2019; Costa et al., 2020b; de Carvalho et al., 2021). Focused studies were conducted to map quantitative trait loci (QTL) in citrandarins associated with host response to infection by CLas (Soratto et al., 2020) and Phytophthora parasitica (Lima et al., 2018), and to identify mechanisms of tolerance to HLB (Curtolo et al., 2020). A series of non-parametric indices were evaluated for selection of superior hybrid rootstocks, and a ranking index was identified as the most useful for selecting productive and drought-tolerant rootstocks (Costa et al., 2020a).

To date, the only hybrid citrus rootstocks from breeding programs that have gained major commercial importance (used for more than 5% of nursery production over several years in at least one important crop region; as reported in Bowman and Joubert, 2020) besides Carrizo and Swingle (Table 1), are Benton, C35, and Kuharske citranges (C. sinensis × P. trifoliata), X639, F-A 5, US-812, US-897, and US-942 citrandarins (C. reticulata × P. trifoliata), US-802 (C. maxima × P. trifoliata), and MxT [(C. paradisi × C. reticulata) × P. trifoliata)]. The other rootstocks of major commercial importance are naturally occurring species or selections, including Cleopatra and Sunki mandarins, clones of trifoliate orange (Poncirus trifoliata), Rangpur, Rough lemon, Volkamer, and Ziyang Xiangcheng, and these all exhibit nucellar polyembryony. All the commercially important products from breeding programs are F1 hybrids of trifoliate orange with citrus, and all possess nucellar polyembryony, a trait that is obtained in a large portion of progeny from crosses of trifoliate orange with many citrus species. Efforts have been made to expand the range of parentage included in new rootstock hybrids, such as the C. latipes × P. trifoliata hybrid rootstocks from CREA-Italy (Reforgiato Recupero et al., 2009), but none of these have yet gained commercial acceptance.


TABLE 1. Major citrus rootstocks of the world, with regions of primary use, parentage (for those from known crosses), date commercial use began, and uniformity of seed propagation.
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Over the last 35 years, research efforts to develop improved citrus rootstocks have expanded at many institutions to include new methodologies (Salonia et al., 2020), including ploidy manipulations, somatic hybridization, genetic transformation, and genome editing. Selections of rootstock clones with a doubling of chromosomes, or autotetraploids, can often be visually identified among groups of seedlings and have received interest for more than 80 years (Lapin, 1937; Russo and Torrisi, 1951; Barrett and Hutchison, 1978; Bowman et al., 1991; Ollitrault et al., 2020). There is evidence that some autotetraploids have greater stress tolerance than their diploid twin (Allario et al., 2013; Oliveira et al., 2017; Oustric et al., 2017), but none of these tetraploid selections have become important rootstocks in commercial use. Considerable effort has been invested and progress made in somatic hybridization directed at rootstock improvement at University of Florida (Grosser et al., 1998), and in France (Dambier et al., 2011) and Spain (Ruiz et al., 2018), after the technique was first demonstrated in Japan (Ohgawara et al., 1985). Most initial work with somatic hybrids was to create allotetraploid hybrids among existing rootstocks (Dambier et al., 2011) and with other species (Grosser et al., 1996). Subsequent work included the creation of cybrids (Moreira et al., 2000) and has followed with sexual hybridization among the tetraploids (Grosser et al., 2015). New rootstocks that are the product of somatic hybridization have been released in Florida (Kunwar et al., 2021), although so far none of those from Florida or other programs have become of major commercial importance.

Agrobacterium-mediated genetic transformation has been applied toward improvement of citrus rootstocks for more than 25 years (Cervera et al., 1998; Benyon et al., 2013), but significant challenges remain to the development and commercial acceptance of the GMO products (Song et al., 2019). Current public attitudes toward the products of Agrobacterium-mediated genetic modification seem to limit applications in fruit crops (Lucht, 2015); but the potential to use GMO rootstocks to improve the health and productivity of trees with non-GMO scions has been proposed as one way to avoid this problem (Haroldsen et al., 2012; Song et al., 2015). Methods to excise the selectable markers in transgenic citrus plants have been demonstrated (Zou et al., 2013) and proposed as another way to alleviate GMO restrictions and reduce public concerns. Introduction of early flowering genes by genetic transformation to accelerate the breeding cycle of fruit tree crops, followed by backcrossing to remove those genes before commercialization of the new cultivars, have also been proposed as a method to use Agrobacterium-mediated transformation for genetic improvement and circumvent GMO-related concerns (Petri et al., 2018). Induction of early flowering through transient expression by a viral vector has been demonstrated in citrus (Velazquez et al., 2016), and is yet another approach to using an early-flowering transgene to accelerate citrus breeding, while potentially avoiding a GMO-cultivar product.

Genome editing avoids some of the regulatory limitations of genetic transformation and has been demonstrated in citrus (Jia and Wang, 2014). Some progress has also been made in efforts to use genome editing to improve disease resistance (Peng et al., 2017; Jia et al., 2019; Wang et al., 2019). Although numerous groups have made very large investments of resources into Agrobacterium-mediated transformation and genome editing of citrus (Poles et al., 2020), as of now, no citrus rootstocks derived from GMO technology or genome editing have become commercially available. While new technologies offer abundant options for continuing work, none has yet proven successful in creating rootstocks of commercial importance, and it seems likely that conventional breeding will continue to have the primary role in the development of the next generation of citrus rootstocks in the coming decade.



NEED FOR BETTER ROOTSTOCKS AND A NEW STRATEGY

Citrus rootstock breeding programs are expensive and require very long-term investment that is generally not suited to the objectives of private industry, leaving such research to government or university sponsored programs. Despite considerable effort toward developing and testing new citrus rootstocks at numerous institutions and citrus growing regions over the past 100 years, inadequate rootstocks are still used for a large portion of world citrus production. Rootstock trials in different regions demonstrate, repeatedly, that trees on some particular rootstocks show better tolerance to disease and stress, and yield more and better quality fruit than other rootstocks (Louzada et al., 2008; Rodriguez-Gamir et al., 2010; Bowman et al., 2016a; Cruz et al., 2019; Kunwar et al., 2021; Singerman et al., 2021). Within a regional rootstock trial, often the best performing rootstocks are not those that are in most common commercial use. One impediment to adoption of better rootstocks in commercial plantings is the long life of a citrus tree and the expectation of multiple-decade production from a tree. It is often considered uneconomical to replace an existing mature bearing tree, even if the replacement tree might eventually become more productive. However, of greatest importance in limiting the development and commercial adoption of superior new rootstocks are: (1) the limited genetic diversity of germplasm used in creating new hybrids and compared in individual field trials, (2) the limited number of rootstocks in trials and locations of trial comparisons among rootstocks, so that growers do not have enough information to be sure about the best choice in broader regions, (3) the slow pace of new rootstocks being available from commercial nurseries, when obligate apomictic seed propagation is required, and (4) the inability to select the best genetic combinations at an early stage of rootstock development, resulting in large resource utilization in testing many unfavorable candidate rootstocks.

To address these problems with new rootstock development and the adoption of superior rootstocks by industry, the USDA citrus breeding program in Fort Pierce, FL (United States) began a new strategy for rootstock development in 2006. The new strategy was termed “SuperSour” because the target was to create a superior new hybrid rootstock that possesses the best rootstock traits of sour orange (C. aurantium) along with superior tolerance to HLB and other biotic and abiotic problems and superior production of high-quality fruit, while avoiding sensitivity to CTV-related tree decline. The strategy includes C. maxima and C. reticulata (the two parental species of sour orange) in most hybrids, along with P. trifoliata and other species to introduce additional positive rootstock traits. The primary features of this new SuperSour strategy are: (1) the expanded gene pool used in new rootstock hybrids, including germplasm that was not previously used (such as C. maxima) because it does not transmit nucellar polyembryony to a high portion of progeny, (2) accelerated field testing of new hybrids by propagating the hybrids with stem cuttings, rather than waiting for fruiting and seeds, (3) expanded concurrent stage 1 field testing of new hybrids in multiple production sites and multiple planting dates, that can be cross-compared by using the same standard rootstocks in each trial, (4) release of new rootstocks based on superior performance in multiple field trials, and without a requirement for propagation by nucellar polyembryony, and (5) assembly of standardized multi-year performance data on hundreds of hybrid rootstocks from multiple trials, which can be used to genetically map important rootstock traits and develop molecular markers to streamline future rootstock breeding.

The new strategy includes evaluation and testing for nursery traits, and tolerance or resistance to abiotic and biotic factors. But this testing is done concurrently with field trials of the candidate hybrid rootstocks, rather than as a prerequisite for inclusion in field trials. While nursery traits like nucellar polyembryony and vigorous nursery growth are valuable, they do not directly affect the field performance of the rootstock. Tolerance or resistance to abiotic and biotic factors are valuable for field performance, but survival, health, and fruit productivity in the field is the combination of numerous interrelated traits which are best evaluated in the true complex field environment. Our strategy is based on the observation that the best rootstock in the field is that which combines optimum levels of abiotic tolerance to numerous factors, biotic resistance to numerous diseases, moderate growth traits, and favorable physiological influence on tree nutrition and fruit. This optimum combination is most efficiently identified by direct field trials involving all factors relevant to the production environment, rather than focused testing of individual traits. Concurrent or subsequent testing on those individual factors is most efficient when it can be focused on those few individual new hybrids that clearly exhibit the most outstanding field performance. Information from the focused testing can then be used to define the strengths, weaknesses, and limits of likely production conditions for each of those candidate rootstocks.



EXPANDING THE GENE POOL BY ELIMINATING NUCELLAR EMBRYONY AS A REQUIRED TRAIT

During the earliest citrus cultivation, trees were primarily grown as seedlings, and nucellar polyembryony was a prerequisite in selection of which citrus types were repeatedly used over time. During the 19th century, the advantages of grafting for maintaining fruit traits, promoting early flowering, and allowing the combination of the best fruit traits with the best root traits became recognized. Using a rootstock (such as sour orange) that propagates easily and uniformly from seed was a big advantage in obtaining a large planting of easily managed productive trees. Consequently, early citrus nursery production quickly focused on rootstock varieties that produced genetically uniform seedlings by nucellar polyembryony. By the time attention was being given to creating new hybrids that might be used as rootstocks, the great convenience of a citrus rootstock that could be propagated uniformly by seed was demanded by citrus nurseries and has heavily focused rootstock breeding efforts for most of the past 100 years. Crosses in which at least one parent did not have and transmit nucellar polyembryony to progeny were avoided for rootstocks, and progeny were not evaluated as potential rootstocks until they had fruited and seedling reproduction could be assessed. Moreover, hybrids that did not themselves exhibit nucellar polyembryony in their seeds were excluded from further testing. Although there are a few examples of citrus used as rootstocks which had less than 50% nucellar seed (Bowman et al., 1995; Rodriguez et al., 2005) and vegetative propagation was possible for most germplasm (Bowman et al., 1997), clones that did not have a high incidence of nucellar seed production were generally not tested as potential rootstocks, and none have become of major commercial importance.

Beginning from previously described methods for stem cutting propagation of citrus (Ferguson et al., 1985), modified methods were developed in the USDA citrus rootstock program to expand both the genetic diversity of hybrid clones that could be used and to increase the percentage of success for the stem cuttings. Initial work resulted in vegetative propagation of numerous new hybrids for field trials, and eventually resulted in the commercial release of three new HLB-tolerant hybrid rootstocks that do not exhibit nucellar polyembryony and cannot be uniformly propagated by seed (Bowman and McCollum, 2015; Barcelos-Bisi et al., 2020). The methodology for citrus stem cuttings evolved through this process and has been described in detail (Bowman and Albrecht, 2017). The new methods are broadly applicable to all citrus types, although frequency of rooting varies by clone. We have found that more than 95% of all clones and hybrids can be successfully propagated by stem cuttings using these methods, allowing it to be employed for replicated field trial testing of nearly any citrus clone as a rootstock. In a recent propagation cycle, more than 5000 single node stem cuttings were made from a diverse collection of 72 citrus cultivars and new hybrids. Three months later, 71 of the 72 clones had produced some growing rooted cuttings, and growing cuttings were obtained from 58% of the cuttings overall. Only 3% of the clones yielded less than 10% healthy plants. Although a high rate of success in stem cutting propagation would be needed for commercial use, even 10% success in rooting is adequate to effectively propagate new rootstock hybrids for field trials. For reference, Swingle, Cleopatra, and sour orange yielded 99%, 56%, and 33% of healthy plants from cuttings, respectively.

The stem cutting methodology is most suitable for small-scale propagation of a rootstock clone (10–1000 individual rootstock plants), while tissue culture propagation (Carimi and De Pasquale, 2003; Prakash and Sharma, 2018) is more suitable for larger-scale (>5,000 plants) production of a rootstock. Historically, there was concern about whether the characteristics and health of rootstocks propagated by stem cuttings and tissue culture would be as good as that of rootstocks propagated by seed. But rootstocks propagated by all three methods (seed, cuttings, and tissue culture) have been studied intensively, with clear indication that nursery and field performance are primarily determined by the genetic traits of the rootstock cultivar, and only minimally affected by propagation method (Albrecht et al., 2017, 2020; Pokhrel et al., 2021). In one current field trial with Valencia scion and four rootstock clones, a comparison of the rootstocks propagated by nucellar seedlings, stem cuttings, and tissue culture (Figure 1) demonstrated a significant effect of rootstock clone on young tree growth and canopy health, but no significant effect from rootstock propagation type (Table 2). During the 12-month period from July 2019 to June 2020, Florida Department of Agriculture and Consumer Services (FDACS) records indicated that 20% of new propagations (770,000 trees) in Florida used tissue culture propagated rootstock plants, and 6% of new propagations (220,000 trees) used rootstocks propagated by stem cuttings (Rosson, 2020). Although seed propagation is still dominant in commercial use and less expensive than propagating by cuttings or tissue culture, there is a growing broad acceptance of citrus rootstocks propagated by alternative vegetative methods.
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FIGURE 1. Valencia sweet orange nursery trees at planting time on US-942 rootstock propagated by seed (top), tissue culture (center), and stem cuttings (bottom). Rootstock propagation type appears to have little effect on citrus rootstock performance.



TABLE 2. Canopy volume, increase in trunk cross sectional area (ΔTCSA), and canopy health rating of ‘Valencia’ trees on different rootstocks propagated by seed (SD), cuttings (CT), and tissue culture (TC) after 18 months in the field.
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Some species of citrus (especially those species of hybrid origin, such as C. sinensis, C. aurantium, and C. paradisi) produce predominantly polyembryonic seeds. Other species and selections lack nucellar embryony and produce entirely zygotic seeds, including C. maxima (pummelo), C. medica L.(citron), some Citrus species in the subgroup Papeda, some mandarin species (including C. clementina Hort. Ex Tan., C. tachibana Tan., some C. reticulata), and species in the sexually compatible genus Microcitrus (Swingle and Reece, 1967). Evidence has been presented that suggests the simple genetic control of polyembryony in some crosses (Cameron and Soost, 1979), while in other crosses the genetic basis of the trait appears to be more complex (Garcia et al., 1999; Kepiro and Roose, 2010). In breeding practice, hybrid progenies that include even one monoembryonic (zygotic) parent often have few hybrids that possess a level of nucellar polyembryony and apomictic seed that would be acceptable for commercial uniform seed propagation. Although methods are available that allow separation of zygotic from apomictic seedlings in the nursery (Barcelos-Bisi et al., 2020), these are not economically practical at a commercial nursery scale for many types of hybrids. In addition, some hybrids produce few fruit or few seeds per fruit, another way in which outstanding rootstocks may not be suitable for seed propagation.

As described above, in previous citrus rootstock breeding efforts, one of the factors considered essential for a citrus rootstock was the ability to be propagated uniformly by seed (Bitters, 1986), and germplasm that did not transmit nucellar polyembryony to hybrids was rarely used as a parent in rootstock breeding. Under the new SuperSour rootstock breeding strategy, hybridization for new rootstocks is expanded to include parental material that does not exhibit nucellar polyembryony, or does not transmit this trait to progeny. During the early stages of crosses under the new strategy, the gene pool was expanded primarily by including C. maxima, C. ichangensis, C. latipes, mono-embryonic mandarins, and Microcitrus spp. among the parental material. Based on our work with vegetative propagation of rootstocks by stem cuttings and tissue culture, any rootstocks with superior field performance can be effectively used on a commercial scale without any need for seed propagation in the commercial nursery.



ACCELERATED FIELD TESTING BY PROPAGATING JUVENILE HYBRIDS WITH STEM CUTTINGS

In addition to the limitation on genetic diversity that resulted from a focus on the need for nucellar seed, this requirement also resulted in a large delay in the initiation of field-testing of new hybrids as rootstocks. In previous rootstock breeding efforts, new hybrid progeny from crosses were planted into the field for “fruiting out” as a first stage in the selection process. It was only after those hybrids produced fruit, that new selections were propagated as seedlings, and entered into specialized testing and replicated field trials (Hutchison, 1976, 1985; Cameron and Soost, 1986). This delay in testing of new rootstock hybrids until seed were produced (and confirmed to be genetically uniform), varied by parentage and conditions, but typically was at least 5 years, and often 10–15 years.

With the SuperSour strategy, young hybrid seedlings are selected during the first 1–2 years in the greenhouse for strong healthy growth, and propagated by stem cuttings for further testing (Bowman and Albrecht, 2017). This eliminates the 5- to 15-year delay to begin testing and replicated field trials with new hybrid rootstocks. Under the new strategy, replicated trees of each rootstock are produced on healthy rooted cuttings, using standard budding methods and a standard sweet orange scion (Valencia 1-14-19 or Hamlin 1-4-1) in a certified greenhouse nursery. The sweet orange trees are subsequently planted into replicated field trials alongside trees on other new hybrid rootstocks and commercial standard rootstocks in one of the three main Florida production regions (East Coast, Central Ridge, Southwest). Propagations of the new SuperSour hybrid clones are also used concurrently to evaluate tolerance to specific diseases and abiotic factors in the field and greenhouse (Bowman and Garnsey, 2001; Albrecht and Bowman, 2004; Graham et al., 2007; Bowman and Albrecht, 2020), and to maintain a clean greenhouse source of vegetative material for continuing propagation and study. Fruiting trees of rootstock selections that demonstrate outstanding field performance may be used as parents in the next generation of rootstock hybrids within the USDA breeding program.

Clean greenhouse source trees of hybrid rootstock selections that demonstrate outstanding field performance are used to submit the clone to the FDACS Citrus Budwood Program2 to establish certified clean source material for eventual Florida industry use. Certified clean source material of new hybrid rootstocks that appear to have potential in other production regions are submitted to the California Citrus Clonal Protection Program3 and the USDA National Clonal Repository for Citrus, for inclusion in those programs. Propagations of the new SuperSour hybrid clones are also used to plant trees into the field for fruiting out and evaluation of nucellar polyembryony, and the potential for commercial seed propagation. Although the potential for uniform seed propagation is eventually determined for the SuperSour hybrids, it is not a selective factor in determining which hybrids will go into replicated field trials, or a key factor in decisions about which selections may be released for commercial use.

The use of stem cuttings to conduct replicated evaluations of new hybrid rootstocks and establish replicated field trials has already resulted in the successful identification of five new promising rootstocks that were released for commercial use in Florida (Bowman and McCollum, 2015). Subsequent evaluation of seeds from fruiting trees of the five rootstocks revealed that two of them can be uniformly seed propagated, while the other three cannot (Barcelos-Bisi et al., 2020). However, because of the ease of alternative propagation by stem cuttings or tissue culture, uniform seed propagation is not an important factor in evaluating the commercial potential for these five new hybrid rootstocks.



OTHER ADVANTAGES OF ELIMINATING FOCUS ON NUCELLAR SEED PROPAGATION

In addition to allowing the expansion of the gene pool for rootstock breeding and the rapid initiation of field trials, eliminating a focus on nucellar seed propagation presents at least two other advantages for the SuperSour strategy. One advantage is that it allows greater focus on other traits of horticultural importance within the rootstock selection process. The previous focus on nucellar polyembryony as a primary selective factor resulted in all other factors (including resistance to biotic and abiotic disease, and fruit productivity) being of secondary importance during the selection process. New hybrids were only considered as potential rootstocks if they possessed the trait of nucellar polyembryony, and consequently many hybrids with potentially very good disease resistance and very high productivity were never considered for further study. By eliminating nucellar embryony as a selective factor, more focus can be given to selection for traits with much greater horticultural importance.

The second advantage is that the recognition of vegetative propagation (cuttings or tissue culture) as an acceptable alternative for citrus rootstocks provides opportunities for much more rapid scale-up of nursery production with the newest outstanding rootstocks. When using seed propagation, there is a delay of several years after seed source trees for a superior rootstock are established and significant quantities of seed are available. We might anticipate that newly planted seed trees for a rootstock will produce no fruit in the first season, 10 fruit per tree after 24 months, and 30 fruit per tree after 36 months. If 250 seed trees were initially planted (about half a hectare) and the rootstock produces 10 seed per fruit, that would equal about 25,000 rootstock seedlings that could be grown after 24 months, and another 75,000 seedlings after 36 months. Estimates of the rate of micropropagation can vary widely, but starting with those same 250 buds to create the seed trees, and using an estimate of citrus tissue culture shoot multiplication at 3.8 × per 4 weeks (Sen and Dhawan, 2010), it would be possible to create more than one million rootstock plants in less than 12 months. Vegetative propagation by tissue culture of new citrus rootstocks allows a much more rapid scale-up of plant production in the nursery than is possible by nucellar seed production.

Taken together, while apomictic seeds of citrus rootstocks are convenient for commercial nursery production, the focus on this trait in commercial rootstock selection has eliminated large segments of the citrus gene pool from use in development of new hybrid rootstocks, greatly delayed the beginning of testing new rootstocks, and diverted focus away from the more important horticultural traits. Eliminating this focus as a selection factor under the SuperSour strategy is a major positive change that will improve the opportunity to identify new rootstocks with superior horticultural traits and significantly accelerate the large-scale commercial use of the newest and best rootstocks.



EXPANDED CONCURRENT STAGE 1 FIELD TESTING OF NEW HYBRIDS

Most documented systematic comparisons of citrus rootstocks in field trials were established as individual trials, and compared an assortment of different existing and new rootstocks in a replicated planting over at least four harvest seasons (Wutscher and Bowman, 1999; Forner-Giner et al., 2003; Louzada et al., 2008; Cantuarias-Avilés et al., 2010; Bowman et al., 2016b; Continella et al., 2018). Typically, trials have contained 4–7 statistical replications of 10–24 different rootstocks, often including existing rootstocks common to the area and selected new or imported rootstocks from other regions. In many situations this was useful and helped define the best among current rootstock options. However, these individual trials with relatively few rootstocks are not suitable for a strategy to compare hundreds of new rootstocks with a limited amount of time and resources. Other trials focused on comparisons of larger numbers of rootstocks were much larger in total area and required much larger commitments of resources to maintain the trials and collect the needed data (Castle et al., 2011; Kunwar et al., 2021).

The new SuperSour strategy employs a series of linked trials to greatly increase the number of rootstocks that can be compared among each other. The trials are linked by having a common scion (sweet orange), a similar experimental design, and several common rootstocks as points of reference, to allow relative comparisons among the rootstocks in all the trials. This provides the opportunity for the effective concurrent testing of hundreds of rootstocks in multiple trials, and generates performance data that can be systematically compared between the trials. Between 2014 and 2021, there were 15 of these linked SuperSour trials with sweet orange scion planted in Florida, containing 350 new hybrid rootstocks along with four standard rootstocks for cross-comparison in all the trials. Reference of results in each trial to the standard rootstocks will allow multi-trial comparisons of rootstocks and improve selection of new rootstocks that are best overall, not just in individual trials. The average number of new hybrid rootstocks in each trial is 50, average rootstock replications per trial is nine, and most of the 350 hybrid rootstocks are included in more than one trial.

Two of the 15 trials have been chosen to illustrate the strategy and results obtained from the trials. The two representative trials are in adjacent sections at the USDA Picos Farm in Fort Pierce, Florida, which is on the East Coast of Florida where poorly drained sandy soils are typical (Mylavarapu et al., 2019). One of the trials was planted in October 2014 and the other in October 2015, and named ‘Picos 2014’ and ‘Picos 2015,’ respectively (Figure 2). Each trial was planted on 12 rows, with about 640 trees per trial. The trials are planted on leveled double row beds, with good drainage and microsprinkler irrigation, as is standard practice for this area. Rootstocks for the trials were propagated by stem cuttings (Bowman and Albrecht, 2017) from the hybrid seedlings, and trees produced by budding with certified Valencia 1-14-19 sweet orange budwood using standard methods in the certified greenhouse citrus nursery at the US Horticultural Research Laboratory in Ft. Pierce, FL, United States. Management of trees in the two blocks employed common fertilization, weed, and pest control practices for citrus in this area. As is normal for field plantings in Florida citrus production areas where CLas is endemic (Graham et al., 2020), PCR surveys of trees in the block indicated that within the first 3–4 years after planting, 100% of trees in the trials were infected with CLas. A mild strain of CTV is also endemic in the area of these trials, although usually there are no negative effects on sweet orange trees from infection.
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FIGURE 2. Aerial image in May 2021 of the two rootstock trials with Valencia sweet orange scion, planted with 1287 trees (Photo by R. Niedz).


Detailed annual performance information on each replication is collected from the SuperSour field trials, including measurements of tree survival and size, canopy health, quantity of fruit produced, and fruit quality (brix, acid, percent juice, color, and fruit size). Performance traits of the greatest interest in citrus rootstock trials, and approach to analysis of results can vary by situation and focus. However, generally the traits tree health, fruit yield, yield efficiency, pounds solids per box (PSB), juice color, and brix:acid (BA; soluble solids:titratable acidity) ratio are of great importance in assessing the performance of rootstocks in Florida field trials with sweet orange scion being grown for juice production. Within both trials, significant differences were observed among the rootstocks for all six of these traits (see Supplementary Tables 1, 2).

To illustrate overall tree performance in the two trials, results were transformed to make relative comparisons with the standard rootstock sour orange within each trial for the traits: (1) cumulative fruit yield (over seasons 4–6), (2) canopy health (subjective score of canopy density and leaf color), and (3) yield efficiency (ratio of fruit yield:canopy size). Results are presented in a bubble chart (Figure 3), with all values transformed to make sour orange values zero for cumulative yield and canopy health. Values for yield efficiency were transformed so that sour orange yield efficiency produced a medium-size bubble). In the chart, the mean value for each rootstock relative to sour orange was represented by a single bubble, and results are combined from the two trials. Rootstocks which induced relatively higher or lower values for cumulative yield, canopy health, and yield efficiency than sour orange are represented according to those differences by position on the x-y axis and by bubble size. In total, Figure 3 compares values for sour orange rootstock with three other standard rootstocks (Swingle citrumelo, Cleopatra [C. reticulata], and Ridge [C. sinensis]) and 97 SuperSour hybrid rootstocks. Included in this summary are data from 59 hybrids plus the four standard rootstocks in Picos 2014, and 44 hybrids plus the four standard rootstocks in Picos 2015 (six of the hybrids were in both trials). In these two trials, three different types of parental combinations were included among the new SuperSour hybrids being compared, and are indicated by bubble color on the chart:
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FIGURE 3. Comparison of cumulative yield, canopy health, and yield efficiency (bubble size) for 97 new SuperSour hybrid rootstocks relative to standard sour orange rootstock and three other commercial rootstocks in two trials with Valencia scion, planted in 2014 and 2015.



• C. maxima × C. reticulata, or the reverse

• C. maxima × (C. reticulata × P. trifoliata)

• C. reticulata × (C. maxima × P. trifoliata).



More than half of the progeny from all three parental combinations were superior to sour orange rootstock for cumulative yield, canopy health, and yield efficiency. Among the other three standard rootstocks in the trials, Swingle was slightly better than sour orange for the three traits, while the other two (Cleopatra and Ridge) were worse. This matches well with commercial use, as Swingle and sour orange are among the five most used rootstocks in Florida, while Cleopatra and Ridge have relatively little commercial use. Some of the new SuperSour hybrids demonstrated very large advantages in cumulative yield and yield efficiency as compared with the standard rootstocks. This suggests good potential to identify superior new commercial rootstocks among these progeny types. The comparison of performance from progenies of the three parental combination types may suggest relative differences in potential from different types of crosses, which will be the subject of further study.

A similar comparison was made in these same two trials on the influence of rootstock on fruit quality of the Valencia sweet orange scion during the 2019–21 seasons. Results within each trial were transformed to make relative comparisons with the standard rootstock sour orange for the traits: (1) PSB, (2) juice color (CN color scale), and (3) juice BA ratio. Results are presented in a bubble chart (Figure 4), with all values transformed to make sour orange values zero for PSB and juice color. Values for BA ratio were transformed so that sour orange BA ratio produced a medium-size bubble. As in Figure 3, the mean value for each rootstock relative to sour orange was represented by a single bubble, and results are combined from the two trials. Figure 4 compares fruit quality values over three harvest seasons for sour orange rootstock with three other standard rootstocks (Swingle, Cleopatra, and Ridge) and 97 SuperSour hybrid rootstocks. More than half of the SuperSour hybrids induced a higher PSB than sour orange, and the PSB value for the other standard rootstocks were similar to that for sour orange. For influence on Valencia juice color, sour orange was among the worst of the rootstocks, and nearly all of the SuperSour hybrids (and the other three standard rootstocks) exhibited a superior influence on juice color. Most notably, Swingle was among the rootstocks that had the strongest positive influence on juice color. Although some of the hybrids were similar, sour orange was among the best of the rootstocks for influence on BA ratio, suggesting that this trait may be the greatest challenge to achieve for a superior new rootstock.
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FIGURE 4. Comparison of fruit pounds solids per box, juice color, and brix/acid ratio (bubble size) for 97 new SuperSour hybrid rootstocks relative to standard sour orange rootstock and three other commercial rootstocks in two trials with Valencia scion, planted in 2014 and 2015.


It appears from these results that many of the hybrid rootstocks among these three different types of SuperSour parental combinations may be superior in many respects to the common commercially used rootstocks in Florida, like sour orange and Swingle. Relative comparisons among these two trials suggest that results from the larger group of 15 trials can be cross-compared and used effectively to identify those rootstocks with superior positive attributes for potential commercial release. Comparisons of rootstock performance under different conditions at different locations is included as a part of the SuperSour strategy, but is more complex, and is not included in this illustration. Individual relative deficiencies of particular hybrids that are otherwise outstanding can be clearly identified and evaluated for relative significance in commercial use. In some cases, relative weaknesses (for example, relatively low color score) might be judged of minor significance for a rootstock that otherwise induced high yield, high yield efficiency, and high PSB.



IDENTIFY SUPERIOR PARENTAL COMBINATIONS AND MAP ROOTSTOCK TRAITS

One large long-term benefit of the new SuperSour strategy, and the concurrent testing of hundreds of related hybrid rootstocks from several different parental combinations, is the opportunity to identify those parental combinations that have the highest likelihood to produce progeny with particularly important rootstock traits or combinations of important rootstock traits. Although previous field trials and resultant datasets related to citrus rootstock traits were inadequate to evaluate the combining ability of potential citrus parents (the ability to transmit positive rootstock attributes to progeny), accurate estimates of general and specific combining ability are widely considered a critical tool in plant breeding (Allard, 1960; Oakey et al., 2006; Fasahat et al., 2016). Information about the combining ability of numerous specific citrus parents or types of parents would be an immensely valuable tool to help guide the next generations of citrus rootstock breeding. Among the 97 hybrid progeny in the two-trial illustration (Picos 2014 and Picos 2015), there were large differences in mean values for the three progeny groups that were compared. For example, the population of C. maxima × (C. reticulata × P. trifoliata) hybrid progeny tested in those two trials had a mean value for cumulative yield of plus 13.8 units, while the mean cumulative yield value from the progeny of the cross C. reticulata × (C. maxima × P. trifoliata) had a mean value of minus 8.1 units. While this is only a preliminary comparison from a partial dataset, it suggests that one parental combination is likely to create hybrids with higher yield than the other parental combination. The progeny groups developed under the SuperSour strategy, with corresponding field trials, will generate the needed datasets to identify optimum parental combinations and utilize estimates of combining ability as a tool to help guide next-generation citrus rootstock breeding.

Related to knowledge about combining ability, the extensive datasets for rootstock performance information of a large group of citrus hybrids can also be used to effectively map genes associated with important rootstock traits on the citrus genome. Molecular markers, association mapping, and quantitative trait locus mapping are common tools in plant breeding of annual crops, made practical by the use of test crosses and very short generation times (Xu and Crouch, 2008; Ibrahim et al., 2020). Recent advances in data analysis demonstrate that similar mapping of genes can be accomplished from unbalanced and diverse multi-environment field trial data (Rife et al., 2018; MacQueen et al., 2020), such as the data from the SuperSour strategy with 15 concurrent sweet orange rootstock trials and 350 hybrid rootstocks. We plan to use this multi-trial, multi-year data to map rootstock influence on tree survival, tree size, tree canopy health, disease tolerance, fruit productivity, and a range of important fruit quality traits, and then create easily applicable molecular markers to aid selection of future superior hybrid rootstocks in the breeding program. Selection using molecular markers associated with multiple important rootstock traits (such as survival and productivity) will allow field trials to focus on a pre-selected group of hybrids with the best genetic potential to be outstanding.



A CONTINUUM TO COMMERCIAL USE

The SuperSour strategy makes use of more diverse and elite germplasm, eliminates preselection for apomictic seed production, integrates rapid vegetative propagation for early testing of new hybrids, and evaluates very large numbers of new hybrid rootstocks in multiple concurrent trials to allow relatively rapid comparisons of large numbers of new hybrids for good rootstock traits. Preliminary evaluation of results from two of these trials indicates that results from the individual trials and cross-comparisons between trials can be used to effectively identify positive and negative attributes for each hybrid clone and to select the most superior rootstocks for commercial release. Results from the trials will be used to evaluate the usefulness of several possible selection indices, which may more clearly identify rootstocks with the best combination of important traits. This same information can be used for development of genetic maps and molecular markers to speed the next cycle of rootstock development.

While the SuperSour strategy empowers more rapid development of new rootstocks with more diverse genetics, it is not the end of the rootstock development process. Knowledge about rootstock tolerance or resistance to a particular abiotic stress (flooding, drought, salinity, or cold) and biotic stress (nematodes, CTV, Phytophthora, or CLas) is of great value, as it helps to define critical limitations to conditions under which the new rootstock should be used. Within the USDA program, this focused testing is conducted on the most outstanding of the candidates as they reach the end of SuperSour strategy field trials. Rootstocks with individual faults may be of commercial value, as long as the limit of that fault is understood. Similarly, the graft compatibility of the new rootstocks with the broad range of commercially important scions needs to be assessed, to avoid unanticipated graft-incompatibility in the commercial nursery or in the field. Within the SuperSour strategy, focused trials containing the new rootstocks grafted with the major scion cultivar types are conducted to complement the field trials with sweet orange scion. It may also be noted that superior new rootstock cultivars that cannot be uniformly propagated by seed will be much slower to be used in new citrus growing regions because of the extensive inter-region quarantine regulations that limit movement of vegetative plant material (Lavagi-Craddock et al., 2021).

The SuperSour strategy allows the development of new rootstocks in as little as 8 years from cross to release. However, additional time is needed to fully evaluate nursery traits, tolerance to abiotic and biotic stresses, and compatibility with a range of different scions. Depending on the production situation, commercial use with sweet orange in the tested environments would be appropriate immediately, while commercial use with other scions or in other situations may await further trials and testing. The intention of the SuperSour strategy is to create a cycle that repeatedly creates promising new hybrids from elite and exotic germplasm, establishes new trials, conducts specialized testing, and then uses data about those hybrids in the trials and testing to identify superior rootstocks for commercial release, and guide the next cycle of rootstock breeding.
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In recent years, the pressure for replanting and resetting huanglongbing (HLB or citrus greening) affected citrus groves has led to an inadequate seed supply for the most popular rootstock cultivars in the State of Florida, United States. Early fruit harvesting of citrus rootstock source trees might reduce fruit losses and enhance seed availability, especially in HLB-endemic and hurricane susceptible areas, if the physiological quality of the seeds is adequate. The effects of fruit maturity on seed quality and seedling performance of US-802, US-897, and US-942 citrus rootstocks were investigated for two consecutive growing seasons. The study included the evaluation of seed germination and nursery performance of the citrus rootstock seedlings. The germination test was performed in vitro, where seeds were hand-peeled, surface-sterilized and placed in culture tubes containing basal Murashige and Skoog medium. For the emergence test, seeds were sown in seedling trays containing sterilized growing substrate in a greenhouse with controlled-environment conditions. Rootstock fruits from all three varieties harvested in August and September had seeds with higher germination potential, as more than 90% of the seeds generated seedlings. US-942 had more % of emergence than US-802 and US-897, resulting in faster seed germination; in contrast, US-802 had the faster shoot growth rate. Assays on fruit abscission response showed that by August, fruit from all three varieties were responsive to ethylene and abscised, although response varied and was higher in US-942, suggesting the seeds were mature enough. Taken together, our findings indicate that fruits these three rootstocks can be harvested as early as August in contrast to the current procedures without losing germination potential. This will result in an increase in available seeds for nurseries in Florida.

Keywords: growth rate, nursery assessment, rootstocks, seed germination, seed vigor


INTRODUCTION

Currently, Florida’s citriculture faces an unprecedented crisis due to the widespread presence of citrus greening or Huanglongbing (HLB), a disease associated with the phloem-limited bacterium Candidatus Liberibacter asiaticus that has become endemic in the State. Citrus trees affected by HLB are characterized by root loss, branch die-back, yellow shoots, blotchy mottle chlorotic patterns on leaves, and off-tasting and malformed fruit. HLB infection inhibits root growth, reduces nutrient uptake, and promotes leaf and fruit drop, and whole tree decline that is often lethal (Pustika et al., 2008; Etxeberria et al., 2009). HLB also plays a major role in several aspects of citrus production, including the choice of the citrus rootstock. Replanting HLB-affected trees with disease-free nursery trees may require rootstocks resistant to soil diseases as Phytophthora gummosis, in order to guarantee the reestablishment of the grove (Graham et al., 2013).

As mature trees decline due to HLB, there is an increasing demand of citrus rootstocks for replanting. Under this pressure for replanting and resetting HLB-affected groves, there is a clear concern among citrus nursery operators and growers on seed availability of highly demanded rootstocks in Florida. Currently, seed propagation remains the preferred method of rootstock production in commercial citrus nurseries (Albrecht et al., 2020; Pokhrel et al., 2021), in part because there is no evidence on the vertical transmission of viable cells of the HLB pathogen “Candidatus Liberibacter spp.” through seeds to citrus seedlings (Belasque Júnior et al., 2009; Bagio et al., 2020), and also because the extended belief that different root architectures arising from vegetative propagation will result in trees of inferior quality as compared to those from seeds (Albrecht et al., 2020); as a result, over 80% of the licensed citrus nurseries prefer uniform liners from seeds rather than from tissue culture sources (Chaires, 2017). In any case, vigorous seeds are necessary to produce strong rootstocks. Seed vigor depends on seed maturation and can also be influenced by the extent of cold storage (Carvalho and Silva, 2013). In general, the more mature a seed, the longer it can be stored.

Since rootstock fruits are not edible and/or commercially exploited, little to no attention has been paid to fruit development in rootstock seed cultivars, and as a result, the minimum fruit maturation stage at which citrus rootstock seeds can germinate is unknown. In addition, natural calamities such as tropical storms and hurricanes may affect the number of seeds annually available in Florida (Albrigo et al., 2005; Alferez and Bordas, 2019). The Atlantic hurricane season peaks around September 10th, whereas historically, rootstock fruit harvesting for seed extraction has been performed between October and December. This has resulted in fruit loss and reduction in seed yield due to fruit drop caused by high-speed winds. For instance, Hurricane Irma on September 10th, 2017, severely affected the ability of the industry in Florida to produce adequate number of seeds necessary to satisfy nurseries needs that year. In the hardest hit areas, there was massive fruit drop, especially from the US-802, US-812, US-897, and US-942 rootstock varieties (Alferez, 2018). Seed availability from the SWFREC Immokalee, USDA Fort Pierce, and Whitmore Foundation in Leesburg, the main certified seed suppliers in Florida, decreased by 66% as compared to the previous season, resulting in a shortage in seed availability. This subsequently affected the whole supply chain leading to a reduction in replanting. In this scenario, it will be advantageous to know in advance when the fruit contains viable seeds. This would allow making informed decisions on when to harvest the fruit of each variety, facilitating to work around the peak of the hurricane season.

The information currently available on the effect of fruit age on physiological responses of seedlings that germinated from seed obtained from fruit at different time of the season is very limited (Orbovic et al., 2011, 2013). Since vigorous seed germination and establishment of seedlings with well-defined root growth are necessary for the development of a healthy nursery stock, it is imperative that healthy disease-free seeds with good vigor and viability are utilized to establish a nursery population that can in turn result in vigorous scion growth and rapid establishment in the field. For this it is necessary to know when a seed is mature enough to germinate and with good storability potential. Citrus rootstock fruit, as any other citrus fruit, naturally develop their abscission potential as they mature, i.e., when seeds are able to germinate, as abscission is a natural mechanism for seed dispersion. If harvesting is delayed, this results in a decrease in yield, as the fruit naturally starts to drop.

For all the above reasons it would be advantageous for the citrus nursery industry to find markers of seed maturity that allow harvesting the fruit from these rootstocks when the seed is able to germinate. In this paper we report the evaluation of several candidate markers for seed viability, including fruit color, size, and abscission capacity. Then, we study seed vigor as related to maturation stage. We show that sensitivity to abscission induction is a good marker for seed viability, allowing advancing fruit harvesting significantly without loss of seed vigor, and resulting in better yield of seeds of highly demanded citrus rootstocks in Florida.



MATERIALS AND METHODS


Plant Material

Citrus hybrid rootstock trees from three different varieties planted at the Southwest Florida Research and Education Center, Immokalee, FL, United States, were used in the study as source of fruits and seeds. Fruit samples were collected from eight to 10-year-old grafted seed trees of US-802 (27 trees), US-897 (26 trees), and US-942 (27 trees) for the 2018 (mid-May, June, July, August, and September), 2019 (mid-December), and 2020 (mid-July, August, and September) cropping seasons and immediately transported to the laboratory for further analysis. In 2018, four replicates of 10-fruit sample were randomly selected at 1–2 m height from all rootstock variety trees at each evaluated period for the in vitro fruit abscission assay. Later, a batch of 200-fruit were randomly selected at 1–2 m height from all evaluated rootstock variety trees and divided into four replicates of 50 fruits at each harvest date for the 2019 and 2020 cropping seasons, to characterize the rootstock fruits and seeds and to evaluate the seed germination and seedling emergence performance. US-802 rootstock is the result of a cross of “Siamese” pummelo [Citrus maxima (Burn.) Merr.] × “Gotha Road” trifoliate orange [Poncirus trifoliata (L.) Raf.] while “US-897” originated from a cross of “Cleopatra” mandarin [Citrus reshni (Hort.) ex Tan.] × “Flying Dragon” trifoliate orange [P. trifoliata (L.) Raf.], both were officially released in 2007 by the Agricultural Research Service (ARS) of the U.S. Department of Agriculture (USDA). Later, in 2010, the “US-942” rootstock was also released. This rootstock selection was originated from a cross of “Sunki” mandarin [Citrus sunki (Hort.) ex Tan.] × “Flying Dragon” trifoliate orange [P. trifoliata (L.) Raf.]. These three are among the most sought-after rootstocks in Florida due to their relative novelty and better performance under endemic HLB conditions.



Fruit Characterization

Four replicates of 10 fruits per rootstock were characterized according to their physical parameters at each fruit harvest date. Fruit were weighed (g) using a semi-analytical scale (Radwag, PS 1000.R2, Radom, Poland) and the fruit length (mm) and diameter (mm) were assessed with a digital caliper (Fowler High Precision, Inc., 54-101-150-2, Newton, MA, United States). The fruit shape was determined based on the length/diameter ratio. The fruit color development was monitored during the evaluated period using a portable colorimeter (Konica Minolta, CR-400, Tokyo, Japan). For this, four replicates of five fruit per rootstock were measured and three different readings were obtained along the equatorial circumference of each fruit.

The CIE L*a*b* color scale was adopted (McGuire, 1992), and the citrus color index (CCI) was calculated according to Jiménez-Cuesta et al. (1981):
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where, CCI = citrus color index, a* = red-green color value, b* = yellow-blue color value, L* = lightness.

The CCI is a comprehensive indicator for color impression with positive values for red, negative values for blue-green, and 0 for an intermediate mixture of red, yellow, and blue-green (Zhou et al., 2010). Lightness (L*) value ranges from 0 to 100 in which higher values indicate lighter color intensity (McGuire, 1992).



Seed Extraction and Characterization

Seeds were hand-extracted from each rootstock fruits, washed under distilled water, and air-dried at room-temperature for 24 h. The number of filled seeds per fruit was counted using four replicates of 10-fruit per rootstock, collapsed and aborted seeds were not included. Seed length and width were measured for each rootstock using a digital caliper (Fowler High Precision, Inc., 54-101-150-2, Newton, MA, United States), and the seed weight was assessed using an analytical scale (Radwag, AS 60/220.R2, Radom, Poland). All seed measurements were based on four replicates of 100-seed sample.



In vitro Seed Germination Evaluation

Seeds from all three rootstocks were individually peeled, standardized for the moisture content for 24 h under controlled-environment conditions (10°C, 100% RH, and dark), surface-sterilized for 20 min in a solution with 5.0% (v/v) sodium hypochlorite (Clorox Co., Oakland, CA, United States) and 0.01% (v/v) Tween 20 (Sigma-Aldrich, St. Louis, MO, United States), rinsed three times in distilled sterile water, and then sown. The germination test was performed in vitro in a complete randomized design using four replicates of 15 peeled seeds extracted from a 50-fruit sample for each harvest date and rootstock, as previously described. One sterile seed was individually placed per culture tube (25 × 150 mm) filled with 18 mL of MS (Murashige and Skoog, 1962) basal medium supplemented with 3% sucrose (w/v) and 0.7% agar (w/v) (Murashige and Skoog Basal Medium, M9274, Sigma-Aldrich, St. Louis, MO, United States), previously adjusted to pH of 5.8 and autoclaved at 121°C for 15 min. After sown, the culture tubes were sealed and maintained in growth chamber (Conviron Ltd., CMP6010, Winnipeg, MB, Canada) at constant temperature of 25 ± 1°C and dark for 30 days. Measurements were taken daily after root protrusion in order to calculate the total percentage of germination, root growth rate (RGR), shoot growth rate (SGR), and germination speed index (GSI) (germination rate) that measures the speed of germination and quantifies the seed vigor based on a time-weighted cumulative germination (Brown and Mayer, 1986). The percentage of multiple seedlings per seed (polyembryony) was quantified at the end of the germination evaluation. To calculate the root and SGR we used the following formula:
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where a1, a2,…, a(n), a(n–1) = root or shoot length at corresponding day; and n = number of days. Growth rate was expressed in mm day–1.

The GSI was calculated based on the mathematical expression proposed by Maguire (1962):
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where GSI = germination speed index; g1, g2,… gn = number of germinated seed recorded at the first count, second count,… and last count; n1, n2,… nn = number of days seed have been sown at the first, second,… and last count.



Seedling Emergence Evaluation

Nursery performance assessment of citrus rootstock seedlings was also evaluated using standard nursery methods. The emergence study was set in a complete randomized design using four replicates of 48 seeds extracted from a 50-fruit sample for each harvest date and rootstock, as previously described. One seed per tray cell was planted at 0.5 cm depth into seedling trays of 16.8 × 35.6 × 61.0 cm with 96 cells (Stuewe and Sons, Inc., FT96-7, Tangent, OR, United States) containing sterilized growing medium composed by sphagnum peat moss (Premier Horticulture, Inc., Pro-Mix HP Mycorrhizae, Quakertown, PA, United States). The trays were set on benches inside a controlled-environment greenhouse at the Southwest Florida Research and Education Center (Immokalee, FL, United States) and irrigated daily. The number of emerging seedlings was monitored daily to determine the number of days required to emerge 50% of the population. After 60 days of planting, when seeds ceased emerging, the total percentage of emerged seedlings was determined.



In vitro Fruit Abscission Assay

Additionally, four replicates of 10 fruits per rootstock and treatment, containing the stem (2 cm), were harvested at each harvest date and immediately transported to the lab. A disposable plastic 3 mL Pasteur pipette was attached to the stem and the union sealed with parafilm to prevent leakage. Treatment solutions were applied through the pipette by cutting the upper portion of the pipette. Treatments were water (control) and 1-aminocyclopropane-l-carboxylic acid (ACC; 0.1 mM), as previously described (Merelo et al., 2017). Abscission rate was monitored daily.



Statistical Analysis

The experimental design was completely randomized with a factorial arrangement [three treatments (rootstocks) × four seed extraction periods] replicated four times. The fruit characterization was performed using 10-fruit sample per replicate while 100-seed sample was taken per replicate for seed characterization. The evaluation of seed germination was based on 15-seed sample per replicate and 48-seed sample for the seedling emergence test. These data were submitted to normality and homogeneity of variances tests before analysis of variance (ANOVA) using the ExpDes package (Husson et al., 2017) in R v. 4.0.2 (The R Foundation for Statistical Computing, Vienna, Austria). Means were compared by Tukey’s test and taken to be significantly different at P ≤ 0.05. The correlation matrices were created for each citrus rootstocks based on the studied traits using the FactoMineR (Lê et al., 2008) and corrplot (Wei et al., 2017) R packages. Fruit abscission data from in vitro assays was expressed as mean ± std and was subjected to analysis of variance for means separation.




RESULTS AND DISCUSSION


Seed Production

On September 10th of 2017, hurricane Irma crossed the Florida Peninsula from South to North, affecting the seed production of major commercial citrus rootstocks due to tree severe damage and intense fruit drop (Figure 1). Seed availability from the three main registered rootstock seed sources in Florida, Southwest Florida Research and Education Center (Immokalee, FL, United States), U.S. Department of Agriculture (Ft. Pierce, FL, United States), and A.H. Whitmore Foundation Farm (Leesburg, FL, United States) decreased by 66% as compared to previous season, resulting in a shortage in seed availability (Table 1).
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FIGURE 1. The rootstock seed source plantings at UF-IFAS Southwest Florida Research and Education Center in the aftermath of Hurricane Irma on September 14th, 2017. Note how virtually all rootstock seed-producing fruit from US-802, US-897, and US-942 was lost (Adapted from Alferez et al., 2021a).



TABLE 1. Seed production of three commercial citrus rootstocks in Florida during two consecutive years, 2016 (no hurricane incidence) and 2017 (hurricane incidence).
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Fruit and Seed Characterization

Significant interaction between rootstock and time of harvest was observed for fruits and seeds (Tables 2, 3). In all three rootstocks studied growth pattern was similar, and typically sigmoidal, as described elsewhere for citrus (Agustí and Primo-Millo, 2020). In September 2020, fruits had the highest weight and size. These values were similar or even higher than those observed in December 2019 when the fruits were fully mature (Table 2). The characteristics of the fruits may vary with the cropping season, due to biotic and abiotic factors, such as HLB (Rosales and Burns, 2011) or water stress (Garcia-Tejero et al., 2011), and may also depend on the fruit loading (Iglesias et al., 2007; Agustí and Primo-Millo, 2020). Fruits from US-802 were larger than those from US-897 and US-942, and had the highest number of seeds per fruit (33–50), depending on the season (Table 3). Number of seeds was different depending on the rootstock variety and fruit size, as previously reported (Alferez and Bordas, 2019). The number of seeds per fruit is one of the major factors for citrus rootstock selection. Citrus rootstocks that produce large number of seeds per fruit and good seedling emergence performance are preferred by the nurseries (Bisi et al., 2020); however, it is worth noting that US-942, one of the rootstocks currently most favored by citrus growers in Florida due to its superior performance under HLB conditions, produces significantly less seeds (Table 3). This adds an additional challenge to the citrus industry.


TABLE 2. Fruit characterization of three citrus rootstocks harvested during different period at the Southwest Florida Research and Education Center, Immokalee, FL, United States (mean value ± standard deviation).
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TABLE 3. Characterization of three citrus rootstock seeds extracted during different period at the Southwest Florida Research and Education Center, Immokalee, FL, United States (mean value ± standard deviation).
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Seed size, including length and width, was also significantly (P ≤ 0.05) variable during fruit maturation. In July, seeds were small for all evaluated rootstocks (Table 3). At that time, a considerable number of seeds had their outer coat (testa) still under the growing stage, thus being more sensitive to damage during storage (Carvalho and Silva, 2013). The seed coat is an important component of the seed, preventing dehydration and premature germination, as it offers resistance to the root apex emergence in the area of the micropyle (Agustí and Primo-Millo, 2020) and also allows seeds to last longer under appropriate storage conditions. The testa appeared totally formed in August for all three varieties, indicating increased seed viability with fruit maturation. Seed weight also fluctuated across the evaluated period reaching the highest weights in August and September for all tested rootstocks. Seed quality parameters, such as size and weight, play a major role in germination and seedling establishment, and are positively correlated with seed vigor, as variability in seed size may contribute to the variance in seed germination performance (Guo et al., 2015).



Fruit Color Development

Color is one of the most important parameters to determine maturation of citrus fruit. However, color development in citrus rootstock fruit peel has not gained enough attention, since fruit is not marketable. In our study, we monitored the color change of the peel with the aim of determining if this parameter can be a good non-destructive indicator of seed maturity and hence, viability. Color change in flavedo was monitored during the entire fruit maturation period in all three varieties (Figure 2). The color development was quantitatively described based on lightness (L*) and CCI attributes. The loss of the dark green color and the development of orange color was evident throughout the maturation period (Figures 2, 3). An increase in L* was observed in the flavedo as the fruit collection advanced through the season (Figure 3A). This increase was likely related to the chlorophyll degradation as described by Zhou et al. (2010). Fruit from US-802 had the highest L* value, indicating both a lighter color intensity and earlier peel maturation as compared to fruits from US-897 and US-942. Color break in US-802 and US-942 was observed in August (Figure 2B), a month prior to US-897. By December, the L* decreased only in the US-802 fruits; this might be attributed to the fact that, fruits started to lose water leading to a pressure loss over the peel, which may have affected flavedo lightness. In all varieties, CCI increased during the season. In the case of US-897, color change was delayed as compared to the other two rootstocks and was not evident until September (Figure 2C).
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FIGURE 2. Flavedo color development of citrus rootstock fruits and seed comparison during different harvest periods in mid-July (A), mid-August (B), mid-September (C) 2020, and mid-December (D) 2019.
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FIGURE 3. Flavedo color development of citrus rootstock fruits during different harvest periods: Lightness (L*) (A) and citrus color index (CCI) (B).




Seed Germination and Seedling Emergence

In seed lots with high viability, the ability to produce usable seedlings under less-than-optimal germination conditions is related to seed vigor. Seed lots can be classified as low or high vigor, depending on the degree of germination and emergence performance, particularly under unfavorable conditions (Guo et al., 2015). High vigor seeds are proxy of crop establishment and sustainable productivity (Araújo et al., 2016). Thus, seed vigor testing is an essential tool used to evaluate commercial seed lots. The most common vigor tests are based on germination behavior (Hampton and TeKrony, 1995). These include normal germination percentage after a stress imposition, germination speed (time to radicle protrusion), and early seedling growth following germination. Germination speed has been used as an indicator of seed vigor, especially in seed priming experiments (Geneve, 2005), and it is an important measurement used to model seed germination (Bradford, 1990).

The stage of fruit maturation significantly affected the germination performance of the citrus rootstock seeds, irrespective of the variety (Figure 4). There was a significant interaction (P ≤ 0.001) between rootstock and time of fruit harvest for almost all physiological characteristics evaluated. Seeds extracted in July had the lowest percentage of germination for all three rootstocks, particularly for the US-802, with less than 50% of the seeds able to germinate (Figure 4A). However, an increase in seed germination was observed when fruit harvest progressed (Figure 4A). Rootstock fruits harvested in August and September had seeds with higher germination potential, as more than 90% of the seeds generated seedlings (Figure 4A), which can be related to the seed quality parameters (size and weight), as larger seeds usually result in improved stand establishment and faster germination (Guo et al., 2015). This rate of germination was similar or even higher than that from the seeds obtained from fully mature fruits, harvested in December.
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FIGURE 4. Percentage of germination (A), emergence (B), and germination speed index (C) of three citrus rootstocks during different period of seed extraction at the Southwest Florida Research and Education Center, Immokalee, FL, United States. Bars followed by the same lowercase and capital letter do not significantly differ in regard to rootstock and seed extraction period, respectively, according to the Tukey’s test (P ≤ 0.05).


This germination trend was also observed for seedling emergence, under nursery standard conditions (Figure 4B). In July, the rootstock seedlings did not emerge, indicating that the seeds were not physiologically ready yet to be extracted from the fruits. Later, the seeds performed better, showing good seedling emergence progress, mainly for the US-942 rootstock. In general, seeds from fruits harvested in September showed the highest vigor according to the GSI, and root and SGRs (Figures 4B, 5B and Table 4). All these parameters are important for rootstock seedlings production, as the time-consuming period required in this process is highly dependent on the seed vigor (Bowman et al., 2016a; Vashisth et al., 2020). Based on this, seeds all rootstocks were ready in August, showing US-942 more % of emergence than US-802 and US-897 (Figure 4B), resulting in faster seed germination (Figure 4C); In contrast, US-802 had the faster SGR (Figure 5B). Seeds from US-942 took about 24 days to reach 50% of the total seedling emergence (Table 4). In contrast, seed emergence for the US-897 and US-802 took 37 and 43 days, respectively (Table 4).
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FIGURE 5. Percentage of multiple seedlings per seed and shoot growth rate of three citrus rootstocks during different period of seed extraction at the Southwest Florida Research and Education Center, Immokalee, FL, United States. Bars followed by the same lowercase and capital letter do not significantly differ in regard to rootstock and seed extraction period, respectively, according to the Tukey’s test (P ≤ 0.05).



TABLE 4. Seedling root growth rate and days to reach 50% of the total emergence of three citrus rootstocks during different period of seed extraction at the Southwest Florida Research and Education Center, Immokalee, FL, United States (mean value ± standard deviation).
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The seeds of the US-942 rootstock were also more efficient in generating multiple seedlings per seed (Figure 5A), an important aspect to be considered during rootstock production (Bisi et al., 2020). This effect increased as the fruit matured, as compared with the other two rootstocks. In addition to the zygotic embryo, the citrus seeds have nucellar embryos which are developed from somatic nucellus cells (Frost et al., 1968). Polyembryonic seeds usually contain between 2 and 10 nucellar embryos, though, sometimes, they may contain more embryos (Agustí and Primo-Millo, 2020). This characteristic allows to propagate uniform and clonal (true-to-type) rootstock seedlings, as nucellar seedlings are genetically identical to the maternal parent (Kepiro and Roose, 2010). The seed capacity to produce one or more embryos depends on its physiological quality, which is related to the fruit maturation, and nutritional and healthiness conditions of the trees and seeds (Carvalho and Silva, 2013).



Correlation Analysis

In order to compare such divergent rootstocks, a correlation matrix was built for each single citrus rootstock (US-802, US-897, and US-942) based on Pearson’s correlation coefficients (r) and the studied traits (Figures 6–8 and Supplementary Figure 1). Significant positive correlations (P ≤ 0.05) were found (Figure 6 and Supplementary Figure 1) between RGR and seed weight (r = 0.98), and number of seeds (r = 0.98) for the US-802, but strongly negative with fruit shape (r = −0.96). However, no more obvious correlations were observed between all other traits for this citrus rootstock. The correlation analysis for US-897 revealed a strong positive correlation between germination and seed weight (r = 0.99, P ≤ 0.05), and seed length (r = 1.00; P ≤ 0.01) (Figure 7), as well as between days to reach 50% of the total emergence (T50) and seed length (r = 0.95; P ≤ 0.05). No significant negative correlations (P ≤ 0.05) were found between the evaluated traits for the US-897. Finally, for US-942 numerous positive and negative correlations were observed among its dimensions (Figure 8). Seed weight was positively (P ≤ 0.05) correlated with GSI (r = 0.99), SGR (r = 0.99), and emergence (r = 0.98). Similarly, the CCI was highly and positively correlated with fruit weight (r = 0.99; P ≤ 0.01), fruit diameter (r = 0.98; P ≤ 0.05), fruit length (r = 0.95; P ≤ 0.05), and seed width (r = 0.98; P ≤ 0.05). Furthermore, the US-942 fruit weight and size (length and diameter) were positively (P ≤ 0.05) correlated with seed length (r ≥ 0.97) and width (r ≥ 0.95) but negatively associated with the number of seeds (r ≤ −0.93). Negative correlation was also found for fruit shape and polyembryony (r = −0.99; P ≤ 0.05).
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FIGURE 6. Correlation analysis among the variables studied for US-802 rootstock. The numbers display the Pearson’s correlation coefficient (r). Blue cells indicate positive correlations among the variables (1) and the red cells indicate negative correlations (–1). The color density and numbers reflect the scale of correlation. Variables: germination; polyembryony; GSI: germination speed index; RGR: root growth rate; SGR: shoot growth rate; emergence; T50: days to reach 50% of the total emergence; L: lightness value; CCI: citrus color index; fruit weight; fruit length; fruit diameter; fruit shape; number of seeds per fruit, seed weight; seed length; and seed width.



[image: image]

FIGURE 7. Correlation analysis among the variables studied for US-897 rootstock. The numbers display the Pearson’s correlation coefficient (r). Blue cells indicate positive correlations among the variables (1) and the red cells indicate negative correlations (–1). The color density and numbers reflect the scale of correlation. Variables: germination; polyembryony; GSI: germination speed index; RGR: root growth rate; SGR: shoot growth rate; emergence; T50: days to reach 50% of the total emergence; L: lightness value; CCI: citrus color index; fruit weight; fruit length; fruit diameter; fruit shape; number of seeds per fruit, seed weight; seed length; and seed width.
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FIGURE 8. Correlation analysis among the variables studied for US-942 rootstock. The numbers display the Pearson’s correlation coefficient (r). Blue cells indicate positive correlations among the variables (1) and the red cells indicate negative correlations (–1). The color density and numbers reflect the scale of correlation. Variables: germination; polyembryony; GSI: germination speed index; RGR: root growth rate; SGR: shoot growth rate; emergence; T50: days to reach 50% of the total emergence; L: lightness value; CCI: citrus color index; fruit weight; fruit length; fruit diameter; fruit shape; number of seeds per fruit, seed weight; seed length; and seed width.


In general, seed weight was highly correlated with the germination and emergence dimensions for all three evaluated citrus rootstocks. Previous studies have showed strong relationship between seed weight and seedling growth measurements, including germination and emergence, among different species (Hanley et al., 2007; Huang et al., 2017; Poletto et al., 2018). The control of seed mass and size are regulated by genetic and epigenetic pathways, but it has been little investigated in woody perennial plants (Poletto et al., 2018). Current evidence has shown that the homolog of Auxin Response Factor 19 (JcARF19) significantly increases seed size and mass in Jatropha curcas plants, confirming the importance of the auxin pathway in controlling these seed attributes in woody perennial plants (Sun et al., 2017). Hanley et al. (2007) reinforce that larger seeds are usually assumed to be more advantageous for seedling establishment than smaller-seeded species, as they are less dependent on soil nutrient availability at the initial growth stage. Indeed, this relationship appears to be triggered by the seed vigor, an important index of seed quality, as larger and heavier seed usually generates more vigorous seedlings (Poletto et al., 2018; Wen et al., 2018). Moreover, this index measures the potential for a rapid and uniform seedling emergence and may reduce seed production risks associated with poor stand establishment (Marcos-Filho, 2015; Wen et al., 2018), resulting in a better management decision.

US-942 seed weight has shown strong relationships with most germination and emergence assessments (Figure 8) evidencing its vigorous potential as have been reported previously (Bowman and Joubert, 2020). Furthermore, this rootstock provided superior field performance to various other high-demanded citrus rootstocks under Florida soil-climate condition and HLB-pressure (Bowman et al., 2016a,b).



Assessing Abscission Capacity

Color data, when taken together and compared with seed emergence and germination data suggest that color change in the peel is not the best indicator of seed maturity for these rootstock varieties, because on one hand, fruit from US-802 changed color 1 month earlier than fruit from US-897, but seed germination was not different by August, and on the other hand, fruit from US-942 and US-802 changed color at the same time, but GSI in US-942 were significantly higher than in US-802. With maturation, fruit enters senescence and ultimately abscission, two processes that are genetically determined and hormonally regulated. Citrus fruits, although non-climacteric, can respond to ethylene, and this response is highly coordinated and may involve abscission (Alferez and Zacarias, 1999; Alférez et al., 2006; Alferez et al., 2021b); in this sense, increased capacity for abscission could indicate when the seed is ready to germinate, as fruit abscission is a mechanism for seed dispersal in nature. To further confirm this idea, we studied in vitro the fruit abscission response during maturation in the three rootstocks. We compared the abscission response of fruit from the three rootstocks to the ethylene precursor ACC during maturation in time course experiments monitoring abscission rate. We found that all three rootstocks started to respond to ACC in advancing abscission as early as July, but response was maximized in August; Fruit from US-942 incubated with water (Figure 9 upper central panel) reached 100% abscission by day 6 of incubation, whereas after ACC treatment this time was reduced to 4 days; in the case of US-897, the abscission response after ACC treatment was advanced from 9 to 4 days in fruit harvested in August, whereas in fruit from US-802 abscission was advanced from 10 to 7 days, showing a milder response to the ethylene precursor This set of data further supports the notion that seeds from all three varieties may be ready to be harvested as early as August (Figure 9).
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FIGURE 9. Abscission dynamics of fruit from US-802, US-897, and US-942 harvested on May, June, July, August, and September, and incubated in vitro in the absence (lower panels, water control) or presence (upper panels) of the ethylene precursor ACC (1-aminocyclopropane-l-carboxylic acid). The 3 panels are aligned to allow comparisons of abscission rate. Green arrows and red lines highlight the advancement in fruit abscission rate for August.





CONCLUSION

The physiological response on rootstock seed germination is affected by the maturation of the fruits at harvest. For Florida conditions, fruits from all three varieties can be harvested as early as August without losing any germination potential based on seed vigor parameters studied here and on our study of abscission dynamics. Therefore, fruits from these rootstock varieties can be harvested for seed extraction before the peak of the hurricane season, avoiding fruit drop and eliminating the risk of not having enough seeds for nursery supply. Together, this constitutes a new managerial tool for nurseries in Florida to control and adjust operations.
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The cultivation of resistant rootstocks is one of the more effective ways to mitigate apple replant disease (ARD). We performed an ion current test, a pot experiment, and a pathogen infection test on the apple rootstocks 12-2 (self-named), T337, and M26. The ion current test showed that exposure to ARD soil extract for 30 min had a significant effect on K+ ion currents at the meristem, elongation, and mature zones of the M26 rhizoplane and on Ca2+ currents in the meristem and elongation zones. ARD also had a significant effect on Ca2+ currents in the meristem, elongation, and mature zones of the T337 rhizoplane. Exposure to ARD soil extract for 5 min had a significant effect on K+ currents in the meristem, elongation, and mature zones of 12-2 and on the Ca2+ currents in the elongation and mature zones. Compared to a 5-min exposure, a 30-min exposure to ARD extract had a less pronounced effect on K+ and Ca2+ currents in the 12-2 rhizoplane. The pot experiment showed that ARD soil had no significant effect on any root architectural or physiological parameters of 12-2. By contrast, ARD soil significantly reduced some root growth indices and the dry and fresh weights of T337 and M26 compared with controls on sterilized soil. ARD also had a significant effect on root metabolic activity, root antioxidant enzyme activity (except superoxide dismutase for T337), and malondialdehyde content of T337 and M26. Pathogen infection tests showed that Fusarium proliferatum MR5 significantly affected the root structure and reduced the root metabolic activity of T337 and M26. It also reduced their root antioxidant enzyme activities (except catalase for T337) and significantly increased the root malondialdehyde content, reactive oxygen levels, and proline and soluble sugar contents. By contrast, MR5 had no such effects on 12-2. Based on these results, 12-2 has the potential to serve as an important ARD-resistant rootstock.

Keywords: cultivation of resistant rootstocks, ARD, potassium and calcium currents in rhizosphere, root physiological indices, pathogen infection


INTRODUCTION

Apple replant disease (ARD) is a common occurrence in major apple producing areas worldwide (Mazzola and Manici, 2012; Chen et al., 2020) and has significantly limited the sustainable development of apple production (Narwal, 2010; Mao et al., 2021b). Studies have shown that ARD is caused by a complex of soil microorganisms (Mazzola and Manici, 2012; Wang et al., 2021). The ARD pathogen complex consists of oomycetes, including Pythium and Phytophthora, and fungi such as Ilyonectria and Rhizoctonia, at times acting in concert with the lesion nematode Pratylenchus penetrans (Zhu et al., 2016). However, the specific pathogen complex may vary across geographic regions, or even between orchards in the same region (Zhou et al., 2021). Previous studies have shown that specialized Fusarium spp. are the pathogenic fungi that pose the greatest threat during continuous cropping of many plants (Duan et al., 2016; Xiang et al., 2021). Fusarium can cause necrosis and decay of plant roots, resulting in dwarfed plants, wilting, and even tree death (Wang G. S. et al., 2018; Xiang et al., 2021). Liu (2013) and Wang G. S. et al. (2018) have shown that Fusarium is one of the main causes of ARD in apple orchards in the Bohai Bay region of China. Zou et al. (2014) identified Fusarium proliferatum and other suspected pathogenic Fusarium spp. from apple orchard soils in Hebei Province, China. Recently, the specialized, ARD-associated F. proliferatum strain MR5 (MW600437.1) has been screened, identified, and shown to be highly pathogenic to apple roots (in review).

Although there are many ways to improve ARD symptoms (Pan et al., 2017), the development of improved ARD-resistant rootstocks is a long-term effective measure to prevent and control ARD (Bowen et al., 2010). The cultivation of resistant rootstocks can effectively control pests and diseases in the replanted soil, alleviate ARD caused by certain pathogenic bacteria (Rivard et al., 2012), strengthen plant stress resistance, and increase fruit yield and quality (Zhu and Saltzgiver, 2020). There have been many studies of resistant rootstocks in Europe, the United States, and other countries. Leinfelder and Merwin (2006) reported that the growth of G30 and CG6210 plants increased significantly and steadily, and the average lifespan of the CG6210 root system was five times greater than that of M7 after 4 years. Rumberger et al. (2004) reported similar results when grafting the Royal Empire variety onto three CG rootstocks (CG16, CG30, and CG210) and two M rootstocks (M7 and M26). Rootstocks G11, G16, and G41, which were developed within the Geneva rootstock-breeding program, are reportedly tolerant to some of the causative agents implicated in ARD, although this assessment has not been confirmed consistently in all studies (Reim et al., 2019). Nonetheless, for various reasons, these rootstocks have not been promoted in China. Instead, the dwarf rootstocks T337 and M26 are still the main apple rootstocks used for production in China. T337 offers the advantages of early fruiting and large yields (Fallahi et al., 2001), and M26 has higher graft compatibility and stronger healing ability (Wang et al., 2019a). However, both these rootstocks have short lifespans and shallow root systems, and they are generally considered to be ARD “susceptible” rootstocks (Wang et al., 2019a). Therefore, it is important to specifically select and use ARD resistant rootstocks in the main apple producing areas of China.

The results of our previous research on K+ and Ca2+ absorption in the root meristem zones of three apple rootstock seedlings [Malus hupehensis Rehd., Malus sieversii (Ledeb.) Roem., and Malus prunifolia (Willd.) Borkh.] under replant stress showed that the greater the rootstock resistance, the less it was affected by ARD (Guo et al., 2015). K+ is the most abundant key cation in almost all organisms, and it plays a fundamental role in basic plant physiological processes (Adams and Shin, 2014). Ca2+ is also an essential nutrient for plants; it has a vital structural role in the cell wall and the maintenance of membrane integrity (Bose et al., 2011). Maintaining ion homeostasis through ion uptake and compartmentalization in the root system is crucial for normal plant growth and also for growth during stress (Gupta and Huang, 2014). In addition to the meristem zone, the elongation zone and the mature zone are also important regions of the rhizosphere. The maintenance of appropriate ion concentrations in the elongation and mature zones is important for the growth of plant roots (Sobol and Kordyum, 2009; Assaha et al., 2017; Hu et al., 2020). It is therefore important to understand whether a new rootstock with strong ARD resistance can also maintain the stability of the ion currents in each rhizosphere zone. In addition, new rootstocks should also be able to resist infection by the main harmful Fusarium spp. in the soil in China. Fusarium spp. and other soilborne fungal complexes responsible for ARD commonly cause root discoloration, root tip necrosis, and/or plant tissue necrosis at the stem base (crown rot) (Marek et al., 2013; Langenhoven et al., 2018). The root systems of highly ARD-resistant rootstocks will exhibit better performance under replant conditions (Leinfelder and Merwin, 2006).

Some crabapples (Malus spectabilis) are used as rootstocks for domestic apple production because they contribute beneficial characteristics (Singha, 1989). Through the patented technology of in situ breeding (Shen et al., 2015), our research group selected a new elite apple rootstock line named 12-2 that is tolerant to ARD. It is a new line of M. spectabilis that has not been identified previously. We initially selected more than 30 ARD-resistant, high-quality lines and planted them in replanted soil with 20-year-old Fuji/Malus × robusta (CarriŠre) Rehder apples in 2010. By November 2014, only 12-2 and the other superior lines survived, and the trees have continued to survive and grow vigorously to the present day (Gao, 2018; Su et al., 2021). Our previous research and aboveground measurements have shown that ARD has a significant effect on aboveground parameters of T337 and M26 but has no significant effect on 12-2 (Mao et al., 2021a). The root system is the only link connecting the aboveground parts of the plant with the soil, and root development is closely associated with plant ARD tolerance (Wang et al., 2020). Here, we further explore the potential ARD resistance of 12-2 and compare it with the Malus rootstocks T337 and M26, which are commonly planted in China. We specifically evaluate three aspects of rootstock performance: (1) changes in net rhizoplane K+ and Ca2+ flow in response to treatment with ARD soil extract for different durations; (2) differences in root physiological parameters between plants grown on replanted and sterilized soil; and (3) differences in tolerance toward infection by the specialized F. proliferatum strain MR5. Our work provides useful test materials for the breeding of resistant apple rootstocks, which are important for fundamentally solving the problem of ARD in China.



MATERIALS AND METHODS


Experimental Sites and Materials

The ion current test, pot experiment, and pathogen infection test were conducted at the National Key Seedling Breeding Base of Shandong Agricultural University, Tai’an City, Shandong Province (36.17101°N, 117.16074°E, 134.0 masl). The ion current test and pot experiment were performed from March 2015 to October 2016. The pathogen infection test was performed from August to September 2021. The three test materials were 12-2 (self-named), a tolerant rootstock produced by our group using patented breeding technology, and T337 and M26 tissue culture rootstocks purchased from Shandong Horticultural Techniques and Services Co. Ltd. (Tai’an, Shandong, China). Beginning in early March 2015, tissue cultured seedlings of the three rootstock genotypes were subcultured under the same conditions for 8 months in modified Murashige and Skoog (MS) medium with 30 g L–1 sucrose, 7.5 g L–1 agar, 0.6 mg L–1 6-BA, and 0.2 mg L–1 IBA, pH 5.8. Five explants were placed in each bottle of induction medium and grown in a tissue culture room at 25 ± 2°C with a 16-h light photoperiod and a light intensity of 1000 lx. In early January 2016, tissue culture explants that had been subcultured multiple times were inoculated into rooting medium (modified 1/2 MS medium with 20 g L–1 sucrose, 7.5 g L–1 agar, 0.2 mg L–1 6-BA, and 1.0 mg L–1 IBA, pH 5.8). Five explants were placed in each bottle of induction medium and grown in a tissue culture room at 25 ± 2°C with a 16-h light photoperiod and a light intensity of 1000 lx.



Experimental Treatments


Ion Current Test

On March 3, 2016, three bottles of rooted seedlings of the same size were selected from T337, M26, and 12-2. Each bottle contained two rooted tissue culture seedlings, which were used to measure rhizoplane K+ and Ca2+ ion currents with non-invasive micro-test technology (NMT) (Sun et al., 2009).



Pot Experiment

In early March 2016, rooted plantlets of similar size from each genotype were selected and transplanted into a sterile substrate after hardening off. At the end of March 2016, sixty plants of similar size from each rootstock genotype were selected randomly and transplanted into seedling pots (25 cm diameter, 30 cm depth) with 10 kg of soil; each pot contained three plants. Sixty plants (per genotype) were also randomly divided into two treatment combinations with ten pots (thirty plants) grown in replanted soil, and another ten pots (thirty plants) grown in sterilized soil. A total of sixty pots for the three genotypes (T337, M26, 12-2) were spaced 0.5 × 0.5 m apart at the experimental site. The replanted soil was obtained from a 20-year-old apple orchard in Xuanjiazhuang, Daolang District, Tai’an City, Shandong Province, China. The soil texture was a brown loam. The soil bulk density was 1.31 g cm–3, and its pH was 5.61. The soil nutrient contents included 4.56 mg kg–1 ammonium nitrogen, 7.38 mg kg–1 nitrate nitrogen, 34.82 mg kg–1 available phosphorus, 62.54 mg kg–1 available potassium, and 7.92 g kg–1 organic matter. The soil was passed through a 10-mesh sieve and mixed well. A portion of the replanted soil was autoclaved at 120°C for 20 min (Zealway Instrument Inc., Xiamen, Fujian, China) and used for the sterilized soil treatment. The pots were irrigated by drip irrigation every 2 days from March to May, once a day from June to September, and every 2 days in October.



Infection Test of Apple Replant Disease-Associated Fusarium proliferatum MR5

In mid-August 2021, one hundred seedlings of similar size with 4–5 leaves of T337, M26, and 12-2 were transplanted into black plastic pots (7.0 cm × 5.0 cm × 8.5 cm) filled with sterile substrate after seedling acclimatization. The specialized F. proliferatum strain MR5 (MW600437.1) that is associated with ARD has recently been screened and identified (in review); it is highly pathogenic to apple roots and was discovered by the research group of Professor Mao Zhiquan of Shandong Agricultural University. In early September 2021, a layer of pathogenic fungi was inoculated in liquid potato dextrose medium (PDB, Haibo, Qingdao, Shandong, China), cultured for 7 days, and then filtered through eight layers of sterile gauze to obtain a spore suspension. The concentration was measured under a microscope (Nikon Ni-U, Tokyo, Japan) using a hemocytometer (Thermo Fisher Scientific, Waltham, MA, United States), and the final concentration was adjusted to 106 spores mL–1 with sterile water. On September 8, fifty pots of 12-2, T337, and M26 were irrigated with 20 mL spore suspension, and the other fifty pots were irrigated with an equal volume of PDB medium to serve as controls. The seedlings were grown in a tissue culture room at 24 ± 2°C with a 16-h light photoperiod and a light intensity of 1000 lx. The pots were bottom-irrigated as needed to maintain 60% soil water content.




Measurement Indices

For each experiment (the ion current test, the pot experiment, and the pathogen infection test), there were three rootstock genotypes and a total of six treatment combinations. For each treatment combination, three bottles (two rooted tissue culture seedlings in one bottle were a biological replicate, and there were three biological replicates) containing seedlings of similar growth status were selected randomly for the ion current test. Likewise, three pots per treatment combination (three plants in one pot were a biological replicate, and there were three biological replicates) containing plants of similar growth status were selected randomly for the pot experiment, and three pots (one seedling in one pot was a biological replicate, and there were three biological replicates) of similar size and growth status were randomly selected for use in each measurement during the pathogen infection test. For all measurements, three technical replicates were performed for each biological replicate. The plants used in the ion current test were harvested on March 3, 2016. The pot experiment was harvested on October 10, 2016 after plants had grown in sterilized or replanted soil for 6 months. The measured root parameters were root architecture, root fresh and dry weights, root metabolic activity, root antioxidant enzyme activities (SOD, POD, CAT), and malondialdehyde (MDA) content. The pathogen infection test was harvested on September 13, 2021. The measured root parameters were root pathological conditions, root architecture, root fresh and dry weights, root metabolic activity, root antioxidant enzyme activities (SOD, POD, CAT), malondialdehyde (MDA) content, root reactive oxygen species levels, and root proline and soluble sugar contents.


Ion Currents

The roots were washed before testing, then placed in the balance solution. The solution used for the two ion measurements was the same: 0.1 mM KCl, 0.1 mM CaCl2, 0.1 mM MgCl2, 0.5 mM NaCl, 0.2 mM Na2SO4, and 0.3 mM MES. Roots were maintained in this solution for 30 min to measure the net rhizoplane ion flow before exposure to ARD (Before-ARD). The roots were then immersed in an ARD soil extract for 5 min. The extract had been prepared by mixing ARD soil with deionized water at a mass ratio of 1:1, extracting for 24 h with shaking, then filtering and storing at 4°C for later use. After equilibrating in the balance solution for 30 min, the net rhizoplane ion flow was measured after a 5-m immersion in ARD soil extract (ARD-5). Finally, the roots were immersed in ARD soil extract for 30 min. After equilibrating in the balance solution for 30 min, the net rhizoplane ion flow was measured after a 30-m immersion in ARD soil extract (ARD-30). The whole root tip was used for these measurements, and ion currents were measured 400 μm from the root tip (meristem) (Ma et al., 2018), 1000 μm from the root tip (elongation zone) (Sun et al., 2009), and 4200 μm from the root tip (mature zone) (Li and Zhang, 2014). Three root samples from each genotype were used for each measurement type (before-ARD, ARD-5, and ARD-30) and ion (Ca2+ or K+). The NMT procedure was performed as described in Sun et al. (2009) with an SIET system (BIO-001A, Younger United States, MA, United States) and MageFlux data analysis software (Xuyue Science and Technology Co., Ltd., Beijing, China).



Root Pathological Conditions

The pathological condition of each root system was observed with a stereomicroscope (Olympus SZX-16, Beijing, Beijing, China).



Root Architecture

Samples were washed with tap water and scanned with an NUScan700 scanner (MICROTEK, Shanghai, China). Total root length, surface area, volume, tip number, and branch number were analyzed with the Delta-T scan image analysis system (Delta-T Devices, Cambridge, United Kingdom).



Root Fresh and Dry Weights

Samples from the pot experiment and the pathogen infection test were weighted fresh and dried after root scanning. The roots and shoots of each plant were weighed separately, then placed in an oven (Suzhou DERIP Oven Manufacturing Co., Ltd., Suzhou, Jiangsu, China) at 115°C for 20 min, and finally dried at 80°C for 24 h. Weights of the dried samples were recorded.



Root Metabolic Activity

Root metabolic activity was measured by the 2,3,5-triphenyltetrazolium chloride (TTC) method (Ruf and Brunner, 2003). Roots were cut into approximately 1-cm pieces, placed in a test tube, and immersed in 5 mL of 0.4% TTC solution and 5 mL of phosphate buffer solution. Two milliliters of 1 M sulfuric acid solution were added to the blank tubes. Tubes were incubated in the dark at 37°C for 1 h, and 2 mL of 1 M sulfuric acid were added to stop the reaction. After standing for 20 min, the roots were gently blotted dry with absorbent paper, placed in a mortar, and ground in 3–4 mL ethyl acetate with a small amount of quartz sand. The red TTF liquid was transferred to a test tube, its volume was adjusted to 10 mL with ethyl acetate, and its absorbance was measured at 485 nm with a spectrophotometer.



Root Antioxidant Enzyme (Superoxide Dismutase, Peroxidase, Catalase) Activities and Malondialdehyde Content

Superoxide dismutase (SOD) activity was measured as described in Zhang et al. (2009). The amount of enzyme required to inhibit 50% of the photochemical reduction of nitroblue tetrazolium (NBT) was defined as one unit of enzyme activity, expressed as U g–1FW–1. Peroxidase (POD) activity was measured by the guaiacol method of Omran (1980) based on the change in absorbance at 470 nm. The amount of enzyme that caused an absorbance change of 0.01 per minute at 470 nm was defined as one unit of enzyme activity, expressed as U g–1FW–1 min–1. Catalase (CAT) activity was measured according to the method of Singh et al. (2010) based on the change in absorbance at 240 nm. The amount of enzyme that reduced the absorbance at 240 nm by 0.1 per minute was defined as one unit of enzyme activity, expressed as U g–1FW–1 min–1. Malondialdehyde content was measured by the thiobarbituric acid (TBA) method (Lykkesfeldt, 2001). In brief, 1 mL of supernatant was placed in a test tube, 2 mL of 0.67% TBA were added, and the mixture was heated in a boiling water bath for 15 min, then quickly placed in ice water to cool. Absorbance was measured at 600, 532, and 450 nm, and the MDA concentration was calculated as MDA (μ mol g–1FW–1) = 0.1548 (A532 – A600) – 0.01344A450.



Root Reactive Oxygen Species Levels

Root H2O2 content and O2– production rate were measured using the methods of Bai et al. (2009). The H2O2 content was measured by ultraviolet spectrophotometry. Fresh tissue samples (2 g) were combined with 4°C pre-cooled acetone and a small amount of quartz sand at a ratio of 1:1 between the material and the solvent, ground into a homogenate, and centrifuged at 300 rpm for 10 min. A 1-mL sample of supernatant was combined with 0.1 mL 5% titanium sulfate and 0.2 mL concentrated ammonia water, then centrifuged at 5000 rpm for 10 min. The pellet was washed 3–5 times with acetone until the plant pigments had been removed; then 5 mL of 2 M sulfuric acid was added to the precipitate. When the precipitate was completely dissolved, the absorbance of the titanium peroxide complex was measured at 415 nm and compared to a standard curve to determine the H2O2 content.

O2– production was measured by the hydroxylamine reaction. Fresh tissue samples (2 g) were combined with 1 mL 0.05 M phosphate buffer (pH 7.8) and ground in an ice bath. The mixture was centrifuged at 12000 rpm for 15 min, and 0.5 mL phosphate buffer and 1 mL 10 M hydroxylamine hydrochloride were added to 0.5 mL of the supernatant. The mixture was allowed to stand at 25°C for 1 h. Then 1 mL 17 mM P-sulfanilic acid and 1 mL 7 mM α-zeamine were added, and the mixture was allowed to stand for 20 min at 25°C. Its absorbance was measured at 530 nm and compared to a standard curve to determine O2– production rate.



Root Proline and Soluble Sugar Contents

The proline content was determined by the ninhydrin colorometric method (Wang et al., 2019b). Each fresh tissue sample (0.5 g) was placed into a large test tube, combined with 5 mL 3% sulfosalicylic acid, and placed into a boiling water bath. The tube was removed from the water bath after 10 min (having been stirred evenly during the process) and filtered into a clean test tube after cooling. A 2-mL sample of the extract was placed into another clean test tube with a stopper, and 2 mL glabraic acid and 2 mL acid ninhydrin reagent were added. The mixture was heated in a water bath for 30 min and became red. After cooling, 4 mL toluene was added, and the mixture was shaken for 30 s. After standing, the upper layer was removed and placed into a 10-mL centrifuge tube, then centrifuged at 3000 rpm for 5 min. The upper toluene solution containing proline that had turned red was pipetted into a cuvette, its absorbance was measured at 520 nm with an ultraviolet spectrophotometer, and its proline content was determined by comparison with a standard curve. Toluene was used as the blank control.

The soluble sugar content was determined by the phenol-sulfuric acid method (Masuko et al., 2005). A 0.2-g sample of fresh tissue was chopped and mixed, divided among three graduated test tubes to create three technical replicates, combined with 5 mL of distilled water, sealed with plastic film, and extracted in boiling water for 30 min. The resulting extract was filtered into a 25-mL volumetric flask and brought up to a constant volume (i.e., to the flask marking). A 0.5-mL sample of the liquid was pipetted into a test tube and combined sequentially with 1.5 mL distilled water, 1 mL 9% phenol solution, and 5 mL concentrated sulfuric acid. The sample was mixed to spread the color evenly, its absorbance was measured at 480 nm, and its soluble sugar content was determined by comparison to a standard curve.




Statistical Analyses

The data were analyzed using SPSS (version 17, IBM SPSS, Chicago, IL, United States). One biological replicate value for each treatment combination was the average of two rooted tissue culture seedlings in one bottle for the ion current test, three plants in one pot for the pot experiment, and one seedling in one pot for the pathogen infection test. Unless otherwise noted, the significance of differences among treatment means was assessed by Student’s t-test and Duncan’s multiple range test (DMRT) at a 0.05 probability level.




RESULTS AND ANALYSIS


Rhizoplane Ion Currents


Rhizoplane K+ Ion Currents


Meristem Zone

In the Before-ARD samples, the root meristem zones (400 μm from the root tip) of T337, M26, and 12-2 all absorbed K+ from the rhizoplane (Table 1 and Supplementary Figure S1). When roots were exposed to ARD soil extract for 5 min (ARD-5), the average net K+ fluxes from the rhizoplane into T337 and M26 root meristems were significantly reduced, and 12-2 meristems changed from net K+ absorption to net K+ release. The average net K+ flux into T337 meristems increased significantly in the ARD-30 treatment relative to the ARD-5 treatment, whereas the average net K+ flux into M26 meristems decreased significantly. The 12-2 roots changed from releasing K+ in the ARD-5 treatment to absorbing K+ in the ARD-30 treatment. The average net K+ flux into 12-2 meristems was significantly higher in the ARD-30 treatment than in the Before-ARD treatment.


TABLE 1. Effects of ARD on net K+ flux (pmol cm–2s–1) of three rootstocks in the meristem zone (400 μm from the root tip).
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Elongation Zone

Before exposure to ARD soil extract, the root elongation zones of all three rootstocks absorbed K+, consistent with the results from the meristem zones (Table 2 and Supplementary Figure S2). The net K+ flux in the T337 elongation zone did not differ significantly between Before-ARD and ARD-5, whereas the net K+ flux in the M26 elongation zone was significantly lower in ARD-5, and that of 12-2 changed from absorption to release. The net K+ flux in T337 elongation zones did not differ significantly between ARD-5 and ARD-30, whereas the K+ flux of M26 changed from absorption to release. The K+ flux of 12-2 changed back from release to absorption in ARD-30 and was significantly higher than in Before-ARD.


TABLE 2. Effects of ARD on net K+ flux (pmol cm–2s–1) of three rootstocks in the elongation zone (1000 μm from the tip).
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Mature Zone

K+ flux data (Table 3 and Supplementary Figure S3) showed that the mature zones of T337 and M26 absorbed K+ before and after exposure to ARD soil extract, whereas 12-2 mature zones released K+. The net K+ flux into T337 mature root zones was significantly higher in ARD-5 than in Before-ARD; the net K+ flux into M26 mature root zones was significantly lower; and the net K+ flux out of 12-2 mature root zones was significantly higher. In the ARD-30 treatment relative to ARD-5, the net K+ fluxes into T337 and M26 and the net K+ flux out of 12-2 were significantly reduced.


TABLE 3. Effects of ARD on net K+ flux (pmol cm–2s–1) of three rootstocks in the mature zone (4200 μm from the tip).
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Rhizoplane Ca2+ Ion Currents


Meristem Zone

Before and after exposure to ARD soil extract, the meristems of all three rootstocks showed net Ca2+ release (Table 4 and Supplementary Figure S4). After exposure to ARD soil extract for 5 min, the net Ca2+ efflux of T337 and 12-2 showed little change, and the net Ca2+ flux from M26 was significantly increased. After 30 min of ARD soil extract exposure, the net efflux of Ca2+ from T337 and M26 meristem zones was significantly increased. By contrast, net Ca2+ efflux from the 12-2 meristem zone was basically unchanged after 30 min of exposure.


TABLE 4. Effects of ARD on net Ca2+ flux (pmol cm–2s–1) of three rootstocks in the meristem zone (400 μm from the tip).
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Elongation Zone

Before exposure to ARD soil extract, the elongation zone of T337 took up Ca2+ from the rhizoplane; by contrast, the elongation zones of M26 and 12-2 showed net Ca2+release (Table 5 and Supplementary Figure S5). After exposure to ARD soil extract for 5 min, T337 elongation zones switched from net Ca2+ influx to net Ca2+ efflux, and the Ca2+ efflux rates of M26 and 12-2 were significantly higher in ARD-5 than in Before-ARD. After 30 min of ARD soil extract exposure, Ca2+ efflux from T337 and M26 elongation zones was significantly enhanced relative to ARD-5, and this enhancement was greater in M26. By contrast, Ca2+ efflux of 12-2 was significantly lower in ARD-30 than in ARD-5 or Before-ARD.


TABLE 5. Effects of ARD on net Ca2+ flux (pmol cm–2s–1) of three rootstocks in the elongation zone (1000 μm from the tip).
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Mature Zone

Before and after exposure to ARD soil extract, the meristems of all three rootstocks showed net Ca2+ release (Table 6 and Supplementary Figure S6). After exposure to ARD soil extract for 5 min, the net Ca2+ fluxes of T337 and M26 mature zones were significantly lower, and this decrease was greater in M26 than in T337. The net Ca2+ flux of 12-2 was significantly higher after 5 min of exposure. The net Ca2+ efflux of T337 and M26 mature zones was greater after 30 min of exposure than after 5 min of exposure, whereas that of 12-2 mature zones was significantly lower. Compared with Before-ARD, the average Ca2+ efflux of T337 was significantly higher in ARD-30, whereas the average Ca2+ efflux of M26 and 12-2 did not differ significantly between Before-ARD and ARD-30.


TABLE 6. Effects of ARD on net Ca2+ flux (pmol cm–2s–1) of three rootstocks in the mature zone (4200 μm from the tip).
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Pot Experiment


Root Architecture

Growth on ARD soil influenced the root architecture of T337 and M26 (Table 7): ARD soil significantly reduced root system length, surface area, volume, tip number, and bifurcation number in T337 and significantly reduced the root surface area and volume of M26. ARD soil had no significant effect on root architectural parameters of 12-2.


TABLE 7. Effects of ARD soil on the root characteristics of 12-2, T337, and M26 apple rootstocks.
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Root Fresh and Dry Weights

Growth on ARD soil significantly affected the above- and belowground fresh and dry weights of T337 and M26, and it had a significant effect on the root-to-shoot ratio of T337 (Table 8). There were no significant effects of ARD soil on fresh or dry weights of 12-2.


TABLE 8. Effects of ARD on the fresh and dry weights of 12-2, T337, and M26 apple rootstocks.
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Root Metabolic Activity Measurements

Growth on ARD soil had a significant effect on the root metabolic activity of T337 and M26 (Figure 1A) but not on the root metabolic activity of 12-2. The root metabolic activity of 12-2 in replanted soil was also higher than that of T337 and M26.


[image: image]

FIGURE 1. Effects of ARD soil on multiple root parameters of 12-2, T337, and M26 apple rootstocks. (A) Root metabolic activity was measured by the 2,3,5-triphenyltetrazolium chloride (TTC) method; (B) Root malondialdehyde (MDA) content; (C) Root superoxide dismutase (SOD) activity; (D) Root peroxidase (POD) activity; (E) Root catalase (CAT) activity. Within a rootstock, Student’s t-test was used to determine the significance of the difference between control and ARD soil. *p < 0.05; **p < 0.01.




Root Antioxidant Enzyme Activity and Malondialdehyde Content

Growth on ARD soil altered the antioxidant enzyme activity and MDA content of T337 and M26 roots (Figures 1B–E). ARD soil significantly reduced POD and CAT activities in T337 and the antioxidant enzyme activity of M26; it significantly increased the MDA contents of T337 and M26. ARD soil had no significant effect on the antioxidant enzyme activity or MDA content of 12-2.




Infection Test With Apple Replant Disease-Associated Fusarium proliferatum MR5


Root Pathological Conditions

As shown in Figure 2, the roots of T337, M26, and 12-2 tissue culture seedlings all showed varying degrees of damage 7 d after inoculation with MR5 spore solution. The root color changed to reddish brown (Figure 2A), dark gray (Figure 2B), or slightly red (Figure 2C), whereas the roots of tissue culture seedlings inoculated with PDB solution were bright yellow-brown (Figures 2D–F). The root systems of M26 showed the most severe damage, and some roots were even broken and rotted (Figures 2B,E). By contrast, the root systems of treated 12-2 plants showed no significant differences from those of control plants (Figures 2C,F). T337 showed an intermediate level of root system damage, and there were no signs of decay (Figures 2A,D). Under the stereomicroscope, the root systems inoculated with PDB solution appeared smooth, with no damaged spots and a brighter color (Figure 2G). After inoculation with MR5 spore solution, the roots of 12-2 appeared mildly injured with slight red spots (Figure 2H). The roots of T337 were darkened, the damaged portions shrank, and reddish-brown spots appeared (Figures 2J,K); the lateral roots were more severely damaged, displaying atrophy and necrosis (Figure 2I). M26 showed the most serious root damage: its roots became black with black spots and bulges on the surface (Figure 2L); the root system appeared broken, and hairy hyphae appeared (Figures 2M,N).


[image: image]

FIGURE 2. Root scans and pathology. (A) Infected T337; (B) Infected M26; (C) Infected 12-2; (D) Control T337; (E) Control M26; (F) Control 12-2; (G) The microscopic morphology of control PDB-treated 12-2 after 7 days. Control T337 and M26 were similar in appearance to control 12-2; (H) The microscopic morphology of 12-2 7 days after inoculation with Fusarium proliferatum MR5; (I–K) The microscopic morphology of T337 7 days after inoculation with Fusarium proliferatum MR5; (L–N) The microscopic morphology of M26 7 days after inoculation with Fusarium proliferatum MR5. A scale bar is shown in the figure.




Root Architecture

Growth with MR5 spore solution did not affect the root architecture of T337, M26, or 12-2 (Table 9). MR5 had no effects on the root system length, surface area, volume, tip number, fork number, or diameter of T337, M26, and 12-2.


TABLE 9. Effects of Fusarium proliferatum MR5 on the root characteristics of 12-2, T337, and M26 apple rootstocks.
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Root Fresh and Dry Weights

Growth with MR5 spore solution did not affect the above- and belowground fresh and dry weights of T337, M26, and 12-2 (Table 10), and it had no significant effect on their root-to-shoot ratios.


TABLE 10. Effects of Fusarium proliferatum MR5 on the fresh and dry weights of 12-2, T337, and M26 apple rootstocks.
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Root Metabolic Activity Measurements

Growth with MR5 spore solution had a significant effect on the root metabolic activity of T337 and M26 (Figure 3A) but not on that of 12-2. Compared with their respective controls, the root metabolic activity of T337 and M26 decreased by 70.08 and 82.40%, respectively.


[image: image]

FIGURE 3. Effects of Fusarium proliferatum MR5 on multiple root parameters of 12-2, T337, and M26 apple rootstocks. (A) Root metabolic activity measurements; (B–D) Root antioxidant enzyme activity; (E) Root MDA content; (F,G) Root reactive oxygen species level; (H,I) Root permeable substance content. Within a rootstock, Student’s t-test was used to determine the significance of the difference between control and ARD soil. *p < 0.05; **p < 0.01.




Root Antioxidant Enzyme Activity and Malondialdehyde Content

Growth with MR5 spore solution altered the antioxidant enzyme activity and MDA content of T337 and M26 roots (Figures 3B–E). MR5 significantly reduced SOD and POD activities in T337, significantly reduced the antioxidant enzyme activity of M26, and significantly increased the MDA contents of T337 and M26. MR5 had no significant effect on the antioxidant enzyme activity or MDA content of 12-2.



Root Reactive Oxygen Species Levels

Growth with MR5 spore solution increased H2O2 content and O2– production rate of T337 and M26 roots (Figures 3F,G). Compared with controls, the H2O2 content and O2– production rate of MR5-treated T337 roots increased by 44.84 and 48.82%, respectively, and those of M26 roots increased by 35.57 and 76.77%. MR5 had no significant effect on the reactive oxygen species levels of 12-2 roots.



Root Proline and Soluble Sugar Contents

Growth with MR5 spore solution significantly increased the proline and soluble sugar contents of T337 and M26 roots (Figures 3H,I). Compared with controls, the proline and soluble sugar contents of MR5-treated T337 roots increased by 33.76 and 22.43%, respectively, and those of M26 roots increased by 112.22 and 35.10%. MR5 had no significant effect on the root proline and soluble sugar contents of 12-2.





DISCUSSION

K+ can enhance the stress resistance of plants (Kenis and Keulemans, 2007), and the root system is the link between the plant and the soil. Meristem cells are sensitive, and the ion currents of the root system change rapidly and are closely related to plant stress resistance (Newman, 2001). Here, when the meristematic zones of T337, M26, and 12-2 roots were exposed to ARD soil extracts for 30 min, net K+ flux in the rhizoplane of M26 continued to decrease significantly, whereas 12-2 and T337 were able to recover K+ absorption to some extent, and the recovery of 12-2 was stronger than that of T337 (Supplementary Figure S1). It may be that under stress, 12-2 maintained intracellular K+ homeostasis by mobilizing K+ ions in the vacuole and other pools in root cells (Pinto and Ferreira, 2015; Zhang et al., 2020), activating the auxin pool in the endoplasmic reticulum to maintain normal root growth and development to deal with the damage caused by ARD (Friml and Jones, 2010). After 30 min of exposure, the ability of 12-2 to recover net K+ absorption in the elongation zone was also better than that of T337 and M26 (Supplementary Figure S2). 12-2 may therefore have maintained the turgor pressure and root cell expansion required by cells during root elongation by restoring the absorption of K+ (Dolan and Davies, 2004; Hu et al., 2020), thereby promoting root elongation, increasing root volume, and quickly responding to stress (Li et al., 2011). In the root mature zone of 12-2, net K+ influx increased significantly after exposure to ARD extract for 5 min, but it decreased significantly after 30 min, consistent with the study of Wang H. Y. et al. (2018) (Supplementary Figure S3). After 5 min of exposure, ARD may have induced a rapid increase in H2O2 in 12-2 root cells, and various root K+ osmotic channels are known to be activated by H2O2 (Wang H. Y. et al., 2018). H2O2 produced in roots can interact with transition metals (Fe2+ or Cu2+) to produce highly reactive OH⋅, thereby activating various K+ permeation channels and causing large amounts of K+ efflux (Shabala and Pottosin, 2014). After 30 min of exposure, the rapid accumulation of H2O2 in the mature zone of 12-2 roots may induce plant resistance. The subsequent removal of H2O2 may have induced the closure of K+ permeation channels, thereby reducing K+ outflow (Pinto and Ferreira, 2015; Wang H. Y. et al., 2018). On the other hand, the K+ accumulated in the root maturation zone may be transported to other root cells over time (Zhang et al., 2020), maintaining K+ homeostasis and thereby enhancing stress resistance (Pinto and Ferreira, 2015; Assaha et al., 2017). However, ARD affected K+ absorption of T337 and M26 mature root zones, causing a decrease in net K+ influx (Liu et al., 2012). Therefore, it appears that the 12-2 root system can quickly adjust its K+ homeostasis, maintain a steady state, and enhance ARD resistance.

Ca2+ plays an important role in plant stress signal transduction (Xu et al., 2018). In this experiment, ARD-30 caused a significant increase in the net efflux of Ca2+ from the root meristems of T337 and M26, whereas the net efflux of Ca2+ was basically unchanged in 12-2 (Supplementary Figure S4). Substantial Ca2+ efflux is not conducive to calcium signal transduction and affects the normal plant stress response (Feng et al., 2016). The relative homeostasis of Ca2+ in 12-2 roots may allow for rapid activation or inhibition of various membrane ion channels or specific enzymes, induce the expression of antiretroviral genes, stabilize cell walls and cell membranes, and thereby enhance environmental adaptation and improve ARD resistance (Roelfsema and Hedrich, 2010; Qi and Zhang, 2020). Five minutes of exposure to ARD soil extract had little effect on net efflux of Ca2+ in the rhizoplane of the three rootstocks. This may be because short-term ARD-induced Ca2+ efflux is mediated by Ca2+ channels (Kuster et al., 2011), and the ARD-5 treatment did not reach the specific threshold of Ca2+ stress that stimulates the meristem (Bose et al., 2011). With increasing exposure time of the root elongation zone, net Ca2+ efflux from 12-2 first increased and then decreased, in contrast to the continuously increasing net efflux from M26 and T337 (Supplementary Figure S5). This result suggested that ARD soil extract may weaken the growth of T337 and M26 roots in response to gravity, thereby destroying the steady state of Ca2+. Because 12-2 was less affected, it could maintain root cap gravity perception and the resulting asymmetric growth that occurs during root elongation, thereby quickly restoring steady-state Ca2+ concentration (Sobol and Kordyum, 2009; Dodd et al., 2010). These results were consistent with the root physiology and structure measurements, although the specific underlying mechanisms remain to be explored. The change in Ca2+ flux in the mature root zone of 12-2 was opposite to that of T337 and M26 (Supplementary Figure S6). ARD may therefore have affected the Ca2+/H+ exchanger and Ca2+-ATPase of T337 and M26. Ca2+ release into the cell or into intracellular organelles may have been inhibited, maintaining cellular Ca2+ concentrations at a higher level (Bose et al., 2011). Higher concentrations of Ca2+ could then trigger the aggregation of proteins and nucleic acids, resulting in the precipitation of phosphate, which is not conducive to plant health (Case et al., 2007). The mature zones of 12-2 may have had an efficient transport system that reduced Ca2+ efflux and maintained the steady state of the microenvironment (Feng et al., 2016). Therefore, we speculate that 12-2 may be able to quickly exchange information with other tissues and organs under ARD, maintaining the stability of Ca2+ at a specific time and location and thereby enhancing ARD tolerance.

Changes in root physiological indices in the pot experiment and the Fusarium tolerance test also showed that 12-2 had greater tolerance to ARD than the other tested rootstocks. Compared with its untreated control, 12-2 maintained high root growth and a large root surface area in replanted soil, and its root physiological indices differed little from those observed in sterilized soil. This suggested that 12-2 could more quickly perceive stress signals and regulate the expression of stress-related genes through signal transduction pathways, thereby regulating its physiological state and the distribution of metabolites among organs (Lager et al., 2010; Ghonaim et al., 2021) and maintaining the total length and surface area of the root system to cope with stress (Comas et al., 2013; Chen et al., 2020). In addition, maintenance of a high root growth rate in 12-2 may have reduced ARD sensitivity, limited infection by harmful fungi (Emmett et al., 2014), maintained root structure and function (Atucha et al., 2014), reduced root rot and browning (Ghosh and Xu, 2014), and promoted normal growth and increased ARD resistance. Under ARD stress, antioxidant enzyme activities were significantly lower in T337 and M26 roots from replanted soil than in those from sterilized soil, and high levels of MDA accumulated. By contrast, there were no significant differences in antioxidant enzyme activity and MDA content between the two treatments for 12-2 (Figure 1). It may be that under ARD, superoxide (O2⋅) and other harmful substances accumulate in larger amounts in M26 and T337 (Zhang et al., 2013; Berni et al., 2019), exceeding their cellular tolerance (Zhang et al., 2021). Although SOD, POD, and CAT work together to disproportionate O2⋅ to H2O2 and O2, reducing its toxicity to a certain extent (Sharma et al., 2012; Li et al., 2019), the H2O2 produced by disproportionation will accumulate to excessively high levels over time, leading to massive production of the membrane lipid peroxidation product MDA (Gill and Tuteja, 2010). MDA reacts with and denatures cell macromolecules such as proteins and nucleic acids, thereby destroying cell structure and function (Zhao et al., 2019), rapidly inhibiting cell antioxidant enzyme activity, and ultimately leading to cell death (Ayala et al., 2014; Mu et al., 2021). Therefore, within one week of infection by ARD-associated F. proliferatum MR5, the roots of M26 and T337 showed numerous brown spots, rot, and fractures (Figure 2). These observations were consistent with previous reports of epidermal cell lysis, disintegration of cortical cells, root tip necrosis, and the almost complete loss of functional root hairs due to excessive accumulation of reactive oxygen species (Petrov et al., 2015; Han et al., 2021). Unlike the other two rootstocks, 12-2 could maintain a degree of balance between ROS production and scavenging, thereby maintaining the normal cellular redox state (Tanveer and Shah, 2017). ROS induce the accumulation of large amounts of lignin and callosin near the host infection site, participate in the oxidative cross-linking of cell wall structural proteins, and produce insoluble dimers and tetramers that are deposited on the cell wall, thereby strengthening it and enhancing the plant’s mechanical barrier against pathogens (Sharma et al., 2012; Castro et al., 2021). The significant increase in soluble sugars and proline were also consistent with the poor ARD tolerance of M26 and T337 roots, which led to excessive production of ROS and excessive oxidative damage to lipid membranes (Sharma et al., 2012; Yang et al., 2015); lack of accumulation of these stress-related metabolites in 12-2 provided further evidence that it had improved ARD tolerance.

The results presented here suggest that 12-2 has a certain degree of ARD resistance and tolerance to ARD-associated F. proliferatum MR5; nonetheless, the molecular mechanisms by which 12-2 responds to ARD and MR5 are still unknown. Fusarium is the main harmful fungus that causes ARD in China, but it is unclear whether 12-2 is also resistant to oomycetes such as Pythium and Phytophthora. To further assess the performance of 12-2, it will be necessary to perform further comparisons with other elite rootstocks. Many experiments must be performed on new rootstocks, including evaluations of their graft compatibility, fruit yield, and survival and growth in other planting regions. These topics will be the focus of future research.



CONCLUSION

Measurements of K+ and Ca2+ ion currents in the rhizoplane meristem, elongation, and maturation zones suggested that 12-2 exhibited good resistance to ARD in each area of the root. And there were no significant differences in the root physiological parameters of 12-2 rootstock in replanted or sterilized soil. A pathogen infection test also showed that 12-2 had good resistance to ARD-associated F. proliferatum MR5. ARD had a greater impact on K+ and Ca2+ ion currents in various root zones of T337 and M26 and on most root physiological parameters. T337 and M26 showed a degree of intolerance to ARD-associated F. proliferatum MR5. 12-2 could be used as an important material for the breeding of ARD-resistant apple rootstocks, which will be important for fundamentally solving the problem of ARD in China.
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Rootstocks modulate several characteristics of citrus trees, including vegetative growth, fruit yield and quality, and resistance or tolerance to pests, diseases, soil drought, and salinity, among other factors. There is a shortage of scion and rootstock cultivars among the combinations planted in Brazil. “Ponkan” mandarin and “Murcott” tangor grafted on “Rangpur” lime comprise the majority of the commercial mandarin orchards in Brazil. This low genetic diversity of citrus orchards can favor pest and disease outbreaks. This study aimed to evaluate the agronomic performance, Huanglongbing (HLB) tolerance, and fruit quality of “Emperor” mandarin on five different rootstocks for nine cropping seasons under the subtropical soil-climate conditions of the North region of the state of Paraná, Brazil. The experimental design was a randomized block, with six replications, two trees per block, and five rootstocks, including “Rangpur” lime, “Cleopatra,” and “Sunki” mandarins, “Swingle” citrumelo, and “Fepagro C-13” citrange. The evaluations included tree growth, yield performance, fruit quality, and HLB disease incidence. “Emperor” mandarin trees grafted on “Rangpur” lime and “Swingle” citrumelo had early fruiting and high yield efficiency. “Rangpur” lime also induced the lowest tree growth, but low fruit quality. Trees on “Swingle” citrumelo and “Fepagro C-13” citrange showed low scion and rootstock affinity and produced fruits with high total soluble solids (TSS), with a lower number of seeds for those from trees on “Fepagro C-13” citrange. “Cleopatra” and “Sunki” mandarins induced higher juice content, while fruits from trees on “Cleopatra” also had higher TSS/titratable acidity (TA) ratio. “Emperor” mandarin trees were susceptible to HLB regardless of the rootstocks. Overall, “Cleopatra” and “Sunki” mandarins, “Swingle” citrumelo, and “Fepagro C-13” are more suitable rootstocks for “Emperor” mandarin under Brazilian subtropical conditions than “Rangpur” lime.

Keywords: Citrus spp., scion-rootstock combination, tree growth, fruit quality, yield performance, Huanglongbing


INTRODUCTION

Mandarins are the second most important group of commercial citrus produced worldwide, next to oranges. In 2019, the total mandarin production globally was 35 million tons, with almost three-quarters produced in Asia [Food Agricultural Organization (FAO), 2019]. China is the largest mandarin producer, followed by Spain, Turkey, Morocco, Egypt, the United States, and Brazil [Food Agricultural Organization (FAO), 2019]. In 2020, over one million tons of mandarin fruits were produced in Brazil [Instituto Brasileiro de Geografia e Estatística (IBGE), 2020]. The Brazilian mandarin production is concentrated in the states of São Paulo, Minas Gerais, Paraná, and Rio Grande do Sul [Instituto Brasileiro de Geografia e Estatística (IBGE), 2020].

Despite the global importance of the Brazilian citrus industry, there is a shortage of citrus scion and rootstock cultivars. Among the cultivated mandarins and mandarin-like, “Ponkan” (Citrus reticulata Blanc.) and “Murcott” tangor [C. reticulata × C. sinensis (L.) Osb.], grafted mostly on “Rangpur” lime (C. limonia Osb.), are the most extensively used combinations in Brazil, representing 80% of the total mandarin acreage (Stuchi et al., 2008; Pacheco et al., 2017). Although preferred by the Brazilian consumers, the commercialization of “Ponkan” is restricted due to its short postharvest life (Carvalho S. A. et al., 2019). Under this scenario, the genetic diversification of citrus orchards, for both scion and rootstock cultivars, is important to prevent disease and pest outbreaks, and to extend the harvest season, as well as to improve the commercial performance of the citrus species under different edaphoclimatic conditions, producing fruits of high yield and quality (Emmanouilidoua and Kyriacoub, 2017; Carvalho L. M. et al., 2019; Alfaro et al., 2021).

Rootstocks determine several traits of the citrus trees, including vegetative growth, longevity, water and nutrient absorptions, yield performance, fruit quality, and tolerance or resistance to biotic and abiotic stresses (Castle, 1995, 2010; Castle et al., 2010; Pestana et al., 2011; Legua et al., 2014). The rootstocks included in this study were chosen according to their performance in previous studies in different citrus-growing areas using multiple scions. “Rangpur” lime has been the most used rootstock in Brazil for several decades, and with “Swingle” citrumelo [C. paradisi Macf. × Poncirus trifoliata (L.) Raf.], are currently, the most important rootstock in the Brazilian citrus industry (Carvalho S. A. et al., 2019; Miranda et al., 2020). These rootstocks are between the 21 major world rootstocks in current use, along with “Cleopatra” (C. reshni Hort. ex Tan.) and “Sunki” (C. sunki Hort. ex Tan.) mandarins (Bowman and Joubert, 2020), also chosen to be evaluated in the present study. Although not extensively used, “Fepagro C-13” citrange [C. sinensis (L.) Osb. × P. trifoliata (L.) Raf.] was included in our study due to its higher horticultural performance reported in previous studies (Stenzel et al., 2003; Pompeu Junior and Blumer, 2014; Carvalho et al., 2021).

“Rangpur” lime is also used in other important citrus-growing areas, as China and India (Bowman and Joubert, 2020). This rootstock induces early fruiting and adequate production to the citrus trees (Pompeu Junior, 2005). In addition, “Rangpur” lime is compatible with most commercial citrus scions and is tolerant to the citrus Tristeza virus (CTV) (Pompeu Junior, 2005). Further, “Rangpur” lime is drought tolerant (Pedroso et al., 2014; Miranda et al., 2020). This last trait has gained more attention due to climate changes and the need for plants to adapt to a wide range of environmental conditions (Alfaro et al., 2021; Aparicio-Durán et al., 2021). However, the susceptibility of “Rangpur” lime to some diseases has raised concerns and need to search for new alternative rootstocks for the Brazilian citrus industry (Pompeu Junior and Blumer, 2014; Fadel et al., 2018; Carvalho L. M. et al., 2019; Carvalho S. A. et al., 2019; Carvalho et al., 2021).

“Swingle” citrumelo has become an alternative for rootstock diversification in several countries globally, including the United States, Spain, and Mexico (Castle et al., 2010; Cruz et al., 2019; Bowman and Joubert, 2020). Similar to “Rangpur” lime, “Swingle” citrumelo induces early fruiting and is resistant to CTV (Castle and Stover, 2000; Castle, 2010). Further, it is also resistant to nematodes, Phytophthora nicotianae, and citrus blight (Castle and Stover, 2000; Castle, 2010). “Cleopatra” mandarin has also been used in several citrus-growing areas. This rootstock induces excellent yields, vigorous growth, and shows tolerance to citrus blight, CTV, xyloporosis, and some abiotic stresses such as salinity, cold, and calcareous soils (Castle, 1987; Pompeu Junior, 2005). Similar to “Cleopatra,” “Sunki” mandarin tolerates salinity, citrus blight, CTV, and xyloporosis and produces high-quality fruits and vigorous trees (Pompeu Junior, 2005). “Fepagro C-13” citrange is mostly used in Southern Brazil. This rootstock enhances the fruit yield and quality of the scion, besides being tolerant to some detrimental diseases and cold (Leite Junior, 1992; Stenzel et al., 2003; Pompeu Junior and Blumer, 2014; Carvalho et al., 2021).

As mentioned above, rootstocks are the key to facing challenges in the citrus industry. Currently, Huanglongbing (HLB) has been a major challenge to citrus production globally. The disease seriously affects citrus fruit quality and yield. Fruits from HLB-infected trees are usually reduced in size, sometimes asymmetric, greener, and have lower total soluble solids contents (TSS), higher titratable acidity (TA), and lower TSS/TA ratio (Dagulo et al., 2010; Dala-Paula et al., 2018, 2019). At present, there is no cure for HLB-infected trees (Bergamin Filho et al., 2016; Bassanezi et al., 2020). Recent studies revealed that some Citrus relatives seem to be more tolerant to HLB, by not showing typical HLB symptoms despite being infected (Albrecht and Bowman, 2012; Albrecht et al., 2016; Stover et al., 2016; Alves et al., 2021; Aparicio-Durán et al., 2021). However, no true resistance to the disease is known in the genus Citrus so far (Stover and McCollum, 2011; Albrecht and Bowman, 2012; Bergamin Filho et al., 2016).

The rootstock may perform differently when grafted with different scions. “Emperor” (Citrus reticulata Blanc.) is early to mid-season mandarin grown, mainly in Australia (Ladaniya, 2008). This mandarin is moderately resistant to citrus canker caused by the bacterium Xanthomonas citri subsp. citri (Xcc), a detrimental disease for the Brazilian citrus industry, with fruits of orange-colored, smooth skin, and seedy (Ladaniya, 2008; Leite Junior, 2015). Western Australia is the largest mandarin producer in Australia and has climatic conditions similar to Southern Brazil, with maximum and minimum mean temperatures of 23 and 13°C, respectively [Bureau of Meteorology Western Australia (BOM), 2016]. “Emperor” may be a potential alternative for citrus scion diversification in Southern Brazil, as well as to other citrus-growing areas around the world, with a similar humid subtropical climate, such as Florida in the United States, East and South-Central China, and the coastal areas of Mexico. Accordingly, this study aimed to evaluate the influence of five rootstocks on the vegetative growth, yield performance, fruit quality, and HLB tolerance of “Emperor” mandarin under the humid subtropical climate of Southern Brazil.



MATERIALS AND METHODS


Experimental Location

The experiment was conducted at the Experimental Station of the Instituto de Desenvolvimento Rural do Paraná (IDR-Paraná) in Londrina, Paraná, Brazil (Latitude 23° 21′ 34″ S; Longitude 51° 09′ 53″ W; and altitude of 585 m). The soil is classified as Oxisol Typic Hapludox, a clay soil with a pH of 5.0 or higher and a base saturation (by NH4OAc) of 35 % or less (U.S. Department of Agriculture, 1999), and the Köppen climate classification is Cfa (humid subtropical). The annual maximum and minimum mean temperatures are 27.3 and 16.1°C, respectively. The total annual rainfall is 1,639 mm (Figure 1) with a mean relative humidity of 70.5% [Instituto Agronômico do Paraná (IAPAR), 2018].
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FIGURE 1. Rainfall, and mean, maximum and minimum temperatures for 2011 through 2015 period in Londrina, Paraná, Brazil. [Source: Instituto Agronômico do Paraná (IAPAR), 2018].




Plant Materials and Management

The experimental orchard was planted in December 2005, at a tree spacing of 7.0 m × 4.0 m between and within rows, respectively, with a planting density of 357 trees ha–1. The orchard was not irrigated and weed control was performed periodically using an ecological rotary mower.

The experimental design was randomized blocks with five treatments (rootstocks), six blocks, and the data were collected from the two innermost trees of six trees per block. The rootstocks evaluated were “Rangpur” lime (C. limonia Osb.), “Cleopatra” mandarin (C. reshni Hort ex Tanaka), “Sunki” mandarin (C. sunki Hort ex Tanaka), “Swingle” citrumelo [C. paradisi Macf. cv. “Duncan” × P. trifoliata (L.) Raf.], and “Fepagro C-13” citrange [C. sinensis × P. trifoliata (L.) Raf]. Rootstock seeds and “Emperor” mandarin budwoods were obtained from the Citrus Active Germplasm Bank of the IDR-Paraná, in Londrina, Paraná, Brazil.

Trees were monitored periodically, and cultural practices were performed according to the recommendations for the state of Paraná, including preventative copper sprays to control citrus canker (Xanthomonas citri subsp. citri) and monthly insecticide applications to control the Asian citrus psyllid (Diaphorina citri Kuwayama) from 2014 up to 2016 [Instituto Agronômico do Paraná (IAPAR), 1992; Nunes et al., 2010]. The “Emperor” mandarin trees infected by the phloem-limited bacteria “Candidatus Liberibacter asiaticus,” pathogen of (HLB), were eliminated.



Vegetative Growth

Vegetative growth was evaluated in the 2010 and 2016 seasons, after harvests. “Emperor” mandarin trees showed a broad-spread canopy with an oval shape, characteristic of the cultivar (Hodgson, 1967). The canopy volume was calculated based on tree height and canopy diameter, according to the equation proposed by Mendel (1956):
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where CV = canopy volume (m3); CR = canopy radius (m); and TH = tree height (m).

The trunk circumference was determined at 10 cm above (TDA) and below (TDB) the graft union and converted to diameter. Based on these measurements, the ratio between the trunk diameter below and above the graft union (TDB/TDA) was calculated. No pruning was performed at any stage of the tree growth.



Yield Performance

Fruit yield was determined annually in June, from 2008 to 2016 using a digital scale, and the results were expressed in fruit weight per tree. The cumulative yield was calculated by the sum of the annual yields. The yield efficiency of the trees was determined based on the ratio between fruit yield and canopy volume when the trees were 11 years old (2016). The alternate bearing index was determined according to Pearce and Dobersek-Urbanc (1967):
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where ABI = alternate bearing index; n = number of years; and a1, a2, … a(n), a(n–1) = yields of the corresponding years.



Fruit Quality

The fruit quality was determined on 10 fruit samples per block. Samples were randomly collected at 1–2 m tree height in May for the seasons of 2012–2016, when the fruits reached maturity according to the international standards [Organization for Economic Co-operation and Development (OECD), 2010; Companhia de Entrepostos e Armazéns Gerais de São Paulo (CEAGESP), 2011]. The fruit height and diameter were measured with a Vernier digital caliper (Mitutoyo, ABS, Kawasaki, Kanagawa, Japan) and used to determine the fruit shape (FH FD–1). The fruits were weighted using a semi-analytic scale (total capacity of 15 kg) and classified according to the fresh citrus standards [Companhia de Entrepostos e Armazéns Gerais de São Paulo (CEAGESP), 2011]. The juice was extracted in a Croydon extractor (Croydon, Duque de Caxias, Brazil). The juice content (JC) was determined based on the following equation and the results were expressed as a percentage:
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where JC = juice content (%); JW = juice weight (g); and FW = fruit weight (g).

The seeds were manually extracted from each fruit and counted to determine the number of seeds per fruit. The TSS was determined with a digital refractometer (Atago Co., Ltd., Tokyo, Japan) using 0.3 ml of undiluted juice. Values were expressed in percentage (≈°Brix). The TA was determined by titrating 25 ml of juice with a standard solution of 0.1 N NaOH in an automatic titrator (TitroLine easy, Schott Instruments GmbH, Mainz, Rhineland-Palatinate, Germany). The acidity was expressed as the percentage of citric acid [Association of Official Analytical Chemists (AOAC) (2019)]. Then, the ratio between TSS and TA (TSS/TA) was used as the maturity indicator. The technological index (TI) or the amount of TSS per 40.8-kg box of fruits was determined according to the equation proposed by Di Giorgi et al. (1990).
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where JC = juice content (%); and 40.8 = weight of the citrus industry standard box.



Incidence of Huanglongbing

The experimental orchard was periodically monitored by a trained crew. Trees were visually screened for the presence of typical HLB symptoms, such as asymmetric mottling and thickening of veins in mature leaves. The first symptoms of HLB in the orchard were detected in 2014. The presence of HLB-associated bacterium, “Candidatus Liberibacter asiaticus” (CLas), was confirmed by PCR. In 2014 and 2015, a 12-leaf sample per tree was collected from the two innermost trees of each block, and DNA extraction was performed according to the protocol described by Murray and Thompson (1980). CLas was detected by the conventional PCR technique, using the primers A2 and J5, specific to CLas (Hocquellet et al., 1999). The PCR test was performed using the protocol described by Bagio et al. (2016). The DNA bands were visualized under ultraviolet light (L-PIX EX, Loccus do Brasil Ltda, Cotia, Brazil). Once the presence of the CLas was confirmed, the HLB-infected trees were marked and eliminated after the harvest season every year, as the eradication of HLB-symptomatic trees is mandatory in Brazil. The rate of HLB infection was expressed as the percentage (%) of diseased trees.



Data Analyses

The experimental design was a randomized block, with five treatments (rootstocks) and six blocks. The data were tested for normal distribution and equal variance at p ≤ 0.05. Square root transformations were used for all data that did not follow the normal distribution. All data were evaluated by ANOVA followed by the comparison of the means according to Tukey’s test (p ≤ 0.05). Fruit quality parameters were assessed in a randomized block design with a factorial arrangement, main factor 1: five rootstocks × main factor 2: five cropping seasons, the interaction between these factors was evaluated for each parameter. The statistical analyses were conducted using the R version 4.1.0 (The R Foundation for Statistical Computing, Vienna, Austria) and the ExpDes package (Husson et al., 2017).




RESULTS

“Emperor” mandarin trees grafted on all evaluated rootstocks did not show any significant differences (p ≤ 0.05) in height, canopy diameter, and volume at the beginning of the trial (Table 1). However, in 2016, the trees grafted on “Rangpur” lime had smaller tree height and canopy volume than those on the other rootstocks, though did not differ from trees on “Fepagro C-13” for canopy volume (Table 1).


TABLE 1. Vegetative growth of “Emperor” mandarin trees grafted on five different rootstocks for the 2010 and 2016 cropping seasons. Londrina, Paraná, Brazil.

[image: Table 1]
The trees on “Swingle” citrumelo had the largest TDB in 2010 and 2016 (Table 1). Trees on “Fepagro C-13” citrange showed the smallest TDA in both evaluated years (Table 1). While trees on “Sunki” mandarin showed the largest TDA on both evaluations (Table 1). Furthermore, the TDB/TDA was significantly higher for the trees on “Swingle” and “Fepagro C-13,” compared with those on the other rootstocks in both seasons (Table 1).

The fruit yield of the “Emperor” mandarin trees grafted on the different rootstocks had a wide fluctuation across the experimental period (Table 2). In the first harvest, trees on “Rangpur” lime and “Swingle” citrumelo had higher yields than the other rootstocks, indicating earliness in fruit production (Table 2). The trees on “Swingle” citrumelo had the highest yields per tree in almost all seasons, except for 2010 (Table 2). The cumulative yield of the “Emperor” mandarin trees were not affected by the rootstock (Table 2). The yield efficiency was higher for trees grafted on “Rangpur” lime and “Swingle” citrumelo than those on other rootstocks (Table 2). “Fepagro C-13” citrange induced the lowest yield efficiency to “Emperor” mandarin (Table 2). The alternate bearing index of the “Emperor” mandarin trees was not affected by the rootstock, and the values ranged from 0.32 up to 0.50 (Table 2).


TABLE 2. Annual and cumulative yields, relative yield, yield efficiency, and yield alternate bearing index of “Emperor” mandarin trees grafted on five different rootstocks through nine consecutive cropping seasons (2008–2016) in Londrina, Paraná, Brazil.
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Significant interactions (p ≤ 0.001) were observed between harvest season and rootstock for all fruit quality parameters, except TSS (Tables 3, 4). Fruits from the trees on “Rangpur” lime showed an alternate in height, diameter, and weight across the evaluated period (Table 3). Fruits were smaller and lighter in the 2012, 2014, and 2016 seasons than those in the 2013 and 2015 seasons (Table 3). No differences in fruit height, diameter, shape, and weight were observed between the treatments for the 2016 season. In general, the “Emperor” fruits were smaller, lighter, and nearly round in shape for all scion-rootstock combinations in 2016, compared with fruits from the other seasons (Table 3).


TABLE 3. Physical quality of “Emperor” mandarin fruits from trees grafted on five different rootstocks, in Londrina, Paraná, Brazil.
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TABLE 4. Chemical quality of “Emperor” mandarin fruits of trees grafted on five different rootstocks, in Londrina, Paraná, Brazil.
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“Emperor” fruits from all scion-rootstock combinations had height:diameter ratios above 0.86 in most of the evaluated seasons, indicating a nearly round shape (Table 3). In 2012 and 2014, fruits from trees grafted on all rootstocks, except on “Sunki” mandarin in both years and on “Fepagro C-13” citrange in 2012, were below 0.83, indicating a moderately oblate shape (Table 3). Fruits from the trees on “Rangpur” lime scored the lowest fruit weights in almost all cropping seasons (Table 3).

Fruits from trees on “Fepagro C-13” citrange showed a lower number of seeds in almost all evaluated seasons (Table 3). “Sunki” and “Cleopatra” mandarins induced the production of fruits with similar juice content across the evaluated period (Table 3). These fruits were among those with higher juice content in most of the evaluated years, except in 2012 (Table 3). On the other hand, fruits from the trees on “Rangpur” lime had low juice content in most of the seasons (Table 3). Fruits produced in the 2014 and 2016 seasons had lower juice content than those from the other seasons (Table 3).

As main effects, harvest season and rootstock were highly significant (p ≤ 0.001) for TSS over the five seasons, but no significant interaction between these factors was observed (Table 4). The TSS content was significantly higher in fruits produced by trees on “Fepagro C-13” and “Swingle” than those from trees on “Rangpur” (Table 4). Regarding the TSS per season, the values were relatively lower in 2013, 2015, and 2016 (Table 4). The TA was low for fruits from trees on all rootstocks in the first three seasons and increased in 2015 and 2016 (Table 4). “Swingle” citrumelo induced higher TA to “Emperor” mandarin fruits than the other rootstocks evaluated, being among those with the highest TA over the evaluated period (Table 4). On the other hand, “Rangpur” lime induced low TA to “Emperor” fruits in almost all seasons, except for 2014 (Table 4). The TSS/TA ratio was lower for fruits from the trees on all rootstocks in 2015 and 2016 compared to the TSS/TA ratio of fruits from the other seasons. “Emperor” mandarin fruits from trees on “Cleopatra” were among those with the highest TSS/TA ratio over the evaluated period (Table 4). Overall, the TSS and TSS/TA ratio were lower, and the TA was higher for fruits from trees on all scion-rootstock combinations in 2015 and 2016 compared with the other seasons (Table 4).

The TI varied through the seasons and was not influenced by the rootstocks in 2014 and 2015 (Table 4). However, there was a positive interaction between rootstock and cropping season (p ≤ 0.001). Fruits from all scion-rootstock combinations had lower TI in 2014 and 2016 than the fruits from the other seasons (Table 4).

The tree infection rate for HLB was 10% in 2014 and 30% in 2015, comprising a total of 40% of diseased trees (Table 5). The entire grove was eliminated in 2016, due to the high incidence of the disease. There was no statistical difference in the incidence of the disease between the evaluated rootstocks (Table 5).


TABLE 5. Incidence of Huanglongbing (HLB) disease on “Emperor” mandarin trees grafted on five different rootstocks in Londrina, Paraná, Brazil.
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DISCUSSION

The vegetative growth of the scion is directly affected by the rootstock, related to the genotype and its relationships (Auler et al., 2008). The vegetative growth of the “Emperor” mandarin trees observed in our study was similar to those of “Okitsu” satsumas and “Ponkan” mandarins, which also showed smaller tree size, i.e., height and canopy volume, when grafted on “Rangpur” lime and “Fepagro C-13” citrange, compared with those on the other rootstocks (Stenzel et al., 2003; Tazima et al., 2013). Similarly, the smallest growth pattern of the citrus trees grafted on “Rangpur” lime was reported for “Sunburst” and “Oneco” mandarins (Mourão Filho et al., 2007; Gonzatto et al., 2011), supporting the low vigor conferred by this rootstock to different scions.

The use of rootstocks that induce lower tree height and canopy volume allows the increase in plant density by area, which is a tendency in modern citrus production (Auler et al., 2008; Stover et al., 2008; Pompeu Junior and Blumer, 2009). High-density orchards maximize fruit quality and yield, decrease harvest costs, and facilitate crop management (Stover et al., 2008; Pompeu Junior and Blumer, 2009; Stuchi et al., 2012). In addition, higher densities orchards may improve profitability for farmers in HLB-endemic areas, under the removal of HLB-symptomatic trees (Moreira et al., 2019). In our study, no pruning was performed at any stage of the tree growth. However, in commercial orchards, scion-rootstock combinations with small vegetative growth may require less frequent pruning. This can result in less frequent emission of new shoots, which may contribute to a decrease in the attack of the Asian citrus psyllid (Stuchi et al., 2012).

The largest trunk diameter below the graft union reported for trees on “Swingle” citrumelo is a well-known characteristic conferred by this rootstock to several citrus species. Trees on “Swingle” citrumelo grow vigorously and show a trunk overgrowth near to the grafting union (Castle et al., 1988). Similar overgrowth has been observed for “Okitsu” satsuma mandarin and “Navelina,” “Jaffa,” “Cadenera,” and “Salustiana” sweet orange trees grafted on “Swingle” citrumelo (Tazima et al., 2013; Bacar et al., 2017; Domingues et al., 2018; Cruz et al., 2019; Carvalho et al., 2021).

The ratio between the trunk diameter below and above the graft union (TDB/TDA) may be an indication of scion and rootstock compatibility (Tazima et al., 2013), where indices close to one have been usually considered as the good affinity between them (Fadel et al., 2018). The highest TDB/TDA ratios of the “Emperor” trees were observed for those on “Swingle” citrumelo and “Fepagro C-13” citrange (Table 1). Similar TDB/TDA ratios were reported for other mandarins and sweet oranges grafted on the same rootstocks, such as “Marisol” clementine (Bassal, 2009), “Navelina” sweet orange (Cruz et al., 2019), and “Okitsu” satsuma mandarin (Tazima et al., 2013, 2014). However, the differences in trunk diameters between scion and rootstock may not be related to graft-incompatibility in some cases and may not always influence the horticultural performance of the scion (Fadel et al., 2018). Although the larger differences noticed in our study between scion and rootstock trunk diameters were for the trees on “Swingle” citrumelo and “Fepagro C-13” citrange, these trees did not show any symptoms of incompatibility or decay in the first eleven years after planting.

“Emperor” mandarin had early fruit production when the trees were grafted on “Rangpur” lime and “Swingle” citrumelo (Table 2). Trees grafted on these two rootstocks usually bear fruits at an early stage (Castle and Stover, 2000; Bowman and Joubert, 2020). This finding is in agreement with those reported for other citrus cultivars as “Okitsu” satsumas and “Oneco” mandarins, and the “Jaffa,” “Navelina,” and “Salustiana” sweet oranges (Gonzatto et al., 2011; Tazima et al., 2013; Bacar et al., 2017; Cruz et al., 2019; Carvalho et al., 2021). Rootstocks that induce early fruiting to the citrus trees are preferable, especially under the current HLB situation. HLB infection results in a short productive life of the citrus trees, reducing the economic life of the groves to less than 10 years due to the severity of the symptoms and the fast disease spread (Stover et al., 2008; Bové, 2012; Albrigo et al., 2019). Therefore, it is necessary that production reaches high levels early and maintains it for as long as possible during the orchard life (Stover et al., 2008).

The highest yields induced by “Swingle” citrumelo to the “Emperor” mandarin trees over the cropping seasons have also been reported previously for “Okitsu” satsuma mandarins, and “Navelina” and “Valencia” sweet oranges (Pompeu Junior and Blumer, 2011; Tazima et al., 2013; Cruz et al., 2019). However, the rootstocks did not influence the “Emperor” mandarin cumulative yield, though trees on “Swingle,” “Cleopatra,” and “Sunki” had yields 20, 17, and 13% higher than the trees on “Rangpur” lime, respectively (Table 2). The yield efficiency was higher for trees grafted on “Rangpur” lime and “Swingle” citrumelo than those on other rootstocks (Table 2). The yield efficiency is based on fruit production and canopy volume, “Rangpur” lime induced lower canopy volume to “Emperor” mandarin, which contributed to its high yield efficiency (Table 1). The use of rootstocks, which induce lower tree vegetative growth and high yield efficiency, enables the increase in plant densities per area, increasing fruit yield and facilitating harvest and crop management (Stover et al., 2008; Pompeu Junior and Blumer, 2009; Cruz et al., 2019).

We found no effect of the rootstocks on the alternate bearing of the “Emperor” mandarin trees (Table 2). Alternate bearing is common in mandarins and is characterized by irregular fruit production over the years (Siqueira and Salomão, 2016). The alternate bearing index ranges from 0 up to 1, where values closer to 0 indicate lower yield alternation (Tazima et al., 2014). Therefore, “Emperor” mandarin trees show low alternate bearing indices under subtropical conditions, ranging from 0.32 up to 0.50, regardless of the rootstock they were grafted on (Table 2). Similar results, with no effect of the rootstock, were reported for “Okitsu” satsuma, “Flagallo,” “Sunburst,” and “Span Americana” mandarins (Mourão Filho et al., 2007; Silva et al., 2013; Tazima et al., 2014). A high alternate bearing index usually results in small fruits with low quality in years of overproduction (Siqueira and Salomão, 2016). Therefore, the low alternate bearing revealed in our study for “Emperor” mandarin on multiple rootstocks can favor the production of fruits with better size and quality over the years.

Mandarins are produced primarily for the fresh fruit market (Albrigo et al., 2019). Although fresh citrus fruits must meet internal quality standards, the external appearance and fruit size are very important for consumer acceptance (Albrigo et al., 2019; Tarancón et al., 2021). Consumers’ preferences for fresh citrus fruits include seedless fruits with optimal size and shape and easily removable peel (Spreen et al., 2020). Generally, medium to large fruits provides higher returns to the growers (Hussain et al., 2013). The minimal mandarin fruit diameter accepted by the international fresh citrus market is 45 mm [Organization for Economic Co-operation and Development (OECD), 2010]. “Emperor” mandarin fruits of the trees on all evaluated rootstocks had larger diameters than the minimum standard (Table 3).

Fruit size is influenced by several factors, such as cultivar, rootstock, crop load, climate, and cultural practices (Albrigo et al., 2019). The variation on fruit size and weight observed in this study for fruits produced by trees grafted on “Rangpur” lime, may be related to the annual fruit load (Tables 2, 3). In 2012 and 2016, “Emperor” mandarin trees on “Rangpur” lime reached higher fruit yields, with fruits being smaller and lighter than those in the other seasons (Tables 2, 3). Crop load has a significant impact on citrus fruit size, with the final fruit size being inversely related to the number of fruits that reach maturity (Goldschmidt and Monselise, 1977; Guardiola and Lazaro, 1987; Agustí et al., 1999). This phenomenon is attributed to the competition between the developing organs for photosynthates and mineral elements (Albrigo et al., 2019). The high number of developing organs leads to strong competition for photosynthates and mineral elements and, consequently, to smaller final fruit sizes.

The fruit shape of mandarins may range from oblate to round (Goldenberg et al., 2018). A height:diameter ratio closer to 1 indicates a round shape, while a ratio around 0.65 indicates an oblate shape (Goldenberg et al., 2014, 2018). In this study, the “Emperor” mandarin fruits had shapes ranging from moderated oblate (0.77–0.83) to nearly round (0.86–0.95), depending on the rootstock and crop season (Table 3). Only fruits from the trees on “Sunki” mandarin presented a nearly round shape in all evaluations (Table 3).

The “Emperor” mandarin fruit weight was similar or heavier than those reported for this cultivar in a previous study, 90–100 g (Ladaniya, 2008). Except for those fruits from trees on “Rangpur” lime in the 2012 and 2014 seasons, that weighted less than 90 g (Table 3). Low fruit weight on fruits from trees grafted on “Rangpur” lime was also reported for the “Folha Murcha” sweet orange (Stenzel et al., 2005). In 2016, fruits from trees on all rootstocks had weights lower than 100 g (Table 3). Higher water supply during fruit development leads to an increase in fruit size and weight (Romero et al., 2006; Albrigo et al., 2019). However, the fruits of the 2016 season were smaller and lighter than those of the other seasons (Table 3), even with a high rainfall volume during fruit development (Figure 1). This was probably due to an increase in HLB infection in the grove at that season (Table 5). It is well known that HLB infection decreases the size and weight of citrus fruits (Dala-Paula et al., 2018, 2019).

“Emperor” mandarin fruits are seedy (Ladaniya, 2008). In this study, the number of seeds per fruit ranged from 12 up to 28 seeds per fruit, for those from trees on “Fepagro C-13” and “Cleopatra” respectively (Table 3). The number of seeds per fruit found in our study is similar or even fewer than those reported in distinct mandarins and hybrids, including “Cravo,” “Nules,” and “Murcott” tangor (Pio et al., 2005; Pacheco et al., 2017). Fruits from the trees on “Fepagro C-13” citrange showed the lowest number of seeds per fruit on most evaluations (Table 3). This is a desirable characteristic, as seedless fruits or fruits with a low number of seeds are preferable to the consumer (Albrigo et al., 2019; Spreen et al., 2020). Although, studies on consumer preference in the United States, suggested that sweetness, shape, acidity, and flavor are more important factors to the purchase decision than the number of seeds (House et al., 2011; Baldwin et al., 2014).

Juice content is another important quality parameter for the commercialization and consumption of citrus fruits. Citrus containing lower juice content than the commercial standards [Organization for Economic Co-operation and Development (OECD), 2010; Companhia de Entrepostos e Armazéns Gerais de São Paulo (CEAGESP), 2011] are depreciated at the fresh and industrial markets as the fruit became tasteless with low levels of organic acids and soluble solids, reducing the saleable weight of the fruit that causes economic loss (Jones and Cree, 1965; Ladaniya, 2008). Fruits from trees grafted on the mandarin rootstocks were among those with the highest juice content in most evaluations, while fruits from trees on “Rangpur” lime exhibited the lowest juice content for this period (Table 3). Regardless of the rootstock, the juice contents of “Emperor” mandarin fruits were above the minimal standard of the international fresh citrus market, which is 33% [Organization for Economic Co-operation and Development (OECD), 2010], in almost all crop seasons. However, fruits solely produced by trees on “Cleopatra” reached this requirement in the 2014 season (Table 3), as this parameter is dependent on several factors that include soil-climate conditions, nutritional balance, field management, and water relations (Figure 1; Castle, 2010; Albrigo et al., 2019). Previous work has confirmed this trend conferred by “Cleopatra” for “Lane Late” sweet orange (Emmanouilidoua and Kyriacoub, 2017). Regarding the Brazilian fresh citrus market, the minimal marketable juice content for mandarin and hybrid fruits is 35% [Companhia de Entrepostos e Armazéns Gerais de São Paulo (CEAGESP), 2011]. Based on this threshold, “Emperor” mandarin trees grafted on most evaluated rootstocks produced fruits that reached this baseline in the 2012, 2013, and 2015 seasons (Table 3). However, in the 2014 and 2016 seasons, almost all “Emperor”-rootstock combinations produced fruits with low juice content, below this standard (Table 3), which evidences the need for better management adoption for “Emperor” mandarin, as fruit thinning and irrigation system that in terms regulate fruit quality.

Although the external appearance of the mandarin fruits is very important, changes in the chemical internal quality of the fruit determine the maturity level (Albrigo et al., 2019). Citrus are classified as non-climacteric fruits and must be harvested when the internal maturity has been achieved, as no further relevant maturation changes will occur in these fruits after harvest (Lado et al., 2014; Albrigo et al., 2019). As mandarin fruit matures, the TSS content increases and the TA levels decrease, in which TSS becomes nearly constant or increases slightly at the late stage of fruit development (Ladaniya, 2008; Albrigo et al., 2019). In general, the balance between sugars and organic acids in juice is the main indicator of mandarin maturity (Ladaniya, 2008; Lado et al., 2014; Goldenberg et al., 2018).

Based on our results, “Emperor” mandarin juice peaked the highest TSS content in the 2012 and 2014 seasons (Table 4). This fact may be related to the climatic conditions, as trees were not irrigated and relied on natural rainfall. Lower rainfall volumes were recorded during these seasons, prior to the harvest time, which may have regulated the fruit quality, particularly in 2012 (Figure 1). According to previous studies, there is an increase in TSS accumulation in fruits of “Satsuma” mandarin trees under water stress, because of the increase in the osmotic potential and sucrose hydrolysis (Yakushiji et al., 1998; Barry et al., 2004). The authors support that this effect is independent of the fruit size and juice content, and is not caused by passive dehydration. However, the water stress can also cause dehydration in the fruit and consequently higher accumulation of TSS (Stenzel et al., 2006), which is supported by the low juice content reported in the 2012 and 2014 seasons (Table 3).

The rootstock also had a large effect on TSS accumulation. Fruits from trees on “Swingle” citrumelo and “Fepagro C-13” citrange showed higher TSS content than those on “Rangpur” lime (Table 4). This may be caused by differences in tree water status influenced by the rootstock (Barry et al., 2004). Previous studies have reported high TSS content in fruits of “Okitsu” satsuma mandarin on “Swingle” citrumelo and “Fepagro C-13” citrange rootstocks (Tazima et al., 2014). Whereas, low TSS scores were found in fruits of “Michal,” “Fallglo,” and “Sunburst” mandarin trees grafted on “Rangpur” lime, supporting our findings in the present study (Mourão Filho et al., 2007; Brugnara et al., 2009). Despite the differences, “Emperor” fruits produced by trees on all tested rootstocks reached TSS above 9%, which surpasses the minimal standard established for the fresh citrus market [Organization for Economic Co-operation and Development (OECD), 2010; Companhia de Entrepostos e Armazéns Gerais de São Paulo (CEAGESP), 2011].

The TA of citrus juices is also an important factor in overall juice quality and in determining the time of harvest (Harding et al., 1940). According to Pereira et al. (2006), the citric acid level in mature mandarin fruits must range between 0.5 and 1.0%. The TA levels recorded for “Emperor” mandarin fruits were close to those obtained for “Clementine” (0.70–1.20%) and “Okitsu” satsuma (0.88–1.03%) mandarins (Georgiou, 2002; Tazima et al., 2014). “Swingle” citrumelo induced the highest TA level to “Emperor” mandarin fruits, while “Rangpur” lime imparted the lowest TA means in most seasons (Table 4). Similar results were reported for “Michal” (Brugnara et al., 2009), “Okitsu” satsuma (Cantuarias-Avilés et al., 2010), and “Oneco” mandarins (Gonzatto et al., 2011). Some studies suggest that the rootstock can influence the fruit maturity stage, by delaying or advancing it, allowing an extension of the commercial season for the canopy cultivar (Stenzel et al., 2006; Morales et al., 2020). The lowest acidity loss exerted by “Swingle” citrumelo associated with the high TSS may prolong the commercial period of the “Emperor” mandarin, by still imparting good TSS/AT at the end of the season, while fruits from the trees on “Rangpur” lime may be tasteless and flat by that time (Morales et al., 2020). Although some consumers do not prefer acidic fruits, the lack of acidity turns the fruit tasteless and flat, unsuitable for fresh consumption (Ladaniya, 2008). A fluctuation in TA level was observed over the evaluated period. “Emperor” mandarin juice showed low acid content in the first three seasons and increased significantly in the last two seasons (2015 and 2016), being higher than 1.12 for all scion-rootstock combinations (Table 4). This was probably related to the HLB infection in the orchard in those seasons (Table 5). The citrus fruits produced by HLB-infected trees usually have disease low TSS and TSS/ratio and high TA (Dagulo et al., 2010; Dala-Paula et al., 2018, 2019).

The acceptability of TSS/TA ratios for the commercialization of mandarin fruits varies according to the target market and usually fluctuates from 7 up to 9:1 (Albrigo et al., 2019). Fruits produced on all scion-rootstock combinations showed TSS/TA ratio higher than 8.5 in the first years of evaluation (Table 4), which meets the standard requirements of the Brazilian fresh citrus market [Companhia de Entrepostos e Armazéns Gerais de São Paulo (CEAGESP), 2011]. On the other hand, only “Emperor” mandarin fruits from trees on “Rangpur” lime reached the minimal standard in the 2016 season (Table 4). The lowest TSS content and the highest TA recorded in the last 2 years of evaluation have contributed to the decrease of the index (Table 4). Although the effect on the content of sugars and acids depends on the rootstock/scion interaction, some rootstocks have the same effect on different cultivars (Albrigo et al., 2019). The high ratio observed for “Emperor” mandarin fruits from trees on “Cleopatra” in this study (Table 4) is consistent with those reported for “Marisol” mandarin (Bassal, 2009) and “Valencia” sweet orange (Bowman et al., 2016).

The TI is an important qualitative parameter for the processing industry, in which higher TI values mean fewer boxes of fruits needed to produce one ton of frozen concentrate orange juice (FCOJ) at 65°Brix, as this index indicates the amount of TSS in a standard citrus box of 40.8 kg (Di Giorgi et al., 1990). Although mandarins are primarily commercialized in the fresh fruit market, due to their deep color and quality, the citrus industry may use mandarin juice to blend with orange or other fruit juices to improve their color and odor/aroma or to sell the juice as single strength (Pérez-López et al., 2006; Albrigo et al., 2019). In our study, the TIs were low in the 2014 and 2016 seasons (Table 4). It may be related to the low juice content reported in these seasons since TI is based on TSS and juice content (Di Giorgi et al., 1990). The technological indices observed for “Emperor” mandarin over the evaluated period were slightly lower than the ones reported by Tazima et al. (2014) for “Okitsu” satsuma mandarin grafted in the same rootstocks.

The natural occurrence of Huanglongbing (HLB) in our experimental orchard has shown that all tested rootstocks combined with “Emperor” mandarin are susceptible to the disease (Table 5). Although there was no statistical difference, “Emperor” trees grafted on “Cleopatra” and “Fepagro C-13” rootstocks had a higher incidence of HLB compared with all other combinations (Table 5). These results corroborate previous reports, in which trees on “Cleopatra” mandarin were the most affected by HLB (Lopes and Frare, 2008; Albrecht and Bowman, 2012). The effect of the disease on fruit quality was evidenced in this study in the last two evaluated years when the infection rate in the grove was higher (Tables 3–5). In general, “Emperor” mandarin juice scored lower for TSS and TSS/TA ratio, but higher for TA (Table 4). The external qualitative parameters, including fruit size and weight, decreased significantly in 2016 compared to the previous seasons (Table 3) which have compromised the marketable value of the fruits. These results are important for the citrus industry as there still have a lack of studies regarding the HLB effect on mandarin fruit quality; however, our findings are in agreement with those reported for sweet oranges, in which the effects of the disease were plenty studied (Dagulo et al., 2010; Liao and Burns, 2012; Massenti et al., 2016; Baldwin et al., 2018; Dala-Paula et al., 2018).

In general, the trees grafted on “Rangpur” lime had the lowest vegetative growth, high yield efficiency, and started fruiting early. However, this scion-rootstock combination produced fruits with lower fruit quality compared with the other tested scion-rootstock combinations. These fruits exhibited low fruit weight, juice content, and TSS. Trees on “Swingle” citrumelo and “Fepagro C-13” citrange showed the lowest scion-rootstock affinity, however, no clear signs of incompatibility were observed in the trees. These rootstocks also induced higher TSS to “Emperor” mandarin fruits. Fruits from trees on “Fepagro C-13” citrange also showed few number of seeds; however, this rootstock induced the lowest yield efficiency. Trees grafted on “Swingle” citrumelo started to bear fruits early and showed high yields over the nine cropping seasons with high yield efficiency. “Cleopatra” and “Sunki” mandarins induced higher juice content for “Emperor” mandarin across the evaluated period. Fruits produced by trees on “Cleopatra” exhibited a higher TSS/TA ratio.



CONCLUSION

Rootstocks significantly influenced the tree vegetative growth, fruit yield, and quality of “Emperor” mandarins. Based on our findings, “Cleopatra” and “Sunki” mandarins, “Swingle” citrumelo, and “Fepagro C-13” citrange are more suitable rootstocks for “Emperor” mandarins under the Brazilian subtropical conditions than “Rangpur” lime. Despite inducing low tree size, early fruiting, and high yield efficiency, “Rangpur” lime induced lower fruit quality compared with the other rootstock options. The rootstock choice should be made depending on their specific characteristics and the prevalent interest of the region/market. “Swingle” citrumelo induces early fruiting, high fruit yield and yield efficiency, and good fruit quality with high TSS content. “Fepagro C-13” imparts good fruit quality with a low number of seeds per fruit and high TSS, but low yield efficiency to “Emperor” mandarin. While “Cleopatra” and “Sunki” mandarins induce high juice content. “Cleopatra” also imparts a high TSS/TA ratio to “Emperor” mandarin fruits.
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Grafting typically offers a shortcut to breed tree orchards throughout a multidimensional space of traits. Despite an overwhelming spectrum of rootstock-mediated effects on scion traits observed across several species, the exact nature and mechanisms underlying the rootstock-mediated effects on scion traits in cacao (Theobroma cacao L.) plants often remain overlooked. Therefore, we aimed to explicitly quantify rootstock-mediated genetic contributions in recombinant juvenile cacao plants across target traits, specifically cadmium (Cd) uptake, and its correlation with growth and physiological traits. Content of chloroplast pigments, fluorescence of chlorophyll a, leaf gas exchange, nutrient uptake, and plant biomass were examined across ungrafted saplings and target rootstock × scion combinations in soils with contrasting levels of Cd. This panel considered a total of 320 progenies from open-pollinated half-sib families and reciprocal full-sib progenies (derived from controlled crosses between the reference genotypes IMC67 and PA121). Both family types were used as rootstocks in grafts with two commercial clones (ICS95 and CCN51) commonly grown in Colombia. A pedigree-based best linear unbiased prediction (A-BLUP) mixed model was implemented to quantify rootstock-mediated narrow-sense heritability (h2) for target traits. A Cd effect measured on rootstocks before grafting was observed in plant biomass, nutrient uptake, and content of chloroplast pigments. After grafting, damage to the Photosystem II (PSII) was also evident in some rootstock × scion combinations. Differences in the specific combining ability for Cd uptake were mostly detected in ungrafted rootstocks, or 2 months after grafting with the clonal CCN51 scion. Moderate rootstock effects (h2> 0.1) were detected before grafting for five growth traits, four nutrient uptake properties, and chlorophylls and carotenoids content (h2 = 0.19, 95% CI 0.05–0.61, r = 0.7). Such rootstock effects faded (h2< 0.1) when rootstock genotypes were examined in soils without Cd, or 4 months after grafting. These results suggest a pervasive genetic conflict between the rootstock and the scion genotypes, involving the triple rootstock × scion × soil interaction when it refers to Cd and nutrient uptake, early growth, and photosynthetic process in juvenile cacao plants. Overall, deepening on these findings will harness early breeding schemes of cacao rootstock genotypes compatible with commercial clonal scions and adapted to soils enriched with toxic levels of Cd.

Keywords: grafting combinations, cadmium accumulation, cadmium toxicity, rootstock mediated heritability, Theobroma cacao


INTRODUCTION

Grafting is an ancient technique used to propagate plants vegetatively by combining desirable agronomic traits of the rootstock with those of the scion. It has been used in several plant species targeting a wide spectrum of traits, for instance, resistance to pathogens (Boughalleb et al., 2007; Rivard and Louws, 2008; Spanò et al., 2020); tolerance to abiotic stress factors, such as water deficit, (Liu et al., 2016), heavy metals (Rouphael et al., 2008), and salinity (Yanyan et al., 2018; Suárez-Hernández et al., 2019); improved fruit quality (Davis and Perkins-Veazie, 2005); higher yields (Cardinal et al., 2007); and architectural changes in scions (Eltayb et al., 2014). However, breeding rootstocks for tree crops is slower than scion breeding for the same species. This is due to the long generation times and strong testing requirements of rootstocks, which reduce the opportunity for comprehensively testing their performance against multiple scions and environments.

Conventional propagation by rootstocks and grafting has routinely been used to expand cacao (Theobroma cacao L.) cultivation in tropical areas (Ríos, 1957). Seedling rootstocks resistant to Ceratocystis spp. and tolerant to acidic soils are typically obtained by open pollination (OP) of the IMC67, PA121, and PA46 reference genotypes in seedling orchards, and are grafted with susceptible productive clones (Palencia Calderon et al., 2007). Yet, only a few studies have evaluated the effect of the rootstock genotype on key agronomic traits such as yield and disease resistance (Yin, 2004; Ribeiro et al., 2016; Asman et al., 2021). For instance, Yin (2004) detected a significant effect of the rootstock on the vigor of cacao scions, but was unable to capture an influence on yield components such as bean weight and number of beans per pod. In line with these results, Asman et al. (2021) observed little rootstock effects on the scion’s resistance to vascular streak dieback, caused by Ceratobasidium theobromae. On the other hand, Ribeiro et al. (2016) observed a significant influence of the rootstock × scion interaction on the scion’s resistance to witches’s broom disease caused by Moniliophthora perniciosa, which allowed the identification of an elite rootstock genotype with a positive effect on scion disease resistance trait.

Despite the long time during which grafting has been used in the vegetative propagation of T. cacao, the rootstock effects on the expression of key scion’s agronomic traits remains poorly understood, among these, cadmium (Cd) accumulation. Content of Cd in cacao products is one of the most limiting factors for cocoa sale in international markets. Cadmium, a heavy metal that causes health problems, accumulates in the seeds of T. cacao, which are the raw material to produce chocolate (Barraza et al., 2017). Considering that Cd can accumulate in the human body, starting on January 1, 2019 the European Union (EU) began to control the maximum Cd concentrations allowed in chocolate and cocoa products imported to the EU (European Commission, 2014). Other countries are expected to implement similar regulations to Cd concentration in cocoa products (Vanderschueren et al., 2021), which has generated concern in countries where levels of bioavailable Cd for the plant have been detected in soil. Particularly, high Cd concentrations in cacao beans have been reported in plantations from South America (Chavez et al., 2015; Arévalo-Gardini et al., 2017; Vanderschueren et al., 2019), which has been correlated with the naturally high Cd content in the young soils of this region (Argüello et al., 2019). The Cd concentration in cacao bean is related to soil properties such as total soil Cd, pH, percentage of organic carbon, and oxalate extractable manganese (Argüello et al., 2019). Cd adversely affects growth, photosynthetic process, nutrient uptake, content of chloroplast pigments, cell structure, antioxidative metabolism, and gene expression (Dias et al., 2012; Jiao et al., 2012; Borek et al., 2013; Saidi et al., 2013; Castro et al., 2015; Farooq et al., 2016; Pereira de Araújo et al., 2017).

Cadmium enters root cells through ion channels for Zn, Fe, Mn, and Ca (Song et al., 2017). Transporter gene families like zinc-iron permease (ZIP), natural resistance-associated macrophage proteins (NRAMPs), and heavy metal transporting ATPases (HMAs) have been associated with uptake and translocation of Cd in plants (Vanderschueren et al., 2021). According to some studies, TcNRAMP5 may play a role in the regulation of Cd uptake in cacao plants (Ullah et al., 2018; Moore et al., 2020), whereas HMA-family proteins may contribute to Cd sequestration (Moore et al., 2020). However, the information regarding the specific role of transporter genes in cacao is still limited, as well as the regulatory mechanisms of Cd translocation to the shoot. Within the roots, Cd can be transported in plants through a symplasmic pathway. Cd is later loaded from the symplasm into the xylem (Lux et al., 2011). Movement of Cd from the roots to above-ground tissues depends on the plant mechanisms for vacuolar sequestration, xylem loading, and xylem to phloem transfer (Vanderschueren et al., 2021). In soybean and eggplant, the effect of the root system on the accumulation of Cd in the aerial part of the plant has been demonstrated by grafting cultivars on genotypes that differ in their accumulation of Cd (Sugiyama et al., 2007; Arao et al., 2008). The feasibility of mitigating Cd uptake and accumulation through grafting of highly productive scions on top of rootstocks with low Cd uptake capability has been suggested for T. cacao (Lewis et al., 2018; Engbersen et al., 2019). However, as far as we are aware, such effect has not yet been experimentally demonstrated. Further investigation is needed to elucidate the effect of the rootstock in Cd accumulation in cacao. Rootstock genotype may produce unpredicted responses in grafted plants exposed to stressful Cd conditions compared with self-rooted plants (Savvas et al., 2010).

Assessing the effect of rootstock genotypes or specific rootstock × scion combinations on the accumulation of Cd in plant tissues, and the overall plant tolerance to heavy elements, is therefore key for the establishment of new cacao plantations in regions with high levels of available Cd in soil. Therefore, the aim of this study was to quantify the inheritance of the rootstock effects on the scion’s Cd accumulation, as well as associated growth and physiological traits of juvenile cacao plants. Both open-pollinated (OP) and reciprocal full-sib progenies (derived from controlled crosses between the reference genotypes IMC67 and PA121) were used as rootstocks in grafts with two commercial and widely adapted clones (ICS95 and CCN51) in Colombia. Content of chloroplast pigments, fluorescence of chlorophyll a, leaf gas exchange, ion leakage, protein content, nutrient uptake, and plant biomass were also examined across rootstock × scion combinations in soils with contrasting levels of Cd. We hypothesize that due to the complex acquisition and transportation of Cd from the root system throughout the plant, there is a potential to harness rootstock-driven genetic variance for Cd uptake as part of early selection schemes at seed orchards, nurseries, and ungrafted saplings.



MATERIALS AND METHODS


Location

The experiment was established under greenhouse conditions at the Palmira Research Station of AGROSAVIA, located in Palmira (3°31′12″N, 76°19′50″W), province of Valle del Cauca, Colombia, at an altitude of 1,001 masl. The climatic conditions during the experiment were recorded using a weather station WatchDog 1000 series Micro Station. Average annual temperature was 26°C, and average relative humidity was 65%.



Soil Substrate

Soil collected in a cacao growing region of southwest Colombia (pH 4.5) had a natural total Cd content of 0.43 mg kg–1. The collected soil was air-dried and passed through a 2-mm mesh sieve. Cd was added to half of the sieved soil using an aqueous solution of Cd(NO3)2. Cd-spiked soil was incubated at field capacity for 1 month in a greenhouse. During the incubation time, the soil was constantly mixed and maintained at field capacity. The other half of the sieved soil was kept untouched as control treatment.

Greenhouse substrate was prepared by mixing Cd-spiked soil with rice husk and sand in a ratio of 3:1:1 to reach a final content of 7.49 mg Cd kg–1, as determined by inductively coupled plasma optical emission spectrometry (Thermo Scientific ICAP 6500). Greenhouse substrate was also prepared using soil without the addition of Cd. According to soil analysis, carried out before the establishment of the experiment, the total nitrogen content in the substrate was 0.4 and 0.5% for soil without addition of Cd and soil enriched with Cd, respectively, which shows that there was no advantage in the concentration of nitrogen in the treatment with addition of Cd.



Plant Material

Plant material was obtained from the Colombian Cacao Germplasm Bank. Full-sib progenies obtained from the crossing between IMC67 × PA121, and its reciprocal cross, were established in Cd-spiked soil, as well as in soil without addition of Cd. Progenies were subsequently evaluated for plant growth, and physiological and nutritional parameters. Meanwhile, a total of two OP half-sib seedling families of IMC67 and PA121 were also considered. These accessions, PA121 and IMC67, corresponded to genotypes recommended as rootstocks in Colombia due to their resistance to pathogens and adaptation to soils with acidic pH (Palencia Calderon et al., 2007). The mucilage of the seed was removed by gently rubbing with sawdust. Seeds were sown in plastic conical tubes containing sand and grown under these conditions for 2 months. After this period, well-developed seedlings were transplanted into black polyethylene bags of 45 cm high and 29 cm wide, containing 10 kg greenhouse substrate with and without the addition of Cd. A commercial fertilizer containing N, P, K, and Mg was applied.

The experiment was established in a randomized complete block design with four replicates arranged in a 4 × 2 factorial design and 10 plants per experimental unit. The treatments corresponded to OP families IMC67 and PA121, as well as IMC67 × PA121 and PA121 × IMC67 progenies from controlled crosses established in soil with and without the addition of Cd. Seedlings were grown on the Cd treatments for 5 months and then evaluated for plant growth, physiological, and nutritional parameters at the end of this period.

Five months after Cd treatment, budwoods of the commercial cultivars ICS95 and CCN51 were grafted onto the seedling rootstocks using the top grafting technique as described by Isele et al. (2020). Taking into consideration that each experimental unit had 10 plants, two of each were evaluated without grafting, four of the remaining plants were grafted with ICS95, and the other four with CCN51. Two and 4 months after grafting, rootstock × scion combinations were evaluated for plant growth, physiological, and nutritional parameters.



Chlorophyll Fluorescence

Chlorophyll fluorescence was determined by means of a portable optical pulse fluorometer (Opti-Sciences OS30P+). The measurements were made between 7:00 and 11:00 on young, fully expanded, healthy, and photosynthetically active leaves of two plants per experimental unit, usually the third or fourth leaf from the apex of the plants. The leaf was adapted to darkness, using suitable clips, for a period of 30 min and subsequently illuminated with a saturating actinic light pulse of 3,500 μmol m–2 s–1 for 1 s. The following parameters were evaluated: initial fluorescence (F0), maximum fluorescence (Fm), and the maximum quantum yield of PSII (Fv/Fm), obtaining two data per plant.



Leaf Gas Exchange

Net photosynthetic rate (PN), stomatal conductance to water vapor (gs), leaf transpiration (E), internal carbon dioxide concentration (Ci), and instantaneous water use efficiency (WUEINST) were measured on the same leaf used to determined chlorophyll fluorescence. Gas exchange measurements were performed between 7:00 and 11:00 using an open system portable gas analyzer (ADC model LCpro+), natural light intensity between 250 and 450 μmol m–2 s–1 and atmospheric CO2 of 390 μmol (CO2) mol–1. The leaf area sampled was 6.25 cm2. Two data points per plant were obtained.



Chloroplast Pigments

Chlorophyll a, chlorophyll b, their ratio, total chlorophyll, and carotenoids were quantified in the same leaves used to measure gas exchange and fluorescence emission. Pigments were extracted from three disk-shaped leaf segments per plant using cold 80% ammoniacal acetone (4°C), following the protocol described by Melgarejo et al. (2010) and calculated according to Lichtenthaler (1987). The area of each disk was 0.78 cm2. The absorbance of the extracts was determined with a spectrophotometer (PerkinElmer Lambda 25) using the following wavelengths: 663, 647, and 470 nm to calculate the concentrations of chlorophyll a, chlorophyll b, and total carotenoids, respectively (Lichtenthaler, 1987).

Pigment concentration was calculated from the following equations:

[image: image]

[image: image]

[image: image]

[image: image]

where Ca stands for chlorophyll a, Cb stands for chlorophyll b, C (a + b) stands for total chlorophyll, and Cx + c stands for carotenoids.



Electrolyte Leakage

To determine electrolyte leakage (EL), 0.78 cm2 leaf disks were taken from the same leaf used to determine the content of chloroplast pigments. Three disks were obtained from each leaf sample, washed with distilled water, and then arranged in 15 mL conical Falcon tubes containing 3 mL of deionized water. The samples were incubated at room temperature (22°C) on a shaker for a period of 5 h and the electrical conductivity was recorded at the end of this period (EC1). The Falcon tubes were then taken to a water bath at 80°C for 10 min and electrical conductivity (EC2) recorded again after cooling the bathing solution to 22°C. The loss of electrolytes (EL) was calculated using the following formula:
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EC1 corresponds to the electrical conductivity measured after 5 h in deionized water. EC2 corresponds to the electrical conductivity measured after incubation at 80°C.



Plant Growth and Biomass

Once the physiological parameters were evaluated during morning hours, seedling rootstocks, and also grafting combinations, were harvested for shoot and root lengths measures. Plants were then divided into roots, stem, and leaves. Plant tissue was washed with distilled water and gently dried with absorbent towels. Fresh weight of each plant portion was then determined. To wash the excess of Cd adhered to the roots, these were immersed for 3 min in a solution containing 5 mM EDTA and 20 mM TRIS (pH 8.0) with constant agitation followed by three washes with distilled water for 3 min (Nguyen et al., 2016). The reason why roots were washed was to prevent externally adhered Cd from being quantified as if it were inside the root system. Samples were placed in paper bags and oven-dried at 60°C for 72 h, and after this period dry weight was determined.



Leaf Area

Leaf area was measured using an electronic area meter (LICOR-3000) immediately after harvesting leaf tissue.



Protein Content

Approximately 100 mg of leaf tissue were macerated in liquid nitrogen. Phosphate buffer (0.05 M) was then added, and the samples centrifuged for 30 min at 12,000 × g and 4°C. Total soluble protein content was measured by the Coomassie blue method according to Bradford (1976) using BSA as standard in a microplate spectrophotometer (BioTek EPOCH) at 595 nm.



Cadmium and Mineral Nutrients Content

Dried plant material was ground in a mill (Thomas Wiley) and submitted to nitric–perchloric digestion assisted by microwave (Milestone UltraWave). Mineral elements such as Cd, Ca, Mg, Fe, Zn, Cu, and Mn were determined by atomic absorption spectrophotometry, P by colorimetry, and K by flame emission photometry (Isaac and Kerber, 1971). Nitrogen content was determined by the Kjeldahl method (Bradstreet, 1954).



Data Analyses and Rootstock-Mediated Heritability Scores

Trait variation across families was explicitly compared using a mixed linear model in which family identity and Cd treatment were indexed as fixed effect and repetition as random effect. Second, rootstock-mediated additive genetic variance (i.e., narrow sense hereditability) was obtained for each trait using a best linear unbiased prediction (BLUP) mixed model that relied on the pedigree information (i.e., a pedigree relationship matrix for an A-BLUP model) from the rootstocks (half-sib families for OP, and full-sib families for controlled crossing schemes, allowing for a 5% of maternal effects). The corresponding linear mixed model, following Arenas et al. (2021), was fitted as in:
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where y is the phenotypic trait vector, a is a vector of individual random additive genetic effects with a normal distribution so that a ∼ N(0, Aσa2) with A being the pedigree relationship matrix among rootstocks and σa2 the additive genetic variance (Müller et al., 2017), b is a vector of fixed effects (i.e., intercept or general mean, and experimental site effects), e is the vector of residual error effect, and X and Z are the corresponding incidence matrices for fixed effects and additive genetic effects (Chen et al., 2018; Gutierrez et al., 2018), respectively.

To aid interpretability while accounting for clonal scion differences and in situ environmental (soil) variation (of major importance in Cd fixation), genetic parameters for all phenotypic traits were individually estimated for each environment and scion, rather than including the latter as explicit fixed effects within the model. All models implemented the reproducing kernel Hilbert space (RKHS) method throughout the BGLR (Bayesian Generalized Linear Regression) package (Pérez-Rodríguez and de los Campos, 2014) in R v.3.4.4 (R Core Team). RKHS is a semiparametric approach to infer a given function without making a strong a priori assumption about the distribution of effects (Cuevas et al., 2016). RKHS was executed using a Gibbs sampling with 10,000 iterations after discarding the 5,000 initial steps as burn-in. A thinning interval of 10 was implemented for data recording. Convergence of posterior distributions was verified using trace plots, whereas rootstock-mediated specific combining abilities, original trait correlations (Supplementary Figure 1), and A input pedigree relationship matrices (Supplementary Figure 2) were respectively checked using the R (R Core Team) functions lme (from the nlme package, treating families as fixed effects and repetitions as random effects), cor.test, and heatmap.

Narrow sense rootstock-mediated heritability (h2) was then computed using the additive (σa2) and residual (σe2) variances, following de los Campos et al. (2015), as in:
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Variance within experimental units was captured by the residual variance term because it did not correspond to an additive variance component. Narrow sense rootstock-mediated heritability (h2) estimates were summarized using the median and the 95% confidence interval from the BGLR’s posterior distribution. Overall models’ fits were examined by computing the prediction ability (ry) estimated for each trait as the Pearson’s correlation between the observed and the predicted (i.e., breeding value deviation from the overall mean) trait values (Müller et al., 2017; Zhang et al., 2019).




RESULTS


Cadmium Accumulation

Significant differences in the accumulation of Cd in roots before grafting were observed between the seedling rootstocks established in Cd-spiked soil. Accumulation of Cd in the roots of PA121 × IMC67 full-sib progenies was significantly higher (p < 0.05) than in IMC67 OP half-sib and IMC67 × PA121 full-sib families (Figure 1A). On the other hand, no significant differences were observed in the accumulation of Cd in leaves between the family rootstocks subjected to stress by Cd (Figure 1B).
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FIGURE 1. Cadmium accumulation across four ungrafted seedling rootstocks grown in soil enriched with Cd (7.49 mg Cd kg–1 soil) 5 months after treatment. (A) Cadmium accumulation in roots. (B) Cadmium accumulation in leaves. Data are mean values ± SE (n = 8).


Cadmium accumulation in both rootstocks and scions was quantified 2 and 4 months after grafting the ICS95 and CCN51 clonal scions on the seedling rootstock families (Figure 2). At 2 months after grafting, lower accumulation of Cd in leaf tissue was observed when the ICS95 clone was grafted on the IMC67 OP half-sib progenies (Figure 2A). However, no significant differences in Cd accumulation were observed between any of the rootstock families on which ICS95 was grafted (Figure 2C). Four months after grafting, a greater accumulation of Cd in leaf tissue of the ICS95 clonal scion grafted on PA121 × IMC67 full-sib rootstocks was observed (Figure 2A). For this case, lower accumulation of Cd in roots of the IMC67 OP half-sib and IMC67 × PA121 full-sub families was observed when grafted with the ICS95 clonal scion (Figure 2C).
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FIGURE 2. Cadmium accumulation in rootstock × scion combinations 2 and 4 months after grafting. Seedling rootstocks families were established in soil enriched with Cd (7.49 mg Cd kg–1 soil). Panels (A,C) depict cadmium accumulation in grafting combinations having ICS95 as scion. Panels (B,D) show Cd accumulation in grafting combinations having CCN51 as scion. Data are mean values ± SE (n = 8).


On the other hand, no significant differences were observed in Cd accumulation of the CCN51 clonal scion when grafted on any of the evaluated rootstocks 2 months after grafting (Figure 2B). However, a greater accumulation of Cd was observed in PA121 × IMC67 full-sib progenies when they were grafted with the CCN51 scion (Figure 2D). Four months after grafting, a greater accumulation of Cd was observed in CCN51 clonal scion grafted on IMC67 × PA121 full-sib rootstocks, and its reciprocal progenies (Figure 2B). For this case, no significant differences in Cd accumulation were observed between rootstock families having CCN51 as scion (Figure 2D).

Cadmium accumulation in the leaf tissue of the CCN51 scion grafted on IMC67 OP half-sib rootstock progenies, 2 and 4 months after grafting, was significantly higher than for the ICS95 clonal scion (Figure 3A). No significant differences in Cd accumulation were observed between ICS95 and CCN51 when grafted onto any of the other rootstock families at 2 or 4 months after grafting (Figure 3A). Significant differences in Cd accumulation in the roots were observed only for the PA121 × IMC67 full-sib rootstock family. A higher accumulation of Cd was observed when this rootstock family was grafted with the CCN51 scion 2 months after grafting. However, 4 months after grafting a higher accumulation of Cd in the roots was observed when using ICS95 as scion (Figure 3B).
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FIGURE 3. Cadmium accumulation of ICS95 and CCN51 clonal scions grafted on four seedling rootstock families 2 and 4 months after grafting. Seedling rootstocks (x-axis) were grown in soil enriched with Cd (7.49 mg Cd kg–1 soil). (A) Cadmium accumulation in leaf tissue of the ICS95 and CCN51 clonal scions. (B) Cadmium accumulation in the roots of the four OP rootstock families when grafted with the ICS95 and CCN51 clones. Blue bars represent grafting combinations with ICS95 as scion 2 months after grafting. Green bars represent grafting combinations with CCN51 as scion 2 months after grafting. Data are mean values ± SE (n = 8). Dashed bars show Cd accumulation 4 months after grafting.




Plant Growth

A significant decrease in plant biomass, shoot length, and leaf area was observed 5 months after establishment of the ungrafted seedlings in Cd-spiked soil (Figures 4A–F). Fresh weight of the stem decreased by 13.7, 37.6, 8.3, and 13.2% for the OP half-sib families IMC67 and PA121, and for the full-sib IMC67 × PA121 and PA121 × IMC67 progenies, respectively, as compared with the control (without Cd addition) (Figure 4A). A greater decrease in stems’ (37.4%) and roots’ (19.5%) dry weight was also observed for PA121 OP half-sib rootstocks subjected to stress by Cd addition in the soil (Figures 4B,D). A similar response was observed for shoot length, for which a decrease of 15.8, 32, 13.6, and 2.8% was observed respectively, for OP half-sib progenies IMC67 and PA121, and full-sib IMC67 × PA121 and PA121 × IMC67 families (Figure 4E).
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FIGURE 4. Plant growth of four families of ungrafted seedlings under greenhouse conditions at two different concentrations of Cd in soil, 5 months after cadmium treatment. (A) Stem fresh weight, (B) stem dry weight, (C) leaf fresh weight, (D) root dry weight, (E) shoot length, and (F) leaf area. White bars represent rootstocks grown in soil without addition of Cd (0.43 mg kg–1). Gray bars represent rootstocks grown in Cd spiked soil (7.49 mg kg–1). Data are mean values ± SE (n = 8).


Two months after grafting, significant changes in root biomass were observed for grafting combinations having both ICS95 and CCN51 as scion (Figures 5A–D). Combinations of ICS95 as scion and PA121 half-sib progenies as rootstock showed a significant decrease in root biomass. Specifically fresh and dry root weight fell in 25.5 and 24.6%, respectively, compared with the control (Figures 5A,C). Likewise, 2 months after grafting, PA121 half-sib rootstock families showed a significant decrease in root biomass in combination with the CCN51 clonal scion. For this case, fresh and dry root weight respectively, decreased by 35.13 and 36.15% compared with the control (without Cd addition) (Figures 5B,D).


[image: image]

FIGURE 5. Root biomass of rootstock × scion combinations 2 months after grafting seedling rootstocks subjected to two different concentrations of Cd in soil under greenhouse conditions. Panel (A,B) depict fresh root weight of rootstock families having ICS95 and CCN51 as scions. Panel (C,D) show dry root weight of OP and full-sib rootstock progenies having ICS95 and CCN51 as scion. White bars represent rootstocks grown in soil without addition of Cd (0.43 mg kg–1). Blue bars represent rootstocks grown in Cd spiked soil (7.49 mg kg–1) grafted with the ICS95 clonal scion. Green bars represent rootstocks grown in Cd spiked soil (7.49 mg kg–1) grafted with the CCN51 clonal scion. Data are mean values ± SE (n = 8).


Four months after grafting, a significant decrease in root biomass was also observed in all rootstock families grafted with the ICS95 scion (Figures 6A,C). On the other hand, 4 months after grafting, seedling rootstocks grafted with the CCN51 clonal scion showed significant changes not only in root growth parameters but also in the scion growth. A significant decrease in leaf area and in fresh and dry weight of leaf tissue was observed in the CCN51 scion grafted on all the rootstock families, except when it was grafted on PA121 × IMC67 full-sib rootstocks (Figures 6B,D). A decrease in dry root weight of 23.5 and 37.2% was respectively, observed in the OP half-sib rootstock families IMC67 and PA121, both grafted with the CCN51 clonal scion (to be presented in section Rootstock-Mediated Specific Combining Abilities and Heritability Scores in Full-Sib Families).
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FIGURE 6. Plant growth of rootstock × scion combinations 4 months after grafting at two different concentrations of Cd in soil under greenhouse conditions. Panels (A,C) show fresh and dry root weight of seedling rootstocks grafted with the ICS95 clonal scion. Panels (B,D) depict fresh and dry leaf weight of the CCN51 clonal scion across rootstock families. White bars represent rootstocks grown in soil without addition of Cd (0.43 mg kg−1). Blue bars represent rootstock families grafted with the ICS95 clonal scion established in Cd spiked soil (7.49 mg kg–1). Green bars represent rootstock families grafted with the CCN51 clonal scion established in Cd spiked soil (7.49 mg kg–1). Data are mean values ± SE (n = 8).




Chlorophyll Fluorescence and Leaf Gas Exchange

A decrease in the net photosynthetic rate (PN) and in instantaneous water use efficiency (WUEINST) was observed in response to Cd toxicity before grafting (Figure 7). A significant decrease (p < 0.05) in the carbon assimilation rate equivalent to 40.09%, compared with the control, was observed when using PA121 OP half-sib seedling rootstocks (Figure 7A). Water use efficiency respectively, decreased by 30.46 and 40.6% when using IMC67 and PA121 OP half-sib seedling rootstock families, compared with control plants (Figure 7B). There was no effect of Cd on leaf gas exchange variables when using ICS95 and CCN51 as clonal scions, neither at 2 nor at 4 months after grafting.
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FIGURE 7. Leaf gas exchange in four seedling rootstock families subjected to two different concentrations of Cd in soil under greenhouse conditions 5 months after cadmium treatment. (A) Photosynthetic rate (PN), and (B) instantaneous water use efficiency (WUEINST). White bars represent rootstock families grown in soil without addition of Cd (0.43 mg kg–1). Gray bars represent rootstock families grown in Cd spiked soil (7.49 mg kg–1). Data are mean values ± SE (n = 8).


Variables of chlorophyll a fluorescence emission did not show significant differences (p < 0.05) between seedling rootstock families established in soil with and without the addition of Cd before grafting (to be presented in section Rootstock-Mediated Specific Combining Abilities and Heritability Scores in Full-Sib Families). However, 2 months after grafting, a significant decrease in Fm was observed in ICS95 clonal scion grafted on all the rootstock families. A greater decrease of 19.4% in Fm was observed in this clonal scion grafted on IMC67 × PA121 full-sib rootstock progenies (Figure 8A). An effect of Cd on Fm resulted in a change in Fv/Fm ratio scores. A significant decrease in Fv/Fm was observed in the ICS95 clonal scion grafted on PA121 OP half-sib and IMC67 × PA121 full-sib rootstock families 2 months after grafting (Figure 8B). On the other hand, an increase in Fv/Fm ratio was observed in the same clone when grafted on the reciprocal PA121 × IMC67 full-sib progenies 2 and 4 months after grafting (Figures 8B,C), which suggests for a maternal effect. There was no significant difference when the clonal scion CCN51 was grafted with the different seedling rootstock families for the variables of chlorophyll fluorescence at 2 or at 4 months after grafting (to be presented in section Rootstock-Mediated Specific Combining Abilities and Heritability Scores in Full-Sib Families).
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FIGURE 8. Chlorophyll fluorescence in the ICS95 clonal scion when grafted with 4 different rootstock families at two different concentrations of Cd in soil under greenhouse conditions. (A) Fm 2 months after grafting. (B) Fv/Fm 2 months after grafting. (C) Fv/Fm 4 months after grafting. White bars represent rootstock families grown in soil without addition of Cd (0.43 mg kg–1). Blue bars represent rootstock families grown in Cd spiked soil (7.49 mg kg–1). Dashed bars show Cd accumulation 4 months after grafting. Data are mean values ± SE (n = 8).




Chloroplast Pigments

Significant changes in the content of chloroplast pigments were observed in the ungrafted seedlings 5 months after establishment in Cd-spiked soil (Figure 9). A different effect of Cd was observed depending on the rootstock. A significant increase in chlorophyll a equivalent to 41.6 and 21.8% was respectively, observed in IMC67 OP half-sib and PA121 × IMC67 full-sib progenies, compared with the control (Figure 9A). IMC67 OP half-sib and PA121 × IMC67 full-sib families also showed a significant increase in chlorophyll b content respectively, equivalent to 32 and 29% (Figure 9B). Changes in chlorophyll a and b resulted in changes in total chlorophyll, accordingly. A significant increase of total chlorophyll was observed in IMC67 OP half-sib and PA121 × IMC67 full-sib families (Figure 9C). The carotenoid content also increased by 17% in IMC67 OP half-sib progenies 5 months after Cd addition. The content of carotenoids in the remaining families decreased (Figure 9D).
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FIGURE 9. Content of chloroplast pigments of ungrafted seedling families subjected to two different concentrations of Cd in soil under greenhouse conditions 5 months after cadmium addition. (A) Content of chlorophyll a. (B) Content of Chlorophyll b. (C) Content of total Chlorophyll. (D) Content of carotenoids. White bars represent seedling families grown in soil without addition of Cd (0.43 mg kg–1). Gray bars represent seedling progenies grown in Cd spiked soil (7.49 mg kg–1). Data are mean values ± SE (n = 8).


Two months after grafting, a significant decrease in all chloroplast pigments was observed across seedling rootstock families grafted with both ICS95 and CCN51 clonal scions (Figure 10).
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FIGURE 10. Content of chloroplast pigments in ICS95 and CCN51 clonal scions 2 months after grafting on four different seedling rootstock families subjected to two different concentrations of Cd in soil under greenhouse conditions. Panels (A,B) show content of Chlorophyll a of ICS95 and CCN51 clonal scions. Panels (C,D) depict content of Chlorophyll b of ICS95 and CCN51 clonal scions. Panels (E,F) exhibit content of total Chlorophyll of ICS95 and CCN51. Panels (G,H) show content of carotenoids of ICS95 and CCN51 clonal scions. White bars represent rootstocks × scion combinations grown in soil without addition of cadmium (0.43 mg kg–1). Blue bars show seedling rootstock families grafted with the ICS95 clonal scion grown in Cd spiked soil (7.49 mg kg–1). Green bars depict seedling rootstock families grafted with the CCN51 clonal scion grown in Cd spiked soil (7.49 mg kg–1). Data are mean values ± SE (n = 8).




Electrolyte Leakage

A significant increase of 24.7 and 30.6% in electrolyte leakage was observed in ungrafted IMC67 and PA121 OP half-sib families established in Cd-spiked soil, suggesting cell membrane damage in these rootstocks (Figure 11). No significant difference was observed in electrolyte leakage after grafting with the ICS95 and CCN51 clonal scions in Cd-spiked soil (Supplementary Table 5).
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FIGURE 11. Electrolyte leakage in four ungrafted seedling families subjected to two different concentrations of Cd in soil under greenhouse conditions 5 months after Cd addition. White bars represent ungrafted seedling families grown in soil without the addition of Cd (0.43 mg kg–1). Gray bars represent ungrafted seedling families grown in Cd-spiked soil (7.49 mg kg–1). Data are mean values ± SE (n = 8).




Protein Content

A decrease of 22.2% in total soluble protein content was observed in PA121 OP half-sib seedlings before grafting (Figure 12A). Two months after grafting, a significant decrease in total soluble protein content of 39.5 and 38.5% was observed respectively in the ICS95 clonal scion grafted on the IMC67 OP half-sib, and IMC67 × PA121 full-sib families, compared to the control plants without Cd addition (Figure 12B). A significant decrease in protein content in leaf tissue of the CCN51 clonal scion grafted on IMC67 OP half-sib progenies, equivalent to 31% compared with the control, was also observed 2 months after grafting (Figure 12C).
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FIGURE 12. Protein content in leaf tissue of rootstocks and grafting combinations subjected to two different concentrations of Cd in soil under greenhouse conditions. (A) Protein content in leaf tissue of ungrafted seedling families 5 months after Cd addition. (B) Protein content in leaf tissue of the ICS95 clonal scion 2 months after grafting with four different rootstock families. (C) Protein content in leaf tissue of the CCN51 clonal scion 2 months after grafting with four different rootstock families. White bars represent families grown in soil without addition of Cd (0.43 mg kg–1). Gray bars represent ungrafted seedling families grown in Cd-spiked soil (7.49 mg kg–1). Blue bars represent seedling rootstock families grafted with the ICS95 clonal scions in Cd-spiked soil (7.49 mg kg–1). Green bars represent seedling rootstock families grafted with the CCN51 clonal scion in Cd-spiked soil (7.49 mg kg–1). Data are mean values ± SE (n = 8).




Mineral Nutrients Content in Leaf Tissue

Cadmium absorption resulted in changes in the accumulation of mineral elements in leaf tissue of ungrafted seedling (Supplementary Table 1). Significant increases of 14 and 17.3% in K content were observed in PA121 OP half-sib and PA121 × IMC67 full-sib families compared with the control. N content decreased in all seedling families, while Mg content increased. However, these changes were significant only in IMC67 × PA121 full-sib progenies, compared with the control (without Cd addition). A significant increase in P content in leaf tissue was observed only in IMC67 × PA121 full-sib family established in Cd-spiked soil. In relation to micronutrients, changes in Fe content in leaf tissue were significant only in IMC67 OP half-sib progenies, for which there was a reduction of 16.3% in relation to the control. Zn and Mn content decreased in all seedling families subjected to stress by Cd. A significantly higher decrease in the Zn content of 25.8% was observed in PA121 OP half-sib progenies, compared with the control. Mn content respectively decreased by 10.9, 24.4, 11.5, and 21.5% for PA121 and IMC67 OP half-sib, and PA121 × IMC67 and IMC67 × PA121 full-sib families, in relation to the control.

Mineral elements concentration in leaf tissue of clonal scions across seedling rootstock families is shown in Supplementary Table 2. Two months after grafting, significant changes were observed in the concentrations of macro- and microelements in both CCN51 and ICS95.



Rootstock-Mediated Specific Combining Abilities and Heritability Scores in Full-Sib Families

In ungrafted full-sib progenies obtained from the crossing between IMC67 × PA121 and its reciprocal cross, specific combining abilities were only significantly different for the Cd treatment (Supplementary Table 3). Specifically, they differed significantly in 23 of the 38 examined traits, including Cd content in roots, eight nutrient uptake traits, six biomass traits, three cationic interchange traits, and five pigments’ content traits (Table 1). Meanwhile, only two traits exhibited heritability (h2) scores above 0.1 under the non-Cd-added treatment, as compared with seven from the Cd-added treatment (Supplementary Table 4). Of the latter, all matched with significantly different specific combining abilities (Table 1), which speaks for a predominant role of additive genetic effects for ungrafted progenies.


TABLE 1. Specific combining abilities and narrow-sense heritability (h2) in cacao seedlings from controlled crosses before grafting.
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Concerning cacao full-sib seedlings from controlled crosses between IMC67 × PA121 (and reciprocal) 2-months after grafting with the ICS95 and CCN51 scions, specific combining abilities were mostly different under the Cd-added treatment (Supplementary Table 5). Specifically, these differences concerned 27 traits from the overall 35 examined traits (Table 2). Mismatches due to the scion origin were overserved in 14 cases (including Cd content in leaves and roots). Similarly, when examining the very same cacao seedlings from these controlled crosses 4 months after grafting, specific combining abilities differed for nine of the 17 studied traits (Supplementary Table 6). Specifically, these differences only overlapped between the ICS95 and CCN51 clonal scions for Cd content in leaves and dry root weight (Table 2).


TABLE 2. Specific combining abilities in cacao seedling rootstocks from controlled crosses 2 and 4 months after grafting with the ICS95 and CCN51 scions.
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Most of these specific combining abilities from the full-sib rootstock families fell when looking at the narrow-sense rootstock-mediated heritability (h2) scores 2 months after grafting (Supplementary Table 7), and completely vanished after 4 months (Supplementary Table 8). When grafting the clonal scion ICS95, heritability scores above 0.1 were only observed 2 months after grafting for root weight, dry root weight, and protein content, whereas for the CCN51 scion this only applied for chlorophyll b (Table 3). Four-months after grafting, none h2 estimate was above 0.1.


TABLE 3. Narrow-sense rootstock-mediated heritability (h2) in cacao seedling rootstocks from controlled crosses 2 months after grafting with the ICS95 and CCN51 scions.
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DISCUSSION


Cadmium Toxicity Affects a Wide Spectrum of Growth and Physiological Traits Before and After Grafting

In this study, an inhibition in plant growth and biomass was observed as result of Cd toxicity. Cd showed a greater toxic effect on the growth of PA121 OP seedlings than in the other families used as rootstocks. Also, a significant decrease in root biomass of PA121 OP rootstocks was observed both in combinations with clones ICS95 and CCN51 as scions. An effect of toxic levels of Cd on decreasing plant growth and biomass accumulation has been reported for other plant species such as cotton (Farooq et al., 2016), mustard (Ahmad et al., 2011), peanut (Lu et al., 2013), lettuce (Dias et al., 2012), lupin (Zornoza et al., 2002), and Rorippa globose (Wei et al., 2012), but this is the first explicit quantification in cacao scion × rootstocks combinations. Two months after grafting, changes were observed in growth parameters, although these were significant only for root biomass. Interestingly, 4 months after grafting, rootstock families having ICS95 as scion continued exhibiting significant changes only for root biomass, whereas the rootstock families having CCN51 as scion already started presenting significant changes also for growth parameters measured on the aerial part such as leaf area and leaf biomass. Decreased leaf area may be the result of reduction in cells size or alternatively more condense intercellular spaces (Barceló et al., 1988). Such effect of Cd on plant growth may result from alterations in cell division (Liu et al., 2003).

Meanwhile, a reduced Cd translocation from root to shoot could be explained by a differential loading of Cd into the xylem (Arao et al., 2010). Differences in Cd uptake by a symplastic pathway could also be related to differences between genotypes in Cd translocation to the stem of rootstocks and to scion’s tissues (Arao et al., 2010). The latter would explain a lower accumulation of Cd in ICS95, grafted on IMC67, compared with CCN51 grafted on the same rootstock. Expression of specific transporter proteins could also explain differences in Cd uptake and accumulation in different cacao genotypes (Moore et al., 2020). Still, further studies are needed to evaluate Cd translocation in the xylem of rootstocks × scion combinations to increase knowledge of Cd distribution in plant organs.

Cadmium has an effect on different photosynthetic processes such as decrease in chlorophyll content, inhibition of chlorophyll formation, inhibition of Rubisco activity, inhibition of both photosynthesis reaction centers, PSI and PSII, and an increase in lipoxygenase activity (Rai et al., 2016). The inhibition of the growth of plants subjected to Cd stress could further be due to a toxic effect of the heavy metal on physiological processes, such as reduction of the maximum photochemical efficiency of PSII (Ge et al., 2015; Pereira de Araújo et al., 2017), in addition to an imbalance in the uptake of essential mineral elements (Zornoza et al., 2002; Hédiji et al., 2015) and to an inhibition in the production of sugars due to the decrease in the carbon assimilation rate, PN (Dias et al., 2012). Ahmad et al. (2011) correlated the toxic effect of Cd on mustard plant growth with a Cd-induced decrease in PN and WUE. Similarly, a greater decreasing effect of Cd concentration in PN and WUEINST was observed in our study for PA121 that, as indicated above, was the rootstock that presented a greater effect of Cd toxicity on plant growth. A decrease in WUE suggests alterations in water balance, which could be due to changes in water uptake and transport as a result of the toxic effect of Cd (Singh and Tewari, 2003).

Cadmium binds to several sites in PSII, affecting both the donor and the acceptor side. Cd also inhibits oxygen evolution in a high affinity site by competition with Ca on the donor side (Sigfridsson et al., 2004). Concerning underlying physiological processes, efficiency of PSII, measured as the fluorescence Fv/Fm ratio, did not appear to be affected in Cd-stressed rootstocks. However, significant changes in Fv/Fm ratio of scion ICS95 were observed at 2 and 4 months after grafting on IMC67 × PA121 full-sib family rootstocks established in Cd-spiked soil compared with the control. Interestingly, no significant differences were observed in the maximum efficiency of the reaction centers of the PSII of scion CCN51 grafted on any of the rootstocks subjected to Cd stress in soil. This result suggested that grafting combinations having CCN51 as scion had a more stable photosynthetic performance than those having ICS95 clone as scion. A similar effect of Cd on photosynthetic performance has also been reported in poplar (Ge et al., 2015; Jiao et al., 2015), pea (Sandalio et al., 2001), and lettuce (Dias et al., 2012). One of the factors that could result in an effect on photosynthetic performance is the decrease in chlorophyll content as a result of Cd toxicity (Sandalio et al., 2001). However, for the case of ungrafted rootstocks, an increase in the content of chloroplast pigments at IMC67 OP seedlings is observed and does not result in significant changes in the Fv/Fm ratio. On the other hand, changes in the photosynthetic performance of scion ICS95 2 months after grafting effectively coincided with a decrease in chlorophyll content. In the case of scion CCN51, although a decrease in chlorophyll content is observed under Cd stress, the photosynthetic performance remains unchanged.

Similarly, a significant decrease in the concentration of chloroplast pigments has been reported for other species such as cotton (Farooq et al., 2016), beans (Saidi et al., 2013), Phragmites australis (Pietrini et al., 2003), poplar (Jiao et al., 2015), maize (Ekmekçi et al., 2008), pea (Sandalio et al., 2001), and cucumber plants exposed to Cd (Zhang et al., 2002). In this regard, carotenoids play a role as antioxidants, and increases in carotenoid content in some species have been explained as an attempt to protect chlorophyll from the photooxidative damage caused by Cd stress (Mishra et al., 2006). Therefore, the decrease in carotenoid content observed in grafting combinations having ICS95 as scion may have jeopardized the detoxification of radicals formed in response to Cd stress (Ekmekçi et al., 2008).

Cadmium absorption by plants can also result in changes in the accumulation of essential mineral elements in plant tissues (Castro et al., 2015; Pereira de Araújo et al., 2017). Cd may affect the transport of mineral elements by disturbing the radial movement of transporters in the root, loading into the xylem vessels or into the leaves, thereby promoting morphological changes of the xylem tissue, changes in H+-ATPase activity, and alterations in IRT1 transporter selectivity (Sandalio et al., 2001). Changes in nutritional elements may indicate alterations in ionic homeostasis (Saidi et al., 2013). In our work, changes in mineral elements were observed in rootstock families before grafting, and in both ICS95 and CCN51 leaf tissue 2 months after grafting. Cd translocation in the plant is carried out using the same transporters than some nutritional elements such as Ca, Mn, and Zn (Rahman et al., 2016). Competition for these same transporters may explain the decrease in the content of Zn and Mn in ungrafted rootstocks under Cd stress.

On the other hand, according to Küpper et al. (1998), Cd could replace Mg in chlorophylls, which may decrease chlorophyll content in plants under Cd stress. A direct proportional relationship between toxicity of heavy metals and Mg substitution in chlorophylls has been reported (Küpper et al., 1996). In our study, a significant increase in Mg concentration in leaf tissue was observed 2 months after grafting in Cd-spiked soil. These results are in agreement with the observation made by Ciećko et al. (2005), in which the content of Mg in oat increased when it was grown in Cd-contaminated soil. An effect of Cd on electron transport on the reducing side of photosystem I was observed on isolated chloroplasts of maize plants grown in nutrient solution containing the heavy metal. A reduction in electron transport was associated with a decrease in ferredoxin content, which was then correlated with a low Fe concentration, suggesting that Cd induced Fe deficiency (Siedlecka and Baszyński, 1993). In our work, significant changes in Fe content in leaf tissue of ungrafted rootstocks were observed only for IMC67 seedlings. Accordingly, a decrease in Fv/Fm ratio scores was observed in IMC67 seedlings before grafting. A significant decrease in Fe content has also been observed in bean plants (Saidi et al., 2013). On the other hand, a significant increase in Fe content for cacao in grafting combinations having full-sib IMC67 × PA121 progenies as rootstocks was observed too. Despite this, a significant decrease in Fv/Fm was observed in the ICS95 clone when grafted on this rootstock family, whereas no significant changes were observed in this parameter when using CCN51 as scion.

A decrease in the content of total soluble protein was observed in PA121 seedlings before grafting. Significant decreases were also observed in both CCN51 and ICS95 scions 2 months after grafting on the IMC67 OP rootstock family. An effect in total soluble protein content could be explained by Cd-induced protein degradation and an increase in proteolytic activity (Mishra et al., 2006). In some cases, a slight boost in total soluble protein was observed, but it was not significant compared with the control. Slight increases in protein content may be explained by the induction of stress proteins as part of the plant defense system to Cd toxicity (Di Toppi and Gabbrielli, 1999).

Finally, a significant increase in electrolytes leakage was observed in IMC67 and PA121 established in Cd-spiked soil, suggesting a Cd effect on cell membrane integrity. An increase in electrolyte loss has been observed in cucumber (Gonçalves et al., 2007), maize (Ekmekçi et al., 2008), and Bacopa monnieri (Mishra et al., 2006). Heavy metals induce an alteration in the lipid composition of thylakoid membranes. Reactive oxygen species (ROS) induced by Cd results in lipid peroxidation, which implies the degradation of polyunsaturated fatty acids of membrane lipids. The later causes distortion of the lipid bilayer and alters membrane ion channels, resulting in leakage of ions (Mishra et al., 2006). The apparent lack of cell membrane damages in the CCN51 and ICS95 scions, 2 months after grafting, may be due to an insufficient exposure time to Cd as to cause a perceptible effect.



Rootstock Versus Scion Genetic Conflict

This work has enlightened some major trends regarding the complexity at the rootstock–scion interface. First, phenotypic differences due to rootstock effects are more notorious early after grafting (i.e., 2-months), in concert with expectations observed at the ungrafted seedlings. Such differences tend to vanish at older grafted seedlings (i.e., 4 months after grafting). The tendencies observed when computing specific combining abilities across rootstock families are aligned with this conclusion, in the sense that significantly different specific combining abilities among rootstock families were more common at 2 months after grafting than at 4 months. Second, heritability estimates also speak for the dilution of the rootstock effects through genotypes and time. Several of the heritabilities that were calculated in ungrafted families were not significant in the grafted portion of the experiment, which may speak for a genuine physiological communication gap at the graft interface. Alternatively, it could reflect an intrinsic limitation in degrees of freedom due to the complexity of the rootstock × scion factorial design. Still, rootstock-mediated heritability scores above 0.1 were more commonly observed at 2 months after grafting than at 4 months, regardless of the specific rootstock × scion combination. Such instability ultimately suggests an underlying and unavoidable conflict between the two genomes that shape the chimeric grafted organism (Warschefsky et al., 2016; Gautier et al., 2019).

Genetic conflict is known to be pervasive at multiple nested evolutionary scales, for example, among genes, among chromosomes, between chromosomes and cytoplasmic organelles, and between sexes in dioicous species (Ågren and Clark, 2018). These multiple scenarios are evidenced by the recurrent segregation distortion due to gene drives, transposons, and unconventional sex determination systems (Renner and Müller, 2021). However, our study is the first in suggesting an analogous mechanism at the rootstock × scion interface, typically regarded as leading to emergent heterotic properties (Reyes-Herrera et al., 2020). This conflict may be due to underlying additive and combined physiological drivers (Loupit and Cookson, 2020), such as water and nutrients uptake and transport, hormone production and transport, and large-scale movement of molecules during grafting and through time (Rasool et al., 2020).



Foreseeing the Complexity of the Rootstock × Scion Interaction

The novelty of this work lays on the explicit comparison of rootstock families in terms of Cd uptake. However, after quantifying an additive component such as the inheritance of rootstock effects (i.e., rootstock-mediated genetic variance) across recombinant cacao saplings, a next step is to consider more thoroughly the complexity of the rootstock × scion interaction. After all, rootstock metabolites transcend the root system and could reach the grafted scion, i.e., rootstock’s additive contribution (Loupit and Cookson, 2020; Rasool et al., 2020), which in turn may have contrasting consequences on rootstock traits, i.e., scion’s additive contribution (Shu et al., 2017). These concurrent effects would ultimately feedback an emergent rootstock × scion interaction, a statistical interaction in the strict sense.

To be able to accurately estimate the rootstock × scion component, it will be necessary to further validate the rootstock-mediated pedigree-estimated heritability scores via controlled experiments across an expanded panel of clonal scion genotypes grafted on rootstocks with a more continuous gradient of pairwise relatedness values (Reyes-Herrera et al., 2020). Specifically, future experimental assessments might rely on factorial designs of diverse clonal scions grafted on clonal rootstocks. This would allow to reduce recombination uncertainty and optimize statistical power to estimate the interaction term.

From an analytical point of view, the A-BLUP model implemented here would be capable to condition pedigree-based rootstock-mediated heritability scores as a function of the scion’s pedigree. Alternatively, the rootstock × scion interaction may also be quantified via indirect genetic effect (IGE) models (Bijma, 2010, 2013; Fisher and Mcadam, 2019) at relatively low phenotyping costs. It would also be desirable to extend IGE monitoring through time as a way to validate whether some of the significant rootstock × scion effects may persist in adult trees, even several years after grafting.



Perspectives

A recurrent caveat of pedigree-based heritability estimates concerns the potential fortuitous unbalanced between each phenotypic vector and the A pedigree-based relatedness matrix within the “genetic prediction” model. However, we did not detect this trend for any of the significantly rootstock-inherited traits. On the contrary, after examining for 2 years, as part of a parallel experiment, eight traits in full-sib families obtained by cross pollination of clonal accessions from the Cacao Germplasm at greenhouse conditions and two water regimes, we have been able to identify three candidate families for further testing. We recommend using this promissory dataset as reference (i.e., training) population to calibrate explicit eco-physiological mechanistic models (Loìpez-Hernández and Cortés, 2019) and last-generation machine learning algorithms (Cortés and López-Hernández, 2021; Montesinos-Loìpez et al., 2021) as innovative alternatives beyond A-BLUP models (Guevara-Escudero et al., 2021). As part of this task, we envision the following pipeline: (1) developing explicit eco-physiological indices for cacao targeting neo-tropical localities, (2) calibrating last-generation predictive breeding models aiming to forecast such indices based on extensive genealogical information, (3) extending the previous models to account for the complexity of the rootstock-scion interaction (i.e., G × S × E term, as expanded in the previous section), and (4) validating the corresponding predictions across seed orchards and cacao saplings at local nurseries to leverage natural variation for early selection (i.e., before grafting) of low Cd uptake. Ultimately, this combined strategy promises speeding up breeding of polygenic trait variation in a perennial tree crop, while accounting for the interaction of multiple genotypes at the rootstock–scion interface. In parallel, high throughput genotyping of the rootstock families will enable a more accurate description of the underlying genetic architecture.
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Supplementary Figure 1 | Pearson correlations coefficients among examined traits from half-sib and full-sib seedling rootstocks (A) before grafting, (B) two, and (C) four months after grafting. Estimates were gathered in two OP half-sib families (IMC67 and PA121), and two full-sib rootstock progenies obtained from the crossing between IMC67 × PA12 and its reciprocal cross, grafted with the ICS95 and CCN51 clonal scions under two Cd treatments. Correlation estimates are presented above the diagonal and below diagonal circles are sized and coloured accordingly.

Supplementary Figure 2 | Heat plots of A pedigree relatedness matrices from two OP half-sib families (IMC67 and PA121), and two full-sib rootstock families derived from controlled crosses between IMC67 × PA121 and its reciprocal cross, inputed in a “genetic prediction” additive mixed linear model, according to de los Campos et al. (2009). Heat plots are depicted for verification purposes (A) before grafting, and (B) two and (C) four months after grafting with the ICS95 and CCN51 clonal scions under two Cd treatments.

Supplementary Table 1 | Concentration of mineral nutrients in leaf tissue of ungrafted rootstocks five months after cadmium treatment. Different lowercase letters indicate significant differences in mineral elements concentration between ungrafted seedling families at the same Cd concentration in soil. Different capital letters indicate significant differences in mineral elements concentration of the same ungrafted seedling at different Cd concentrations in soil. Results are according to Duncan test (p < 0.05). Data are mean values ± SE (n = 8).

Supplementary Table 2 | Concentration of mineral nutrients in leaf tissue of scions ICS95 and CCN51 two months after grafting onto rootstocks. Different lowercase letters indicate significant differences in mineral elements concentration in leaf tissue of the ICS95 or CCN5 clonal scions grafted on four different seedling rootstock families at the same Cd concentration in soil. Different capital letters indicate significant differences in mineral elements concentration in leaf tissue of ICS95 or CCN51 clonal scions grafted on the same seedling rootstock family at different Cd concentrations in soil. Results are according to Duncan test (p < 0.05). Data are mean values ± SE (n = 8).

Supplementary Table 3 | Specific combining abilities in cacao seedlings from controlled crosses before grafting. Estimates were gathered in two OP half-sib families (IMC67 and PA121), and two full-sib progenies obtained from the crossing between IMC67 × PA121 and its reciprocal cross, under two Cd treatments. Specific combining abilities are indexed to a general mean (intercept under the first column after the p-value), and the corresponding positive or negative contributions (three last columns). Significantly different specific combining abilities are highlighted.

Supplementary Table 4 | Narrow-sense heritability (h2) in cacao seedlings from controlled crosses before grafting. Estimates were gathered in two OP half-sib families (IMC67 and PA121), and two full-sib progenies obtained from the crossing between IMC67 × PA121 and its reciprocal cross, grafted with the ICS95 and CCN51 clonal scions under two Cd treatments. Heritability (h2) and model fits (r) estimates were computed using an A pedigree relatedness matrix (Supplementary Figure 2A) inputted in a “genetic prediction” additive mixed linear model, according to de los Campos et al. (2009). Heritability (h2) scores above 0.1 are highlighted.

Supplementary Table 5 | Specific combining abilities in cacao seedling rootstocks from controlled crosses two-months after grafting. Estimates were gathered in full-sib rootstock progenies obtained from the crossing between IMC67 × PA121, and its reciprocal cross, grafted with the ICS95 and CCN51 clonal scions under two Cd treatments. Specific combining abilities are indexed to a general mean (intercept under the first column after the p-value), and the corresponding positive or negative contributions (three last columns). Significantly different specific combining abilities are highlighted.

Supplementary Table 6 | Specific combining abilities in cacao seedling rootstocks from controlled crosses four-months after grafting. Estimates were gathered in two OP half-sib families (IMC67 and PA121), and two full-sib progenies obtained from the crossing between IMC67 × PA121 and its reciprocal cross, grafted with the ICS95 and CCN51 clonal scions under two Cd treatments. Specific combining abilities are indexed to a general mean (intercept under the first column after the p-value), and the corresponding positive or negative contributions (three last columns). Significantly different specific combining abilities are highlighted.

Supplementary Table 7 | Narrow-sense rootstock-mediated heritability (h2) in cacao seedling rootstocks from controlled-crosses two-months after grafting. Estimates were gathered in two OP half-sib families (IMC67 and PA121), and two full-sib progenies obtained from the crossing between IMC67 × PA121 and its reciprocal cross, grafted with the ICS95 and CCN51 clonal scions under two Cd treatments. Heritability (h2) and model fits (r) estimates were computed using an A pedigree relatedness matrix (Supplementary Figure 2B) inputted in a “genetic prediction” additive mixed linear model, according to de los Campos et al. (2009). Heritability (h2) scores above 0.1 are highlighted.

Supplementary Table 8 | Narrow-sense rootstock-mediated heritability (h2) in cacao seedling rootstocks from controlled-crosses four-months after grafting. Estimates were gathered in two OP half-sib families (IMC67 and PA121), and two full-sib progenies obtained from the crossing between IMC67 × PA121 and its reciprocal cross, grafted with the ICS95 and CCN51 clonal scions under two Cd treatments. Heritability (h2) and model fits (r) estimates were computed using an A pedigree relatedness matrix (Supplementary Figure 2C) inputted in a “genetic prediction” additive mixed linear model, according to de los Campos et al. (2009). None h2 estimate was above 0.1.
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Grafting induces precocity and maintains clonal integrity in fruit tree crops. However, the complex rootstock × scion interaction often precludes understanding how the tree phenotype is shaped, limiting the potential to select optimum rootstocks. Therefore, it is necessary to assess (1) how seedling progenies inherit trait variation from elite ‘plus trees’, and (2) whether such family superiority may be transferred after grafting to the clonal scion. To bridge this gap, we quantified additive genetic parameters (i.e., narrow sense heritability—h2, and genetic-estimated breeding values—GEBVs) across landraces, “criollo”, “plus trees” of the super-food fruit tree crop avocado (Persea americana Mill.), and their open-pollinated (OP) half-sib seedling families. Specifically, we used a genomic best linear unbiased prediction (G-BLUP) model to merge phenotypic characterization of 17 morpho-agronomic traits with genetic screening of 13 highly polymorphic SSR markers in a diverse panel of 104 avocado “criollo” “plus trees.” Estimated additive genetic parameters were validated at a 5-year-old common garden trial (i.e., provenance test), in which 22 OP half-sib seedlings from 82 elite “plus trees” served as rootstocks for the cv. Hass clone. Heritability (h2) scores in the “criollo” “plus trees” ranged from 0.28 to 0.51. The highest h2 values were observed for ribbed petiole and adaxial veins with 0.47 (CI 95%0.2–0.8) and 0.51 (CI 0.2–0.8), respectively. The h2 scores for the agronomic traits ranged from 0.34 (CI 0.2–0.6) to 0.39 (CI 0.2–0.6) for seed weight, fruit weight, and total volume, respectively. When inspecting yield variation across 5-year-old grafted avocado cv. Hass trees with elite OP half-sib seedling rootstocks, the traits total number of fruits and fruits’ weight, respectively, exhibited h2 scores of 0.36 (± 0.23) and 0.11 (± 0.09). Our results indicate that elite “criollo” “plus trees” may serve as promissory donors of seedling rootstocks for avocado cv. Hass orchards due to the inheritance of their outstanding trait values. This reinforces the feasibility to leverage natural variation from “plus trees” via OP half-sib seedling rootstock families. By jointly estimating half-sib family effects and rootstock-mediated heritability, this study promises boosting seedling rootstock breeding programs, while better discerning the consequences of grafting in fruit tree crops.

Keywords: Persea americana Mill., heritability, rootstock effects, seed-mediated grafting, “criollo” avocado tree


INTRODUCTION

Grafting is an ancient technique used for vegetative propagation, especially in perennial fruit crops. This method, used on woody and herbaceous plants, can improve several agronomic characteristics, such as yield and vigor, as well as tolerance to biotic and abiotic stresses (Loupit and Cookson, 2020). In fruit trees, grafting is a common propagation method because it provides a dual plant system to increase orchard productivity by maintaining genetic uniformity of the commercial clones. Usually, scions’ buds with high quality are grafted onto rootstocks with improved stress/disease tolerance. In this dual plant system, rootstocks are also selected to increase orchard efficiency through vigor control and yield improvement of the scion. Increasing precocity is another benefit of grafting, as scions taken from mature trees show significantly earlier bearing and maturity relative to trees grown from seeds. Therefore, many tree crops with long juvenile phases are grown as grafted plants to obtain a faster return on investment (Ahsan et al., 2019). Despite these benefits, grafting tends to obscure individual genotypic contributions from the scion and the rootstock to the overall tree phenotype, which makes genetic selection harder at particular rootstock × scion combinations.

From a physiological perspective, such confounding factors are pervasive, too. Broadly speaking, grafting affects three main processes at the tree level: uptake and transport of water and nutrients (Little et al., 2016), production and transport of hormones, and large-scale movement of proteins, messenger RNAs, and small RNAs (Wang et al., 2017; Loupit and Cookson, 2020; Lu et al., 2020; Rasool et al., 2020). These processes have implications for both subsurface and surface functioning, yet the interconnection of variables at the rootstock—scion interface still hides contributions from the individual genotypes (Tworkoski and Miller, 2007; Amiri et al., 2014; Warschefsky et al., 2016). After all, both rootstock and scion genotypes play an important role at the grafting interface, and different rootstock × scion combinations mutually alter their individual phenotypic effects (Goldschmidt, 2014). Additional factors that may affect the rootstock × scion interactions are the age of the bud-donor tree, the grafting technique, seasonality, time since grafting, the genotype × environment interaction (Albacete et al., 2015), the rootstock × scion compatibility, and microbiome-root interactions (Warschefsky et al., 2016).

A highly valued grafted clonal super-food fruit tree crop that is rapidly expanding around the world is avocado (Persea americana Mill.) cv. Hass (O’Brien et al., 2018). Improved rootstocks for commercial avocado cv. Hass plantations may confer a beneficial horticultural quality to the tree across a wide spectrum of traits (Reyes-Herrera et al., 2020), such as increased fruit yield (Herrera-González et al., 2013), postharvest performance (Willingham et al., 2001), vegetative vigor (Mickelbart and Arpaia, 2002), salt tolerance (Bernstein et al., 2001), and disease resistance (Smith et al., 2011; Sánchez-González et al., 2019). These reports are in line with previous research that have shown how rootstocks might also induce less trivial scion morphological changes, such as dwarfing, and even alter yield traits and fruit quality (Egea et al., 2004; Picolotto et al., 2010; Madam et al., 2011; Expósito et al., 2020; Kviklys and Samuoliene, 2020). For instance, rootstock effects may even influence properties typically attributed to the clonal Hass scion, such as fruit sensorial and nutritional quality, e.g., texture, sugar content, acidity, pH, flavor, and color (Giorgi et al., 2005; Gullo et al., 2014; Balducci et al., 2019), cold tolerance, and shoot pest and pathogen resistance (Rubio et al., 2005; Goldschmidt, 2014).

Most commercial avocado Hass plantations in Neotropical areas currently rely on open-pollinated (OP) half-sib interracial seedling rootstocks derived from selected “criollo” “plus trees” (Bernal et al., 2014; Cañas-Gutiérrez et al., 2015). Therefore, avocado production is mainly based on grafting the commercial Hass cultivar onto untested highly diverse seedling “criollo” saplings (Rodríguez et al., 2009; Cañas-Gutiérrez et al., 2015). As part of this procedure, the selection of a suitable rootstock is rarely based on both the genotype of the scion, and the environment or agro-climatic zone in which the grafted tree will be cultivated. In other words, due to a triple rootstock × scion × environment interaction, rootstock selection from “criollo” seedling genotypes is challenging. Still, growing half-sib families of seedling rootstocks from selected donor “plus trees” remains a promising strategy because they may harbor natural adaptations to the highly heterogeneous ecosystems found at the Neotropics, not to mention the fact that they constitute an important source of genetic variability (Kuhn et al., 2019; Rendón-Anaya et al., 2019; Talavera et al., 2019; López-Guzmán et al., 2021) for otherwise clonal Hass plantations (Cañas-Gutiérrez et al., 2019a).

Avocado rootstock breeding programs typically perform an initial selection step for resistance to soil-borne pathogens, such as Phytophthora cinnamomi Rans. Yield and adaptive traits are then left as second and third steps within avocado rootstock breeding. To guarantee that selected rootstocks exhibit a stable phenotypic effect, avocado nurseries in temperate latitudes often rely on clonal rootstock propagation (Téliz, 2000). However, clonal rootstocks are still difficult to produce because they require double grafting techniques (Ernst, 1999), while in vitro production has not been commercially scaled (Hormaza, 2020). Therefore, clonal rootstocks are still rare in highly diverse Neotropical regions where avocados are native, and seedling saplings from “criollo” trees are more abundant and cheaper. Because of this, it is imperative to assess which traits of the avocado “criollo” are inherited to its OP half-sib seedling progenies, while at the same time transferred to the scion after grafting. Specifically, an explicit estimation of combined half-sib families and rootstock heritability effects would be a major advance to speed-up seedling rootstock breeding programs, and ultimately discern the consequences of grafting for tropical avocados (Reyes-Herrera et al., 2020).

To fill this research gap, the goals of this work were to: (1) estimate additive genetic parameters (i.e., narrow sense heritability scores and breeding values) across promissory avocado “criollo” “plus trees,” (2) quantify the inheritance of agronomic traits of avocado “criollo” “plus trees” in cv. Hass via OP half-sib seeding families, and (3) identify promissory avocado “criollo” “plus trees” as seed donors for rootstock production based on their genetic-estimated breeding values for heritable morphological and agronomic traits. We hypothesize that heritable variation for key traits would enable half-sib seedling rootstock selection from elite “criollo” “plus trees.” Specifically, we have relied on a total of 104 avocado “criollo” trees between 40 and 50 years old, identified as “plus trees” in the province of Antioquia (northwest Colombia). These avocado trees are long-term survivors across different remote agro-ecological zones, so we expect that they may serve as potential donors of seedling rootstocks due to their presumably outstanding adaptability and trait values (e.g., health, longevity, and productivity). These “criollo” avocados had previously been characterized with microsatellite (single sequence repeat, SSR) markers to study their genetic diversity, as well as in terms of their morpho-agronomic traits (Cañas-Gutiérrez et al., 2019a,b). Therefore, this study merged both genetic and phenotypic characterizations to assist seedling rootstock selection at early nursery stages. Estimated additive genetic parameters were validated at a 5-year-old common garden trial (i.e., provenance test) that established OP half-sib seedlings from elite “plus trees” as rootstocks for the Hass clone.



MATERIALS AND METHODS


Plant Material

A total of 104 avocado “criollo” “plus trees” were selected in different remote agroecological zones up to 2,400 m asl of the province of Antioquia, northwest Andes of Colombia, during the years 2014 and 2015 (originally enlisted under the first table of Cañas-Gutiérrez et al. (2019b), and summarized here under Supplementary Table 1). Their selection was made based on criteria, such as adaptability to their growing area, longevity, health, and productivity. During this period, trees were in situ characterized by taking morphological data, and carrying out their molecular fingerprinting (section below on “microsatellite markers characterization”). Collection of yield data was additionally carried out in these trees during four consecutive years (2014–2017).

The seeds produced by selected elite avocado “criollo” trees were germinated at greenhouses, and obtained 3-month-old seedlings were grafted with cv. Hass scions. In the year 2015, the cv. Hass grafts were planted at a common garden (i.e., provenance test) at AGROSAVIA’s research station La Selva, located in Rionegro, province of Antioquia, at 2,100 m asl. Morphological data, such as length and diameter of the rootstock, the canopy length and diameter of the scion, and the morphology of the graft scar were collected during the years 2017–2021. The production data of the cv. Hass grafts were collected in the same period from 2017 to 2021. Since half-sib seedling rootstocks grafted with the Hass clone have been in production during five consecutive years in the same environment (La Selva locality), we were able to minimize environmental variance and equal phenotypic variance to the rootstocks’ additive genetic component, which is the main benefit of carrying out common garden or provenance tests. These trials intend to neutralize environmental effects over phenotypic expression, by planting diverse genotypes in a single locality (Lascoux et al., 2016). Our setup has allowed heritability analyses to include a total of 9 years of production data, both for in situ “criollo” “plus trees” (2014–2017), as well as in their OP half-sib seedling progenies used as rootstocks for the Hass scion (2017–2021).



Measurements of Morpho-Agronomic Traits

A total of 17 morphological and agronomic traits were measured during the sampling trips of 2014 and 2015 in the avocado “criollo” selected “plus trees,” according to descriptors that are specific for avocado based on the International Plant Genetic Resources Institute (IPGRI). These descriptors included tree, leaf, fruit, and seed traits (Table 1 and Supplementary Table 2). Fruit production was recorded in these trees during four consecutive years until 2017. Pearson’s, Spearman’s and Kendall’s correlation matrices (Figure 1) were visually inspected using customized plots drawn with the cor.test and heatmap functions in R v.3.4.4 (R Core Team). Complete phenotypic measures were possible for a total of 82 “criollo” “plus trees” from the original sampling.


TABLE 1. Phenotypic traits measured in the avocado “criollo” selected “plus trees,” according to descriptors for avocado of the International Plant Genetic Resources Institute (IPGRI).
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FIGURE 1. Pearson (A), Spearman (B), and Kendall (C) correlation matrices among studied traits in avocado “criollo” “plus trees.” For details on the measured traits please refer to Table 1 and Supplementary Table 2.


Furthermore, a total of 22 OP half-sib seedling progenies of 82 elite avocado “criollo” “plus trees” were used as rootstocks for the Hass scion. Grafted trees were characterized at AGROSAVIA’s La Selva research station in terms of their early growth traits (i.e., young shoot color, stem color, stem lenticels, lenticels color, average number of leaves at transplant, and average stem diameter at grafting), as well as in terms of their production (i.e., cumulative total number of fruits and fruit’s weight) 5 years after grafting (2017–2021). The analyses focused on yield traits because they allowed for a direct comparison with the recorded production traits in the “criollo” “plus trees,” besides the fact that yield traits are of paramount interest for commercial avocado cv. Hass orchards, especially those aiming for exportation markets.



Microsatellite Marker Characterization

Total genomic DNA was obtained from avocado “criollo” leaves based on the extraction method standardized by Cañas-Gutiérrez et al. (2015). Thirteen microsatellites [simple sequence repeats (SSRs)], originally designed by Sharon et al. (1997) and Ashworth et al. (2004), were chosen (Supplementary Table 3) for their high polymorphism information content following estimates by Alcaraz and Hormaza (2007). Fingerprinting highly polymorphic SSR markers allowed disclosing pedigree-free marker-based relationships among genotypes, which in turn enabled distinguishing from highly related to completely unrelated individuals. Such contrasting scales of SSR-reconstructed shared relatedness due to recent co-ancestry (i.e., isolation by descendent, IBD) offer the basis to quantify phenotypic clustering patterns across family types (i.e., genetic heritability), as demonstrated in oil palm (Cros et al., 2015) and rubber tree (Cros et al., 2019), and as expanded in the section below.

Three multiplex PCR amplifications were performed in 10 μl volume containing 16 mM (NH4)2SO4, 67 mM Tris-HCl pH 8.8, 0.01% Tween20, 2 mM MgCl2, 0.1 mM each dNTP,0.4 μM of each primer, 25 ng genomic DNA and GoTaq® ADN polymerase (Promega, WI, United States). Forward primers were labeled with WellRed fluorescent dyes on the 5′ end (Proligo, France). The reactions were carried out in an I-cycler (Bio-Rad Laboratories, Hercules, CA, United States) thermo cycler using the following temperature profile for multiplex PCR 2 and 3: an initial step of 1 min at 94°C, 35 cycles of 30 s at 94°C, 30 s at 50°C, and 1 min at 72°C, and a final step of 5 min at 72°C. For multiplex PCR 1, the same temperature profiles were used, except for 55°C for annealing temperature that was used instead. The PCR products were analyzed by capillary electrophoresis in the equipment ABI PRISM® 3130 Genetic Analyzer (Applied Biosystem, CA, United States). Allele sizes were estimated in base pairs with a Peak Scanner (Thermo Fisher Scientific, United States), allowing for a maximum of two alleles per sample.



Computation of Heritability Scores and Breeding Values

We implemented a G-BLUP (genomic best linear unbiased predictor) model to quantify genetic parameters (i.e., narrow-sense heritability and breeding values) for key agronomic traits across the avocado “criollo” “plus trees” selected as seed donors for the OP half-sib progenies used as rootstocks for the Hass clone. Genetic parameters are a baseline of any breeding program (Holland et al., 2003) since they guarantee that additive genetic gains are maximized, while breeding cycles are minimized (Dieters et al., 1995). This is because genetic parameters account for the proportion of phenotypic variance among individuals in a population due to genetic effects (Milner et al., 2000; Kruuk, 2004; Berenos et al., 2014). In this sense, the G-BLUP precisely offers a modern pedigree-free marker-based approach (Meuwissen et al., 2001; Crossa et al., 2017) to estimate genetic parameters on populations of mixed ancestry (Frentiu et al., 2008; Wilson et al., 2010), such as OP seedlings.

We first computed a G relatedness matrix, following Lynch and Ritland (1999), to account for the half-sib structure of the OP seedling progenies used as rootstocks. To validate relationships within the G matrix we further computed (1) a distance tree by means of the Neighbor Joining algorithm (Kamvar et al., 2014) in R (R Core Team) with 10,000 bootstrap replicates, as well as (2) an unsupervised Bayesian clustering using the STRUCTURE software (Pritchard et al., 2000) with five independent runs for each K-value from K = 2 to K = 8 and 100,000 Monte Carlo Markov chain replicates with a burn-in of 50,000.

The admixed origin of the avocado “criollo” genepool, due to avocado’s protogynous dichogamy, is known to favor an adequately variable G matrix, embracing various degrees of relationship, as much as the Avocado Genebank (Cañas-Gutiérrez et al., 2019b). The variability in the G matrix (from highly related to completely unrelated trees) enabled the use of the G-BLUP predictor. Hence, we relied on this G relationship matrix to compute the genetic-based G-BLUP model, following Arenas et al. (2021) and Fernandez-Paz et al. (2021), as in:
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where y corresponds to the phenotypic trait vector, a is the vector of individual random additive genetic effects with a normal distribution [in other words, a ∼ N (0, G σa2), where G is the among-tree pedigree-free SSR-based relationship matrix, and σa2 corresponds to the additive genetic variance (Müller et al., 2017)], b is the vector of fixed effects (i.e., general mean, intercept), e is the vector of residual effects, and X and Z are the incidence matrices for fixed effects and additive genetic effects (Chen et al., 2018; Gutierrez et al., 2018).

Parameter estimation for the G-BLUP model was carried out using reproducing kernel Hilbert space (RKHS) implemented in the BGLR (Bayesian Generalized Linear Regression) software (Perez and De Los Campos, 2014) under an R v.3.4.4 environment (R Core Team). The multi-dimensional space of parameters was sampled with 10,000 iterations, an initial burn-in of 5,000 steps, and a thinning interval of 10 for data recording. Trace plots were drawn in R to verify convergence in the posterior distributions.

Narrow sense rootstock-mediated heritability (h2), which is the proportion of the overall phenotypic variance accounted for additive genetic variance, was then calculated by retrieving the additive (σa2) and residual (σe2) variances from the RKHS algorithm, following de los Campos et al. (2015):
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The vector of h2 scores was summarized using the median and the 95% CI of the BGLR’s posterior distribution. Statistical accuracy (a.k.a., prediction ability, ry) was computed per trait using Pearson’s correlation between observed and predicted (μ + GEBV) trait values (Müller et al., 2017; Zhang et al., 2019). Predicted trait values were recorded and subtracted to the overall phenotypic mean (μ), to gather the vector of genetic-estimated breeding values (GEBVs), which is the deviation from the overall trait mean attributed to additive genetic effects. GEBVs were summarized throughout a biplot diagram using R’s princomp and biplot functions for the principal components analysis (PCA).

Finally, we implemented mother-offspring regressions to estimate h2 scores for key agronomic traits in the OP half-sib seedling progenies of avocado “criollo” “plus trees” grafted with the Hass scion. This heritability analysis included 5 years of data in the OP half-sib seedling progenies of avocado “criollo” “plus trees” used as rootstocks for the Hass scion via the mother vs. half-sib regression analysis (Falconer et al., 1996). These h2 estimates were gathered for cumulative number of fruits and weight of fruits from the Hass clone grafted on top of the OP half-sib seedling rootstocks derived from the selected avocado “criollo” “plus trees.” Mother-offspring regressions were carried out in R using the function lm. Regressions were plotted for validation in ggplot, under the same R environment. The narrow-sense heritability score was calculated as twice the slope from the mother-offspring regressions, following Lynch and Walsh (1998).




RESULTS


Heritability of Morphological and Agronomic Traits in Avocado “Criollo” “Plus Trees”

The 13 microsatellite markers that were used for the molecular characterization of 104 avocado “criollo” “plus trees” amplified a total of 147 allelic fragments. This indicated sufficient polymorphism to reconstruct the pedigree-free marker-based relationship matrix (Figure 2), while distinguishing highly related from completely unrelated admixed individuals (Figure 3). The phylogenetic tree (Supplementary Figure 1) corroborated the latter point. Therefore, the segregation of 147 allelic SSR fragments allowed to effectively quantify phenotypic clustering patterns across family types via de G-BLUP model (i.e., SSR-based genetic heritability estimates, Cros et al., 2015, 2019) for key morphological and agronomic traits in “criollo” avocado “plus trees.”
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FIGURE 2. Pairwise relatedness among avocado “criollo” “plus trees” according to Lynch and Ritland (1999). The overall mean and the 0.95 threshold to identify genetic controls are marked with dashed vertical lines.
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FIGURE 3. Unsupervised Bayesian clustering among avocado “criollo” “plus trees” collected from the northwest Andes of Colombia (province of Antioquia, AN), and the avocado Germplasm Bank (GB) from Colombia as characterized by Cañas-Gutiérrez et al. (2019a) with the same panel of SSR markers. M, G, and A, stand for Mexican, Guatemalan, and West Indies race controls, respectively. GB Section 1 comprises commercial genotypes. The remaining two-letter abbreviation codes indicate avocado “criollo” trees, respectively sampled from different provinces (under GB) and villages (under AN) across Colombia and the province of Antioquia (northwest Andes of Colombia), as follows: Antioquia (AN), Bolivar (BO), Cauca (CA), Cesar (CE), Huila (HU), Magdalena (MA), Meta (ME), Nariño (NA), Putumayo (PU), Quindío (QU), Risaralda (RI), Santander (SA), Tolima (TO), and Valle del Cauca (VA) for provinces across Colombia, and Abejorral (AB), Apartadó (AP), Arboletes (AR), Buriticá (BU), Caramanta, Carepa or Caracolí (CA), Cañas Gordas (CG), Chigorodó (CH), Cisneros (CI), Dabeiba (DA), Giraldo (GI), Jardín (JA), Jericó (JE), Maceo (MA), Mutatá (MU), Necoclí (NE), Rionegro (RN), Urrao (RR), Santa Bárbara (SB), San Juan (SJ), San Roque (SR), Sonsón (SS), Turbo (TU), Uramita (UR), Valparaiso (VA), Venecia (VE), and other (OT) for municipalities within the province of Antioquia. For further details on the sampling within Antioquia, such as sub-region and elevation, please refer to Supplementary Table 1 and the first table in Cañas-Gutiérrez et al. (2019b).


The heritability parameters for a total of 11 morphological traits (Figure 4) and 6 agronomical traits (Figure 5) were computed in 82 of the 104 avocado “criollo” “plus trees” selected as seed donors for rootstocks of the cv. Hass. Estimates of avocado “criollo” “plus trees” narrow-sense heritabilities (h2) were significant for the 11 measured morphological traits and for the 6 agronomic traits, according to the 95% CIs from the posterior distribution, all of which were above absolute zero (Table 2).
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FIGURE 4. Narrow-sense heritability (h2) posterior distributions for morphological traits measured in avocado “criollo” “plus trees” selected as seed donors for rootstocks of the cv. Hass. Model fits are depicted in the odd columns (A,C,E,G,I,K,M,O,Q,S,U) using Pearson’s correlation r score between the observed (y-axis) and the predicted (x-axis) trait values. Meanwhile, median values (vertical dashed lines) and the 95% confidence intervals (horizontal gray lines) are depicted in the even columns (B,D,F,H,J,L,N,P,R,T,V). Different traits are sorted every second subpanel across rows according to the x-label in each subfigure.
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FIGURE 5. Narrow-sense heritability (h2) posterior distributions for agronomic traits measured in avocado “criollo” “plus trees” selected as seed donors for rootstocks of the cv. Hass. Model fits are depicted in the odd columns (A,C,E,G,I,K) using Pearson’s correlation r score between the observed (y-axis) and the predicted (x-axis) trait values. Meanwhile, median values (vertical dashed lines) and the 95% confidence intervals (horizontal gray lines) are depicted in the even columns (B,D,F,H,J,L). Different traits are sorted every second subpanel across rows according to the x-label in each subfigure.



TABLE 2. Narrow—Sense heritability (h2) estimates for the 17 measured traits from 82 avocado “criollo” “plus trees” selected as seed donors for rootstocks.
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The estimated heritabilities (h2) for the 11 morphological traits ranged from 0.28 to 0.51. The tree shape and branching traits presented the h2 lowest scores, 0.28 and 0.29, respectively. The highest h2 values were presented for ribbed petiole and adaxial veins with 0.47 and 0.51, respectively. The 6 agronomic traits evaluated presented very similar h2 values that ranged from 0.34 to 0.39. Seed weight was the trait with the lowest h2 score (0.34), while fruit weight and total volume traits exhibited the highest values, both with 0.39 (Table 2).

Confidence intervals for the heritability scores were generally narrow for the 17 examined traits. The traits that presented the widest confidence intervals were: number main veins (0.1–0.7, r = 0.64) pulp weight (0.1–0.7, r = 0.66), adaxial veins (0.2–0.8, r = 0.78), and ribbed petiole (0.2–0.8, r = 0.75). Meanwhile, the trait that presented the narrowest confidence interval was the shape of the tree with 0.1–0.4 and r = 0.69 (Table 2). Adaxial veins and ripped petiole traits exhibited the widest 95% CIs, as well as the highest heritability scores (0.51 and 0.47, respectively). On the contrary, the tree shape trait had the lowest 95% CI, and also showed the lowest heritability score (0.28). Broadly speaking, the morphological and agronomic traits measured in avocado “criollo” “plus trees” selected as seed donors for rootstocks of the cv. Hass presented heritabilities in a medium range. This suggested a relative contribution of additive genetic effects in the total variation of these traits, which may enable moderate genetic gains via recurrent selection.



Breeding Values of Avocado “Criollo” “Plus Trees” to Select Target Seed Donors

To assist the ranking of avocado “criollo” “plus trees” as seed donors for OP half-sib seedling rootstocks of the cv. Hass, we summarized the breeding values for the 11 morphological and 6 agronomical traits across 63 of the 104 avocado “criollo” “plus trees” selected as seed donors for rootstocks of the cv. Hass using a biplot diagram from a PCA (Figure 6). The length of each vector in the biplot diagram allowed ranking the traits by their additive variance. In this sense, fruit diameter, total volume, fruit weight, pulp weight, fruit length, and branching exhibited the most notorious additive genetic contributions, reinforcing the heritability results described in the previous section. On the contrary, the ribbed petiole and trunk circumference traits, showed lower vector lengths, indicating a lower additive genetic variance for these traits. These results suggested that fruit traits tended to exhibit more potential to respond to selection, indicating that production at commercial avocado cv. Hass orchards may be leveraged by a proper selection of avocado “criollo” “plus trees” as seedling rootstock donors, based on their breeding values.


[image: image]

FIGURE 6. Breeding values for traits (vectors in red) measured in avocado “criollo” “plus trees” (black codes) selected as seed donors for rootstocks of the cv. Hass. A match between the specific tree code and the arrow of the trait vector indicates an additive genetic superiority (a.k.a., breeding value) of that particular tree for the specific trait. Opposing vectors speak for negative genetic correlations, which may limit simultaneous selection for both traits in the same direction, as opposed to orthogonal vectors that suggest traits are free from genetic correlations.


The biplot diagram also allowed pinpointing the elite avocado “criollo” trees that may be promising for selection given their heritable superiority in terms of agronomical traits. For instance, the trait vector for fruit diameter (associated with the fruits’ caliber, an important factor for its commercialization) pointed toward “criollo” trees ANSS9 and ANNE55. Similarly, the trait vectors for total fruits’ volume, fruits’ length, and fruits’ weight, respectively pointed toward the avocado “criollo” “plus trees” encoded as ANDA62, ANCI75, and ANCH65. Meanwhile, the avocado “criollo” tree encoded as ANTU57 was closed to the vectors for the traits fruit diameter and pulp weight, which also makes ANTU57 a promising donor for seedling rootstock families (Figure 6). On the other hand, the morphological traits branching, leaf shape, trunk surface, tree shape, and adaxial veins presented the longest vectors, and consequently greater potential for selection. Some of these morphological traits may be of interest for half-sib rootstock family selection. For example, branching and tree shape may contribute desired tree architectures optimum for light penetration to boost flowering and harvesting.



Inheritance of Key Agronomic Traits on the Hass Scion Through Open-Pollinated Half-Sib Seedling Rootstocks of Avocado “Criollo” “Plus Trees”

A total of 22 “criollo” “plus trees” were selected as seed donors for rootstock establishment according to the trait criteria enlisted in the previous section. Their corresponding OP half-sib seedling progenies were grafted with Hass clonal scion to estimate rootstock-transferred h2 scores for key agronomic traits, such as total number of fruits and fruits’ weight after 5 years of production. The estimation of overall h2 scores (spanning both the mother-offspring and the rootstock-mediated inheritance) for both agronomical traits followed a mothers vs. grafted half-sib offspring linear regression. In this sense, the dependent variable corresponded to the average half-sib family trait values for total number of fruits and fruits’ weight measured in avocado cv. Hass trees grafted on top of OP seedling rootstock families obtained from the avocado “criollo” “plus trees.” The trait values for the total number of fruits and fruits’ weight measured in the original mother “criollo” “plus trees” were depicted in the X-axis (Figure 7).
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FIGURE 7. Mother-offspring regressions used to quantify the rootstock-mediated h2 scores for cumulative (A) number of fruits and (B) weight of fruits from the Hass clone grafted on OP half-sib seedling progenies of selected avocado “criollo” “plus trees.” The h2 score is computed as twice the slope from the mother-offspring regression (Lynch and Walsh, 1998), and was 0.36 and 0.11 h2 for number of fruits and weight of fruits, respectively.


The trait total number of fruits presented a slope of 0.18 and an r score of 0.16. Since the mothers-offspring heritability corresponded to twice the slope, the h2 equaled 0.36 (± 0.23). The trait fruits’ weight exhibited a slope value of 0.056 with an r score of 0.18, and therefore an overall h2 estimate of 0.11 (± 0.09, Figure 7). According to the results obtained, the trait total number of fruits presented a moderate seedling rootstock-mediated heritability of 0.36, indicating the possibility of harnessing natural variation from “criollo” plus trees via OP half-sib seedling rootstock families for cv. Hass orchards. On the contrary, the trait fruits’ weight presented a lower seedling rootstock-mediated heritability of 0.11, indicating that this trait may be influenced by environmental factors, non-additive genetic factors, such as dominance and epitasis, crop management, and the rootstocks-scion interaction, rather than additive genetic contributions from the OP half-sib rootstock families.




DISCUSSION

We quantified additive genetic parameters across landraces “plus trees” of the super-food fruit tree crop avocado (P. americana Mill.), and their OP half-sib seedling families. The SSR markers that were used for the molecular characterization of avocado “criollo” “plus trees” allowed obtaining G-BLUP heritability predictions of morphological and agronomic traits. After all, highly polymorphic SSR markers screened across variable genotypes (in terms of their degrees of relationships, from highly related to completely unrelated), enable BLUP predictions, as demonstrated by Reyes-Herrera et al. (2020) in avocado, and Cros et al. (2015, 2019) in oil palm and rubber tree, respectively. This is because pedigree-free marker-based heritability estimations via G-BLUP work either on the basis of shared relatedness (typically measured as relationships due to recent co-ancestry) or on the basis of genetic hitchhiking due to linkage disequilibrium (LD) among marker loci. In the absence of demonstrated LD (which would require denser single nucleotide polymorphism, SNP markers), shared relatedness as inferred by variable SSR markers across a diverse panel (Ellegren, 2004; Cortés et al., 2011) offer the basis to disclose the phenotypic clustering patterns across family types (which in turn are proportional to heritability scores). In particular, the relationship among samples is critically important, and therefore, was carefully reconstructed by our study via the relatedness histogram, the phylogenic relationships among samples, and the unsupervised Bayesian admixed clustering.

We estimated heritability values for 17 morpho-agronomic traits in avocado “criollo” “plus trees” selected as seed donors for rootstocks of the cv. Hass. These values were significant according to their 95% confidence intervals and heritabilities were found to be in a medium range according to Robinson et al. (1951) classification with the magnitude: 0.28 ≤ h2 ≥ 0.5, indicating a moderate possibility of genetic gain through seedling rootstock selection and contribution of these traits to the cv. Hass. Regarding agronomic traits, the heritability of the fruit weight trait was quantified both in avocado “criollo” “plus trees” (0.36) and their OP half-sib seedling progenies used as rootstocks for the Hass scion (0.11), exhibiting a reduction of almost half in heritability. This indicates that nearly 50% of “plus tree” genetic gain for this trait may be inherited to cv. Hass through seed-mediated grafting.


Leveraging Avocado “Criollo” “Plus Trees” as Seed Donors for Rootstock Production

A long-standing debate in the breeding of fruit tree crops is whether seedling rootstocks are capable to enhance productivity in the absence of more uniform clonal rootstocks, which in turn are thought to lack sufficient genetic variability for long-term adaptation. As an intermediate solution, replacing seedlings genotypes by a diverse panel of elite clones is expected to convey major improvements while controlling adaptive genetic erosion (Ingvarsson and Dahlberg, 2019). Nonetheless, avocado cv. Hass plantations in northwest South America have grown exponentially in the last decade without the availability of clonal rootstock genotypes. Instead, they have had to rely on cheaper seedling rootstocks from native “criollo” trees without any sort of selection or traceability. Therefore, our narrow sense heritability quantifications are encouraging guides to additive genetic selection of “criollo” “plus trees” as seed donors for rootstock production, conveying up to 35% (h2T) of potential genetic gain for a key yield trait as is the total number of fruits. This overall effect totalizes the additive genetic contribution from OP half-sib seedling rootstock families to the Hass clonal scion (i.e., h2R = 0.44, as computed by Reyes-Herrera et al., 2020), as well as the expected additive genetic variance putatively inherited from the “criollo” “plus trees” to their OP half-sib F1 seedling offspring (i.e., h2F1 = h2T/h2R = 0.7). Ultimately, these estimates reinforce the feasibility of utilizing selected avocado “criollo” “plus trees” as seed donors for rootstocks.

Furthermore, the GEBVs, computed here by weighting and standardizing the overall trait superiority by the corresponding heritability scores, are already a robust selection index to target in situ superior “criollo” “plus trees” as donors of seedling rootstocks. Alternatively, buds from these selected “criollo” “plus trees” may be grafted to establish ex situ seed orchards. In any case, avocado cv. Hass nurseries may still face uncertainty while sorting the OP half-sib offspring from those “criollo” “plus trees” families in the absence of age-age correlations at the seedling stage. To assist early within-family selection of superior half-sib progenies, heritability estimates above 35% (e.g., for total number of fruits) also invite implementing last-generation high-throughput genomic selection (GS) schemes (Desta and Ortiz, 2014; Crossa et al., 2017). Genomic prediction platforms calibrate infinitesimal polygenic additive models (Cortés et al., 2020) capable to forecast breeding values for low-heritability complex traits (Klápště et al., 2020) at early life stages (Grattapaglia et al., 2018). Therefore, GS simultaneously makes indirect selection more precise, while allowing speeding up breeding cycles. Its potential in perennials with prolonged juvenile phases has already been industrially scaled up by the forest tree sector (Resende et al., 2012, 2020; Tan et al., 2017; Cappa et al., 2019; Thistlethwaite et al., 2019), with some prospective pilot studies carried out in temperate fruit trees (Kumar et al., 2012, 2019, 2020; Muranty et al., 2015; Iwata et al., 2016; Ferrão et al., 2021). Based on this, avocado cv. Hass nurseries might exploit the potential of GS to choose the superior progenies from the “criollo” “plus trees,” even before grafting. Such innovation will optimize timing and monetary resources at nurseries, while ultimately translating into reduced tree mortality and increased productivity/adaptability during the establishment and production phases.

Meanwhile, efforts must not be spared to breed a diverse panel of elite clonal rootstock genotypes resistant to root rot (P. cinnamomi), a major fungal threat for avocado plantation worldwide (Toapanta-Gallegos et al., 2017; Sánchez-González et al., 2019), while keeping high productivity and adaptation across heterogeneous mountain climates (Cortés and Wheeler, 2018). However, breeding elite clonal tree genotypes with conventional direct phenotypic selection doubles the breeding cycle length compared to gradual population recurrent selection due to longer progeny-testing and more clonal trials (Neale and Kremer, 2011). Therefore, GS may once more assist the identification of elite clonal rootstocks for the avocado cv. Hass industry, as already exemplified by the forestry sector by reducing the length of the clonal breeding cycle to 50% (Resende et al., 2012). Parallel efforts must be conveyed to better standardize the propagation of clonal rootstocks [e.g., via genotype-dependent micro-cloning (Ernst, 1999) and double grafting (Frolich and Platt, 1971) protocols], which is still a major bottleneck in regions with high availability of native avocado trees capable to source nurseries with cheaper seedlings.



Paving the Path Toward Predictive Rootstock Breeding

The h2 and GEBVs estimate gathered as part of this study encourage the implementation of more systematic genetic-guided indirect selection platforms both as part of early (before grafting) seedling screening at nurseries of avocado cv. Hass, as well as within the avocado rootstock breeding cycles per se. Nonetheless, a question persists, which is whether the studied SSR molecular markers are enough to capture sufficient additive variance as to make predictive breeding reliable. This potentially remains open judging by the r scores (> 0.54) of our pedigree-free SSR-inferred estimation of genetic parameters (Frentiu et al., 2008; Wilson et al., 2010), which embraced sufficient variation across distinct kinship levels (Milner et al., 2000; Kruuk, 2004; Berenos et al., 2014). Therefore, avocado rootstock breeders would be able to leverage SSR characterizations across a diverse panel of avocado accessions (Alcaraz and Hormaza, 2007; Cañas-Gutiérrez et al., 2015; Ferrer-Pereira et al., 2017; Boza et al., 2018; Cañas-Gutiérrez et al., 2019b; Reyes-Herrera et al., 2020; Sánchez-González et al., 2020). SSR-inferred relationships also allow bridging the difficulty to generate complete pedigrees in tropical avocados. It is challenging to carry out control crossing in tropical “criollo” avocados because their pollination is open, and exhibit dichogamous protogyny. It would also be unviable to gather complete pedigrees from in situ “criollo” avocado trees because they exhibit disparity in the phenological phases, and are situated in remote locations where access is limited to perform controlled monitoring. This is why our team is currently bringing buds from the “criollo” trees for grafting on their own half-sib rootstocks. This strategy would allow cloning them at a single research station to better study their phenology and control their pollination. Meanwhile, molecular markers offer a realistic pathway to reconstruct relatedness among avocado “criollo” trees. The prospect to utilize highly polymorphic SSRs for predictive breeding across a diverse panel of genotypes spanning various levels of relatedness is also in line with previous proof-of-concept pilot studies carried out in oil palm (Cros et al., 2015) and rubber tree (Cros et al., 2019). This is because indirect selection works either on the basis of shared relatedness (typically measured as kinship relationships due to recent co-ancestry, Sedlacek et al., 2016) or on the basis of linkage disequilibrium (LD) between marker loci and the genetic variants that underlie phenotypic variation (Thistlethwaite et al., 2020). The high mutation rate of SSRs (Ellegren, 2004), and consequently, its unsurpassed polymorphism information content (Cortés et al., 2011; Blair et al., 2012), efficiently disclose the shared co-ancestry among genotypes (Lynch and Ritland, 1999) and its ultimate potential for predictive breeding.

Nonetheless, predictive breeding would be incapable to rely on LD (Blair et al., 2018) between markers and the genetic variants that underlie trait variation because SSRs are insufficient to reconstruct the polygenic architecture of complex (Hirschhorn and Daly, 2005) rootstock-mediated traits. After all, SSR markers, despite polymorphic, are rare across the genome, which makes them unlikely to be found in LD with any causal variant (Slatkin, 2008). To bridge this gap, future research will have to couple SNP screening of avocado genotypes (Kuhn et al., 2019; Rendón-Anaya et al., 2019; Rubinstein et al., 2019; Talavera et al., 2019), via genotyping-by-sequencing (GBS, Elshire et al., 2011; Cortés and Blair, 2018), whole-genome re-sequencing (WGR, Fuentes-Pardo and Ruzzante, 2017) and RNAseq (Jensen et al., 2012; Sun, 2012; Reeksting et al., 2016), with genome-wide association studies (GWAS, Khan and Korban, 2012). These innovative “omic” approaches should also target diverse avocado “criollo” “plus trees,” their OP half-sib progenies used as rootstocks for the Hass scion, and different tissues of the grafted tree, for instance through single-cell sequencing (Tang et al., 2019). Combined genetic mapping efforts will in turn inform on the upstream regulatory gene networks that contribute shaping the rootstock—scion compatibility (Loupit and Cookson, 2020) and interaction (Albacete et al., 2015; Warschefsky et al., 2016; Migicovsky and Myles, 2017), as well as on the corresponding downstream mechanistic physiological processes [e.g., transport of water and nutrients from the rootstocks, and large-scale movement of hormones, proteins, mRNAs, and sRNAs between the rootstock and the scion (Wang et al., 2017; Cookson et al., 2019)].




PERSPECTIVES

The current research has proven the feasibility to transfer genetic superiority from native avocado “criollo” “plus trees” to commercial Hass plantations via OP half-sib seedling rootstock families. Specifically, our estimates suggest that this seedling rootstock breeding strategy may convey up to 35% of genetic gain for a relevant yield trait, as is the total number of fruits. Still, genetic-guided selection of “criollo” “plus trees” as donors of seedling rootstocks is also likely to impact other relevant traits both at the rootstock and scion levels. For instance, alterable rootstock phenotypes could include biotic resistance (Clavijo and Holguiín, 2020; Ramírez-Gil et al., 2020a,Guevara-Escudero et al., 2021) to root rot P. cinnamomi (Smith et al., 2011; Reeksting et al., 2016; Sánchez-González et al., 2019), drought and heat tolerance (López-Hernández and Cortés, 2019), mineral nutrient uptake (Bard and Wolstenholme, 1997; Calderón-Vázquez et al., 2013; Tamayo-Vélez and Osorio, 2018; Tamayo-Vélez et al., 2018), tolerance to salinity (Bernstein et al., 2001; Mickelbart and Arpaia, 2002; Raga et al., 2014), genetic compatibility (López-Guzmán et al., 2021), and harvest (Ramírez-Gil et al., 2020b) and postharvest physiochemical parameters (Astudillo and Rodríguez, 2018). This extended panel of potential rootstock effects is key for the avocado industry because cv. Hass lacks trait variation for resistance to diseases (e.g., it is susceptibility to P. cinnamomi, Sánchez-González et al., 2019). Therefore avocado cv. Hass is unable to provide a realistic source of rootstocks for commercial plantations, especially in soil types with a high natural incidence of P. cinnamomi. However, from a theoretical purely academic point of view, Hass grafted on Hass would be an appealing reference control treatment for future rootstock × scion factorial designs.

Meanwhile, indirect rootstock effects on scion’s traits may also involve alternate bearing and nutrition (Mickelbart et al., 2007), carbohydrate accumulation (Whiley and Wolstenholme, 1990), postharvest anthracnose development (Willingham et al., 2001), overall trunk high, and fruit production for the exportation market with acceptable fruit weight and lack of thrips’ damage (Reyes-Herrera et al., 2020). Therefore, future research efforts should aim quantifying, across this expanded repertoire of adaptive, morphological, harvest, and quality traits, combined h2 and GEBVs estimates that jointly account for the additive inheritance of phenotypic variance from the “plus trees” seedling donors to their OP progenies (i.e., family selection), as well as from these half-sib rootstock families to the avocado cv. Hass clonal scion (i.e., within-family offspring selection). These future studies should also envision collecting further data across years (beyond the 4 years production data for in situ “criollo” “plus trees”, and the 5 years production of the OP half-sib seedling rootstock progenies grafted with the cv. Hass clone). Altogether, these efforts will permit strengthening our modeling effort. Such baseline knowledge will further allow implementing predictive breeding platforms to guide before-grafting seedling selection at nurseries, while targeting diverse climates (Costa-Neto et al., 2020) as part of an “enviromic prediction” (Resende et al., 2020).

Diversifying selection of half-sib rootstock families and within-family offspring at seedling nurseries remains a promising and affordable avenue, especially if coupled with indirect genetic-guided predictors. Seedling rootstock breeding also enables broadening the genetic basis of young avocado plantations in regions with diverse sources of native avocado trees, some of them still cultivated in backyard gardens, traditional orchards, and as living fences (Galindo-Tovar et al., 2007). Yet, selection of diverse clonal rootstock genotypes may be a more appealing long-term strategy to contribute diminishing tree mortality by conveying genotypic superiority and phenotypic uniformity, while controlling genetic erosion (Ingvarsson and Dahlberg, 2019). Fulfilling the increased demand of diverse elite clonal rootstocks is becoming a pivotal requirement at avocado nurseries (Quintero et al., 2021), which could benefit by merging current rootstock breeding programs with predictive breeding platforms capable to boost selection accuracy of clonal rootstocks in shorter cycles (Resende et al., 2012).



CONCLUSION

Our work has innovated the implementation of a pedigree-free marker-inferred heritability prediction model to assess the potential of avocado “criollo” “plus trees” as seed donors to produce OP half-sib rootstock families for the Hass clonal scion. The h2 scores and GEBVs gathered throughout this research indicate that the selection of seed donor “criollo” trees is able to confer, via seedling rootstocks, up to 35% of genetic gain for relevant yield traits, such as total number of fruits. This finding is in line with the overwhelming indirect rootstock effects on the avocado cv. Hass scion phenotype, which has been reported to impact a wide spectrum of harvest and quality traits beyond the total number of fruits (up to 44%), such as number of fruits with exportation quality, as well as those discarded because of low weight or thrips” damage. The feasibility to harness “criollo” seedling diversity within a rootstock-breeding program reinforces the utility of native avocado trees to source cryptic genetic variation and adaptive potential (Cortés and López-Hernández, 2021), ultimately counterbalancing the winnowing effect (Cortés et al., 2022) of clonal rootstocks and scions on genetic variation in fruit tree plantations.
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Supplementary Figure 1 | Distance tree computed by means of Neighbor Joining algorithm in R with 10,000 bootstrap replicates.

Supplementary Table 1 | Avocado “criollo” “plus trees” considered as part of this study. ID number, municipality, sub-region within the province of Antioquia, and elevation are depicted in each case. A preliminary version of this table was originally compiled by Cañas-Gutiérrez et al. (2019b). Under the last column, the symbol + marks trees for which complete molecular and phenotyping characterizations were possible. Under the same column, the asterisk * marks “criollo” “elite trees” that donated seeds for the establishment of OP half-sib rootstock families grafted with the cv. Hass clone as part of the common garden (provenance trial) established at CI La Selva (Rionegro, Antioquia, 2,100 m asl).

Supplementary Table 2 | Codification of qualitative traits (Table 1) measured in the avocado “criollo” selected “plus trees,” based on descriptors of the International Plant Genetic Resources Institute (IPGRI).

Supplementary Table 3 | Primers and motif pattern for the 13 microsatellite markers (simple sequence repeats—SSRs) used in this study to avocado “criollo” “plus tree.” Forward and reverse primers, sequence motif, source, and summary statistics are shown. Markers were originally designed by Sharon et al. (1997) and Ashworth et al. (2004) and were prioritized according to their polymorphism information content (PIC), following Alcaraz and Hormaza (2007).
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Rootstock Total soluble solids (TSS,%) Titratable acidity (TA, %)

mean 2012 2013 2014 2015 2016

“Rangpur” lime 9.8b' 0.91 bcB 0.92 bB 1.00 aB 1.12 bA 1.12cA
“Cleopatra” mandarin 10.1 ab 0.78 dD 0.99 abC 0.87 cCD 1.30 aA 1.18cB
“Sunki” mandarin 10.1 ab 0.85 cdC 1.08 aB 0.90 bC 1.382A 1.39aA
“Swingle” citrumelo 104 a 0.99 abB 1.00 abB 1.06 aB 1.36 2A 1.30 abA
“Fepagro C-13” citrange 10.3a 1.06 aBC 0.94 bC 0.97 abC 1.18 bAB 1.19 bcA
2012 11.2A - - - - -
2018 9.8C - - - - -
2014 10.6 B - - - - -
2015 9.5C - - - - -
2016 9.7C = = = = =
CV (%) 5.13 7.06
Block 0.656" 0.349™
Rootstocks 0.000** 0.000***
Year 0.000** 0.000***
Rootstock x Year 0.141"s 0.000%**
Rootstock Ratio (TSS/TA) Technological index TI (kg TSS box~1)

2012 2013 2014 2015 2016 2012 2013 2014 2015 2016
“Rangpur” lime 12.0bA 10.2 abB 9.9bB 8.0aC 8.6 aC 1.64 bA 1.64 abA 1.33aB 1.56 aA 1.19bB
“Cleopatra” mandarin 13.9aA 10.1 abC 11.9aB 7.5 abD 8.3 aD 1.62 bAB 1.70 aA 1.38aC 1.51 aBC 1.37 abC
“Sunki” mandarin 13.3aA 9.2bC 11.8aB 6.8 bD 6.8 bD 1.53 bAB 1.67 abA 1.39aB 1.63 aA 1.35abB
“Swingle” citrumelo 11.5bA 9.8 abB 10.3bB 7.2abC 7.8 abC 1.63 bA 1.56 abAB 1.36 aB 1.61aA 1.44 aB
“Fepagro C-13” citrange 11.0bA 10.6 aA 11.62A 8.1aB 7.9 abB 1.90 aA 1.48 bBC 1.45aBC 1.56 aB 1.31 abC
CV (%)? 7.3 8.18
Block 0.369" 0.146"
Rootstocks 0.000*** 0.279"
Year 0.000** 0.000***
Rootstock x Year 0.000"** 0.000***

1Means followed by the same lowercase letters in the column or uppercase letters in the row did not differ statistically according to Tukey’s test. 2Coefficient
of variation (CV). p-value: ™, non-significant, **p < 0.001.
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Rootstock HLB-affected trees (%)

2014 2015 Total
“Rangpur” lime o' 33 33
“Cleopatra” mandarin 17 33 50
“Sunki” mandarin 8 17 25
“Swingle” citrumelo 25 17 42
“Fepagro C-13” citrange 0 50 50
CV (%) 21.19 23.97 23.47
SBlock 0.78" 0.91ns 0.97"
SRootstock 0.18m 0.34" 0.71ns

1 Means followed by the same letter in the column did not differ according to Tukey’s
test (p < 0.05). 2Coefficient of variation (CV). 3p-value: ™S, non-significant.
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Phenotypic traits

Morphological traits Tree shape
Trunk circumference (cm)
Trunk surface
Branching
Leaf texture
Leaf shape
Leaf margin
Tip of leaf shape
Number main veins
Adaxial veins
Ribbed petiole
Agronomic traits Fruit length (cm)
Fruit diameter (cm)
Fruit weigh (g)
Seed weight (g)
Pulp weight (g)
Total volume (cm?)

h2

0.27
0.39
0.31
0.29
0.39
0.33
0.30
0.31
0.35
0.50
0.46
0.36
0.38
0.38
0.33
0.37
0.37

|C95 %

0.15-0.46
0.20-0.64
0.16-0.53
0.16-0.54
0.20-0.60
0.18-0.55
0.16-0.51
0.15-0.58
0.19-0.58
0.26-0.72
0.26-0.71
0.19-0.58
0.21-0.60
0.22-0.60
0.18-0.61
0.21-0.58
0.20-0.59

r

0.49
0.69
0.58
0.54
0.69
0.61
0.56
0.62
0.64
0.78
0.75
0.66
0.68
0.68
0.63
0.66
0.67

Narrow-sense heritability (h2) and model fits (Pearson’s r between the observed
and the predicted trait value) estimates were gathered using Lynch and Ritland’s
(1999) relatedness matrix inputted in a “genetic prediction” additive mixed linear
model, according to de los Campos et al. (2009). The significance of heritability
scores was determined according to the 95% confidence intervals from posterior
distributions, all of which were above the absolute zero.
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Type of trait Phenotypic traits Abbreviation Units of

measurement
Morphological Tree shape TSH Qualitative
traits Trunk circumference TC Centimeters
Trunk surface TS Qualitative
Branching B Qualitative
Leaf texture LT Qualitative
Leaf shape LS Quialitative
Leaf margin LM Qualitative
Tip of leaf shape TLS Qualitative
Number main veins NMV Number
Adaxial Veins AV Qualitative
Ribbed petiole RP Qualitative
Agronomic Fruit length FL Centimeters
traits Fruit diameter FD Centimeters
Fruit weight Fw Grams
Seed weight SW Grams
Pulp weight PW Grams
Total volume v Grams

For details on quality measures and their codifications refer to Supplementary
Table 2.
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Implantation - 2011 Implantation - 2017

Year Virgin soil Replanting area Year Extreme replanting area
(with fallow) (without fallow)

2012 - - 2018 -

2013 32 - 2019 -

2014 30.6 26.6 2020 24.88

2015 29.4 16.5 2021 20.46

Mean 21.07 21.55 Mean 22.67

sum 632 434 Sum 4534

2016 446 459

2017 575 38.4

2018 67.7 58.6

2019 69.2 37.9

2020 452 44.8

Mean 43.43 3839

Sum 347.4 268.7

Results related to virgin area and replanting area with fallow were published by Macedo et al. (2021). Results related to the replenting area without fallow (extreme replanting conitions)
were obtained from the present work.
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Treatment Fresh weight (g) Dry weight (g) R/S
Root Branch Root Branch
T337 Replanted soil 8.09 +1.38 1414 £2.18 2.80 + 0.56 7.39 +£1.04 0.38 £ 0.038
Sterilized soil 20.52 4 0.63 20.62 + 1.68* 6.77 £ 0.22* 10.43 £ 0.61* 0.65 £+ 0.02**
M26 Replanted soil 14.52 4+ 2.27 10.01 £1.82 5.563 + 0.87 5.24 £0.77 0.99 + 0.06
Sterilized soil 30,13 +1.81* 22.99 + 0.66* 12.32 £ 0.49* 12.41 £ 0.42* 1.01 £ 0.01
12-2 Replanted soil 43.51 £2.74 19.66 + 1.78 15.50 4 1.82 9.74 +£0.68 1.60+0.13
Sterilized soil 46.95 + 3.61 22254153 16.82 £ 1.39 11.37 £0.82 1.48 £ 0.02

Within a rootstock, Student’s t-test was used to determine the significance of the difference between control and ARD soil. Data are expressed as mean + SE. *p < 0.05;
*p < 0.01. R/S indicates the root-to-shoot ratio. It is the value obtained by dividing the root dry weight by the shoot dry weight.





OPS/images/fpls-12-712162/fpls-12-712162-g003.gif
& s oz s

Se0ond Component (107 9

Vg Esciurey

r——

can

First Component (T7.8%)

o0

rw—

pr—

ome





OPS/images/fpls-12-734430/fpls-12-734430-t009.jpg
Treatment
T337 Infected
Control
M26 Infected
Control
12-2 Infected
Control

Root length (mm)

1483.96 + 48.63
1404.88 + 59.87
1325.48 &+ 37.65
1320.16 & 69.66
1620.71 &+ 149.37
1566.66 + 66.24

Root area (mm?)

1877.42 £196.84
1648.07 + 67.53
1606.91 + 120.38
1611.64 £ 164.24
2122.73 +118.28
2189.93 &+ 198.57

Root Volume (mm3)

20212 £ 17.67
183.79 £ 14.50
172.18 £ 24.40
172.99 £ 25.69
237.61 £ 14.92
245.25 + 34.74

Root tips number

250.33 + 25.21
223.67 £9.02
210.33 + 31.32
331.67 + 43.32
347.00 + 63.66
336.67 + 32.74

Root forks number

1093.00 + 123.56
972.33 £ 37.32
854.33 + 73.99
977.67 £ 28.32

1111.67 + 134.46
11569.00 + 73.82

Root diameter (mm/10)

0.44 4+ 0.02
0.43 & 0.01
0.38 £0.03
0.38 £0.02
0.45 £0.03
0.44 £+ 0.01

Within a rootstock, Student’s t-test was used to determine the significance of the difference between control and ARD soil. Data are expressed as mean + SE. *p < 0.05;

“p < 0.01.
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Treatment T337 M26 12-2

Before-ARD 53.81 + 3.26b 28.75 + 2.58¢ 68.18 + 3.16b
ARD-5 52.87 + 2.42b 37.25 +4.14b 71.16 £ 2.29b
ARD-30 109.18 4+ 4.35a 195.03 + 7.65a 79.86 + 3.12a
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Treatment T337 M26 12-2

Before-ARD —-47.37 £ 3.08c 37.30 £ 5.27¢ 44.79 + 2.83b
ARD-5 55.74 £ 3.32b 86.17 £4.15b 75.06 + 4.72a
ARD-30 60.78 + 3.07a 108.30 £ 5.09a 20.90 + 3.16¢
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Treatment T337 M26 12-2

Before-ARD 45.06 + 4.15b 138.83 £ 8.01a 34.17 £ 2.06b
ARD-5 35.99 + 6.73c 46.12 + 4.96b 44.07 + 3.37a
ARD-30 98.70 + 2.52a 136.50 £ 5.27a 32.83 + 2.86b
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T337

M26

Treatment

Replanted soil
Sterilized soil
Replanted soil
Sterilized soil
Replanted soil
Sterilized soil

Root length (cm)

25631.22 4+ 186.18
4363.10 & 18.51*
2865.20 4 345.76
3462.33 + 337.52
6006.08 + 728.38
6767.66 + 538.23

Root area (cm?)

656.15 + 52.83

1225.43 & 67.45*
688.14 + 45.73

1031.68 & 63.17*
2132.55 £ 4217
2234.26 £ 127.68

Root volume (cm?3)

13.60 £ 1.28
27.61 £ 3.417
13.26 £0.15
24.58 + 0.53"
64.09 + 8.71
60.12 + 3.24

Root tips number

6553.33 & 467.32
12297.00 + 937.54*
8170.00 £ 963.28
8771.00 & 515.36

18216.00 + 1875.35
20664.33 + 2684.36

Root forks number

14380.33 + 1324.18
27376.33 £+ 1754.65"
14683.00 + 1469.35
20465.33 + 2263.27
41602.00 + 4548.34
45094.00 =+ 4835.11

Root diameter (mm)

0.82 £ 0.01
0.96 + 0.07
0.80 +0.07
0.89 4+ 0.08
1.08+£0.14
1.07 +£0.03

Within a rootstock, Student’s t-test was used to determine the significance of the difference between control and ARD soil. Data are expressed as mean + SE. *p < 0.05;

**p <

0.01.
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Treatment T337 M26 12-2

Before-ARD -74.93+217¢c -144.38 £+ 0.82¢ -82.19 £ 3.33b
ARD-5 -46.28 &+ 2.76a -05.75 4+ 1.06b 59.70 + 6.24a
ARD-30 -65.59 &+ 1.52b -36.33 + 1.49a -84.63 + 9.22¢

Before-ARD, net rhizoplane ion flow before ARD treatment; ARD-5, net rhizoplane
ion flow after immersion in ARD soil extract for 5 min; ARD-30, net rhizoplane ion
flow after immersion in ARD soil extract for 30 min. A negative flow rate indicates
that the measured cations are flowing into the root, i.e., the roots are absorb-
ing the ions. Different letters show significant differences (P < 0.05). The same
conventions are used in Tables 2-6, below.
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Treatment T337 M26 12-2

Before-ARD -47.96 + 1.25b -103.26 + 1.05¢ -156.80 + 2.56b
ARD-5 -45.74 +1.87ab ~74.43 +1.08b 126.11 &+ 8.22a
ARD-30 -42.84 + 1.53a 5.99 & 4.19a -52.84 £ 9.23¢
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Treatment T337 M26 12-2

Before-ARD -38.74 £ 1.43b -83.93 + 1.21¢c 23.92 £ 4.91¢
ARD-5 -54.74 + 3.99¢ -47.02 4+ 1.35b 99.42 + 7.69a
ARD-30 -33.71 £ 4.21a -20.77 + 1.55a 57.08 + 8.04b
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Rootstock

Fruit height (FH, mm)

Fruit diameter (FD, mm)

2012 2013 2014 2015 2016 2012 2013 2014 2015 2016
“Rangpur” lime 45.0 cD! 59.1 aB 451 ¢cD 65.2 aA 52.7 aC 58.7 dC 63.5 abB 55.6 cC 69.0 aA 58.5aC
“Cleopatra” mandarin 53.3bAB  53.0bcAB  50.2 bcB 55.2 cA 52.6 aAB 66.3 abA 59.9 bBC 58.2bcC  64.2 abAB 58.7 aC
“Sunki” mandarin 61.1 2A 52.0 cB 63.2 2A 53.4 cB 50.9 aB 70.7 @A 60.3 bB 70.4 aA 61.0bB 58.2 aB
“Swingle” citrumelo 53.2 bB 58.6 abA 49.9 bcB 58.6 bcA 52.1 aB 65.2 bcA 63.5 aA 60.9 bAB 64.9 abA 58.4 aB
“Fepagro C-13" citrange ~ 49.8bcC ~ 57.4 acA 56.6 bAB  61.5abA  51.6aBC 60.9 cdBC 63.0 abAB 66.5 aA 65.7 abA 57.8aC
CV (%) 6.14 2.40
Block 0.097" 0.202"
Rootstocks 0.000*** 0.000***
Year 0.000*** 0.000***
Rootstock x Year 0.000*** 0.000***
Rootstock Fruit shape (FH/FD) Fruit weight (g)

2012 2013 2014 2015 2016 2012 2013 2014 2015 2016
“Rangpur” lime 0.77 cC 0.93 2A 0.81cB 0.95 aA 0.90 aA 88.8dC 120.5 abB 72.3bC 161.8 aA 95.6 aC
“Cleopatra” mandarin 0.80bcC  0.88bcA  0.83bcBC  0.86 bAB 0.89 aA 134.8 abA 104.4bBC  150.12A  127.9 bcAB 97.0aC
“Sunki” mandarin 0.86 aB 0.86 cB 0.91 aA 0.87 bAB  0.89 aAB 152.5 aA 102.2 bB 156.2 aA 112.5¢cB 96.6 aB
“Swingle” citrumelo 0.82 bB 0.89 acA 0.82 bcB 0.90 abA 0.89 aA 121.3 bcA 130.9 2A 95.0 bB 130.7 bcA 95.6 aB
“Fepagro C-13”" citrange ~ 0.82 bC 0.91 abA 0.86 bB 0.94 aA 0.89aAB  100.5cdBC 119.0abAB  131.92A 137.7 abA 93.3aC
CV (%) 1.59 13.13
Block 0.046* 0.069"
Rootstocks 0.000*** 0.000***
Year 0.000*** 0.000***
Rootstock x Year 0.000*** 0.000**
Rootstock Number of seeds Juice content (%)

2012 2013 2014 2015 2016 2012 2013 2014 2015 2016
“Rangpur” lime 26.3 aA 18.8 aB 25.1 aA 18.7 abB 20.2 bB 36.5bB 42.7 aA 31.3abC 37.4bB 31.9bC
“Cleopatra” mandarin 27.6 aA 19.7aB 21.7 abB 22.4 2B 21.9 abB 36.5 bBC 42.0 abA 34.4aC 39.2 abAB 33.8 abC
“Sunki” mandarin 25.5 aA 20.1 aB 19.8 bB 22.0 aAB 19.6 bB 33.4bB 41.1 abA 32.3 abB 41.8aA 35.5aB
“Swingle” citrumelo 23.5 aA 18.1 aB 21.9abAB  21.1aAB  22.0 abAB 35.3bB 38.8 bcA 30.5bC 40.7 abA 34.0 abB
“Fepagro C-13”" citrange ~ 24.0 aA 12.3bC 19.6 bB 15.8 bBC 25.0 aA 40.7 aA 36.7 cB 31.9 abC 40.6 abA 34.5 abBC
CV (%)? 12.88 5.89
Block 0.768" 0.185"™
Rootstocks 0.000"** 0.060"
Year 0.000*** 0.000***
Rootstock x Year 0.000*** 0.000***

1Means followed by the same lowercase letters in the column or uppercase letters in the row did not differ statistically according to Tukey’s test. 2Coefficient

of variation (CV). p-value: ™, non-significant, *p < 0.05; ***p < 0.001.
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Rootstock Tree height Canopy diameter Canopy volume TDB2 (cm) TDAZ? (cm) TDB/TDA3
(m) (m?)

2010 2016 2010 2016 2010 2016 2010 2016 2010 2016 2010 2016
“Rangpur” lime 224 2.7b 27a 39a 8.3a 21.9b 32.2b 476c 246ab 35.0bc 1.3b 14c
“Cleopatra” mandarin 21a 3.1a 26a 42a 79a 294 a 319b 524 ¢ 232bc 37.1ab 1.4b 14c
“Sunki” mandarin 24a 3.1a 28a 42a 9.7a 29.0a 334b 550bc 255a 40.3a 1.3b 14c
“Swingle” citrumelo 23a 3.0a 2.7a 43a 9.0a 29.0a 401 a 69.0 a 22.6cd 33.6cd 1.8a 21a
“Fepagro C-13” citrange 23a 29a 26a 40a 8.0a 24.7 ab 35.5ab 60.0 b 21.3d 31.4d 1.7a 19b
CV (%)* 6.50 4.70 7.44 5.28 16.56 11.68 7.86 722 4.29 512 7.97 4.85
Block 0.111"  0.047*  0.494"s 0.165M 0.224"  0.060" 0.270"  0.062"  0.266"  0.027"  0.554"S  0.008**
Rootstock 0.097"  0.000***  0.582" 0.064" 0.263" 0.002*  0.000"*  0.000"*  0.000"*  0.000™*  0.000"*  0.000***

1 Means followed by the same letter in the column did not differ according to Tukey’s test (p < 0.05). 2Trunk diameters were based on trunk circumference measured 10 cm
below (TDB) and above (TDA) the graft union. 3TDA/TDA, the ratio between scion and rootstock trunk diameter. *Coefficient of variation (CV). p-value: ™, non-significant,

*p < 0.05; “p < 0.01;, *p < 0.001.
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Season Yield (kg tree=1) CV2 (%) p-value

“Rangpur” lime “Cleopatra” “Sunki” mandarin “Swingle” “Fepagro C-13” Block  Rootstock
mandarin citrumelo citrange
2008 39.7 &' 23.8b 18.8¢c 31.1a 17.2¢c 22.99 0.012* 0.000***
2009 38.8a 48.1 a 60.6 a 61.8a 44.8 a 36.03 0.082" 0.166"™
2010 63.3 a 60.2 a 25.3b 30.3b 49.1 ab 36.49 0.697" 0.002**
2011 46.6b 86.1a 93.6 a 79.2a 759 a 18.61 0.492ns 0.000***
2012 131.5a 91.3ab 80.0b 118.7 ab 1279a 21.56 0.641" 0.003**
2013 21.5b 65.1a 83.0a 479 ab 69.3 a 35.54 0.378™ 0.000***
2014 24.4 ¢ 34.9 bc 35.5bc 51.4 ab 54.9 a 25.05 0.031* 0.000***
2015 29.6b 79.3a 69.0 ab 479 ab 27.0b 56.67 0.729™ 0.016*
2016 78.4 ab 64.8b 69.8b 100.4 a 33.1¢c 23.95 0.521"8 0.000***
Cumulative yield 473.8a 553.6 a 535.5 a 568.7 a 4993 a 14.00 0.978" 0.192n
Vield efficiency (kg m—2)° 37a 22b 24b 35a 14¢ 26.16 0.375"  0.000***
Alternate bearing index 0.39a 0.32a 050 a 0.40 a 0.40 a 14.61 0.798" 0.196™

1 Means followed by the same letter in the row did not differ statistically according to Tukey’s test (o < 0.05). 2Coefficient of variation (CV). 3The calculated yield efficiencies
correspond only to the 2016 season. p-value: ", non-significant, *p < 0.05; *p < 0.01; ***p < 0.001.
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Treatment Fresh weight (g) Dry weight (g) R/S
Root Branch Root Branch
T337 Infected 0.26 & 0.01 0.62 &+ 0.01 0.05 &+ 0.00 0.26 £ 0.01 0.20 £ 0.01
Control 0.27 £ 0.01 0.65 &+ 0.01 0.05 &+ 0.00 0.26 £ 0.01 0.19 £ 0.01
M26 Infected 0.18 +£0.00 0.54 +0.02 0.04 £0.00 0.16 £ 0.00 0.25 £ 0.01
Control 0.18 + 0.01 0.55 + 0.01 0.04 &+ 0.00 0.17 &+ 0.01 0.24 £+ 0.01
12-2 Infected 0.27 £ 0.00 0.78 + 0.01 0.07 &+ 0.00 0.30 & 0.01 0.22 £0.02
Control 0.27 +£0.00 0.78 +£0.02 0.06 & 0.00 0.29 +0.02 0.22 £+ 0.01

Within a rootstock, Student’s t-test was used to determine the significance of the difference between control and ARD soil. Data are expressed as mean + SE. *p < 0.05;
*p < 0.01. R/S indicates the root-to-shoot ratio. It is the value obtained by dividing the root dry weight by the shoot dry weight.
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Seed Source Rootstock 2016 2017
Extraction Boxes of fruits Seed (liter) Extraction Boxes of fruits Seed (liter)
SWFREC! (Immokalee, FL, United States) US-802 December 40 72 October 15 41
us-897 December 38 84 October 16 60
Us-942 December 18 28 October 4 18
USDA HRL? (Ft. Pierce, FL, United States) US-802 December 13 23 November 6 10
us-897 December 18 40 November 9 20
USs-942 December 10 16 November 4 10
A.H. Whitmore Foundation (Leesburg, FL, United States) Us-802 December 27 48 November 6 10
us-897 December 23 51 November 6 14
US-942 December 10 16 November 5 10
Total (All locations) Us-802 - 80 143 - 27 61
Us-897 - 79 175 - 31 94
US-942 - 38 60 - 13 38

1Southwest Florida Research and Education Center.

2.S. Department of Agriculture, Horticultural Research Laboratory.
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Source of variance Fruit weight (g)
Rootstock July August September December
US-802 178 + 2.88 Da' 194 £ 4.78 Ca 249 4+ 2.78 Aa 229 + 3.81 Ba
Us-897 29+ 1.30Cb 34 +2.40Bb 41 £2.29 Ab 324 2.34.BCe
US-942 25+ 0.94 Db 31 +£1.13Cb 43 +2.83 Bb 50 + 1.31 Ab
CV (%) 2.79
Rootstocks
Harvest
Rootstock x Harvest
Fruit length (mm)
US-802 69.4 + 1.20 Ba 69.7 £1.41 Ba 75.4 +£1.62 Aa 743+ 215 Aa
Us-897 33.2 + 0.55 Bb 35.1+0.65 Bb 37.9 4+ 0.90 Ac 35.0 +£0.81 Bc
US-942 33.7 £ 0.49Bb 36.1 +£0.57 Bb 40.6 +£1.08 Ab 4134214
CV (%) 2.62
Rootstocks
Harvest
Rootstock x Harvest
Fruit diameter (mm)
US-802 76.0 + 0.67 Ba 76.7 £1.22 Ba 82.7 £1.08 Aa 78.1+2.71Ba
USs-897 39.4 +0.75Bb 41.4 +1.08 ABb 43.5 £ 0.24 Ab 40.7 £1.28 Bc
US-942 36.2 &+ 0.55 Dc 39.2 + 0.56 Cc 43.5 + 0.98 ABb 45.8 £1.16 Ab
CV (%) 2122
Rootstocks
Harvest
Rootstock x Harvest
Fruit shape (length/diameter)
US-802 0.91 +£0.01 Ba 0.91 +£0.01 Ba 0.91 +£0.01 Ba 0.95 £ 0.01 Aa
Us-897 0.84 + 0.01 Ab 0.85+ 0.01 Ab 0.87 +£0.01 Ab 0.86 £+ 0.01 Ac
US-942 0.93 + 0.01 Aa 0.92 + 0.01 ABa 0.93 +0.01 Aa 0.90 + 0.03 Bb
CV (%) 1.64
Rootstocks
Harvest ns
Rootstock x Harvest

1 Means followed by the same capital and lowercase letter in the row and column, respectively, do not significantly differ according to the Tukey's test (P < 0.05).

Significant level: **P < 0.001, ns, non-significant.
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Source of variance Seeds per fruit
Rootstock July August September December
US-802 46 + 2.59 Ba 46 £1.12Ba 50 + 1.28 Aa 33+ 1.53 Ca
Us-897 19+ 1.11 Ab 16 £2.93 Bb 19 +£0.84 Ab 17 £1.37 ABb
US-942 15 £ 0.88 Ac 13 +1.76 ABc 13+ 1.32 ABc 124 1.05B¢
CV (%) 6.07
Rootstocks
Harvest o
Rootstock x Harvest

Seed length (mm)
US-802 13.9+0.52 Ba 156.1 £0.29 Aa 14.5 + 0.62 ABa 14.3 4+ 0.53 Ba
Us-897 8.7 £ 0.26 Bc 10.3+£0.16 Ac 10.2 £ 0.19 Ac 9.9+ 0.18 Ac
US-942 10.5+0.33 Bb 11.2 4+ 0.31 ABb 11.3 + 0.48 ABb 11.8 £ 0.20 Ab
CV (%) 3.19
Rootstocks
Harvest
Rootstock x Harvest >

Seed width (mm)
US-802 7.0+ 0.15Ca 7.4 +£0.29Ba 7.5+ 0.18 ABa 7.8+0.28 Aa
USs-897 52 +0.15Cb 5.7 £+ 0.08 Abb 5.8+ 0.19 Ac 5.4 +£0.16 BCc
US-942 5.9 £+ 0.33 ABc 5.8 +0.11Bb 6.2 £ 0.06 ABb 6.3+ 0.12 Ab
CV (%) 3.13
Rootstocks e
Harvest
Rootstock x Harvest

Seed weight (mg)

US-802

Us-897

US-942

CV (%)

Rootstocks

Harvest

Rootstock x Harvest

193.0 £ 4.35Ca
62.9 + 3.35 Cc
99.5 + 4.62 Cb
3.08

206.7 + 5.85 Ba
107.3 £ 2.78 Ac
136.5 + 3.64 ABb

216.1 £ 5.25 Aa
105.7 £4.71 Ac
137.1 £ 2.63 Ab

173.3 £ 4.05 Da
94.1 +4.27 Bc
131.2 £ 4.55Bb

Means followed by the same capital and lowercase letter in the row and column, respectively, do not significantly differ according to the Tukey's test (P < 0.05).

Significant level: P < 0.01; **P < 0.001; ns, non-significant.
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Source of variance

Rootstock
US-802
Us-897
US-942
Harvest
July
August
September
December
CV (%)
Rootstock
Harvest
Rootstock x harvest

Root growth rate (mm day~1)

3.87 £ 0.51 B2
3.04 +£0.54C
461 +047A

3.87 £ 0.60 b
3.74+0.77Db
442 +0.67a
3.32+0.79¢
8.32

Hohk

sk

ns

1750, days to reach 50% of the total emergence.
2Means followed by the same letter in the column do not significantly differ accord-
ing to the Tukey’s test (P < 0.05).

Significant level: **P < 0.001; ns, non-significant.

T50 (days)’

43+ 4.96 A
37 +£5.37B
24 +£6.43C

38+ 0.01a
31+10.57 a
31+877a
39+ 7.68a
24.15

ok

Hkk

ns
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Trait 1CS95 CCN51
Median 2.5% 97.5% F Median 2.5% 97.5% r
Cadmium Cd in leaf tissue (mg kg~ 1) 0.056 0.018 0.232 0.289 0.052 0.017 0.209 0.200
Cd in roots (mg kg~ ") 0.049 0.015 0.196 0.058 0.052 0.017 0.236 0.231
Biomass Root fresh weight (g) 0.125 0.028 0.580 0.584 0.079 0.020 0.325 0.446
Dry root weight (g) 0.146 0.033 0.660 0.612 0.068 0.019 0.289 0.406
Chloroplast pigment Chlorophyll B (mg/g) 0.054 0.018 0.237 0.267 0.149 0.032 0.706 0.631
Total soluble protein Protein (mg/g) 0.274 0.077 0.660 0.760 0.079 0.022 0.362 0.475

Estimates were gathered in two OP half-sib families (IMC67 and PA121), and two full-sib progenies obtained from the crossing between IMC67 x PA121 and its reciprocal
cross, grafted with the ICS95 and CCN51 clonal scions. Only h? estimates above 0.7 (highlighted) under the Cd-added treatment are retained, except for the Cd content
in leaves and roots that is kept for reference purposes (for the full compilation refer to Supplementary Tables 7, 8 for 4-months after grafting). Heritability (h?) and
model fits (r) estimates were computed using an A pedigree relatedness matrix (Supplementary Figure 2B) inputted in a “genetic prediction” additive mixed linear model

according to de los Campos et al. (2009).
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Sampling Trait ICS95 CCN51

F p IMC67 PA121 IMC67 x  PA121 x F P IMC67 PA121 IMC67 x  PA121 x
PA121 IMC67 PA121 IMC67
Two months Cadmium Cd in leaf tissue 5.38 0.006 81.39 14.29 19.40 29.58 0.55 0.653 121.13 -17.61 -5.95 -3.44
after grafting (mgkg™")
Cd in roots (mg kg~") 0.26 0.856 33.65 0.76 -1.54 1.44 4.23 0.016 37.37 -3.42 1.33 11.54
Nutrients N (%) 5.31 0.006 1.54 0.05 -0.04 0.27 6.33 0.002 1.67 0.06 -0.15 0.24
K (%) 5.69 0.004 1.76 0.31 0.08 0.02 6.55 0.002 1.72 0.19 0.25 0.14
Mg (%) 3.17 0.042 0.71 -0.11 -0.01 -0.09 6.59 0.002 0.75 -0.13 0.01 -0.17
Cu(mgkg™") 3.04 0.048 8.12 3.73 111 2.33 6.87 0.002 9.98 3.19 -1.61 240
Zn (mgkg™") 3.74 0.024 63.73 -14.80 4.51 8.70 2.07 0.130 66.45 -13.83 0.04 -0.30
Na (mg kg~") 3.18 0.041 113.10 12.53 21.28 -5.64 2.66 0.070 107.49 -5.00 22.50 2.49
Biomass Root fresh weight (g) g.12 0.000 39.68 -12.74 151 1338 523 0.006 36.39 -10.38 2.60 -0.59
Dry root weight (g) 11.08 0.000 16.65 -5.88 1.16 -0.16 4.7 0.010 15.53 -4.58 1.05 -0.84
Chlorophyll Fm 3.03 0.048 377.56 -7.56 -33.63 22.75 1.51 0.238 370.50 -4.81 -12.38 29.88
fluorescence
Fv/Fm 4.50 0.012 0.77 -0.02 -0.02 0.01 1.74 0.185 0.76 -0.08 -0.01 0.01
Fv/Fo 4.93 0.008 3.41 -0.32 -0.26 0.20 1.34 0.284 3.1 -0.28 -0.09 0.19
Chloroplast Chlorophyll A (mg/g) 4.01 0.019 1.53 0.03 -0.35 0.25 5.80 0.004 1.44 0.11 -0.44 0.09
pigment
Chiorophyll B (mg/g) 4.44 0012 0.59 0.10 -0.11 0.12 11.05  0.000 0.64 0.58 -004  -0.04
Total chlorophyll (a + b) 4.13 0.017 212 0.12 -0.46 0.37 7.31 0.001 2.08 0.69 -0.48 0.05
(mg/g)
Carotenoids (mg/g) 5.31 0.006 0.64 -0.04 -0.14 0.10 4.41 0.013 0.63 0.1 -0.13 0.03
Total soluble Protein (mg/g) 13.87 0.000 0.46 0.45 0.13 0.22 7.04 0.001 0.52 0.26 0.20 0.37
protein
Four months Cadmium Cd in leaf tissue 3.96 0.021 66.97 6.70 16.73 40.48 4.94 0.009 84.10 =5.19 33.07 35.24
after grafting (mgkg™")
Cd in roots (mg kg~") 7.08 0.002 35.45 21.24 -4.21 21.30 0.33 0.803 50.55 -5.33 -8.64 -7.79
Biomass Leaf fresh weight (g) 1.76 0.183 69.38 -7.30 -3.18 3.45 7.65 0.001 61.61 -2.03 -8.83 11.96
Root weight (g) 3.98 0.020 41.34 -4.64 8.91 7.70 2.30 0.102 46.11 -7.96 5.16 0.24
Leaf area (cm?) 1.34 0.286 4022.02  -324.64 -74.60 293.20 3.50 0.030 3925.93 -100.12 -121.21 843.41
Dry leaf weight (g) 2.37 0.097 20.85 -2.95 0.55 2.54 7.74 0.001 18.22 0.28 -1.66 5.19
Dry root weight (g) 5.48 0.005 14.68 -2.00 4.89 3.51 4.93 0.008 16.61 -2.56 6.30 0.60
Chlorophyll Fv/Fm 3.30 0.038 0.78 -0.01 -0.02 0.01 1.06 0.383 0.77 -0.05 0.01 -0.02
fluorescence
Fv/Fo 3.19 0.043 3.59 -0.14 -0.35 0.29 1.37 0.275 3.46 -0.34 0.20 -0.31

Estimates were gathered in two OP half-sib families (IMC67 and PA121), and two full-sib progenies obtained from the crossing between IMCE7 x PA121 and its reciprocal cross, grafted with the ICS95 and CCN51
clonal scions. Only significant (bold and underlined) specific combining abilities under the Cd-added treatment are retained. For the full compilation refer to Supplementary Tables 5, 6 for specific combining abilities
2 and 4 months after grafting, respectively. Specific combining abilities are indexed to a general mean (intercept under the first column after the p-value), and the corresponding positive or negative contributions
(three last columns).
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Trait MLM h2
F P IMC67 PA121 IMC67 x PA121 x  Median 2.5% 97.5% r
PA121 IMC67
Cadmium Cd (mg kg™ 1) 1.80 0.174 85.20 -6.71 2.05 18.54 0.048 0.016 0.183 0.163
Cd in root (mg kg™") 3.35 0.035 40.36 11.59 -0.39 19.48 0.054 0.017 0.231 0.287
Nutrients K (%) 5.56 0.005 1.57 0.15 -0.09 -0.01 0.068 0.022 0.316 0.410
Mg (%) 5.33 0.006 0.48 -0.08 -0.04 -0.08 0.084 0.023 0.351 0.472
Fe (mgkg™") 17.05 0.000 175.50 -40.75 -3.63 7.00 0.169 0.034 0.660 0.651
Mn (mg kg~ ") 5.82 0.006 489.13 79.75 (075 136.25 0.067 0.021 0.274 0.398
Cu(mgkg™1) 4.16 0.016 10.31 1.37 -0.90 -0.26 0.057 0.017 0.233 0.308
Zn (mgkg™") 5.64 0.004 68.01 -15.61 -8.98 -3.56 0.090 0.024 0.350 0.504
B (mgkg™") 4.08 0.018 67.78 -19.04 -10.90 -14.35 0.088 0.023 0.327 0.505
Na (mgkg~") 8.09 0.001 177.63 -30.00 —-26.88 -10.50 0.074 0.022 0.303 0.439
Biomass Leaf fresh weight (g) 7.53 0.001 46.55 1.55 11.01 4.78 0.050 0.017 0.332 0.543
Stem fresh weight (g) 16.53 0.000 34.95 -11.38 0.68 -0.61 0.225 0.046 0.816 0.705
Aerial length (cm) 3.89 0.021 56.40 715 -0.05 4.31 0.066 0.018 0.285 0.361
Leaf area (cm?) 12.19 0.000 3217.31 —-47.31 1018.14 488.41 0.057 0.016 0.377 0.601
Dry stem weight (g) 14.50 0.000 9.26 -3.04 0.54 -0.09 0.201 0.035 0.695 0.675
Dry root weight (g) 4.06 0.018 11.81 -3.68 0.81 -0.07 0.071 0.021 0.336 0.441
Leaf gas Py (iemol CO2 m=2 s~ 1) 3.38 0.034 5.21 -0.04 1.61 3.01 0.049 0.016 0.190 0.310
exchange
WUEnsT (rmol CO2 4.23 0.015 0.90 0.02 0.40 0.51 0.048 0.015 0.201 0.428
mmol HyO)
Electrolyte Electrolyte leakage (%) 3.10 0.045 23.93 417 -1.00 -3.89 0.056 0.018 0.245 0.298
leakage
Chloroplast Chlorophyll A (mg/g) 11.563 0.000 4.49 -1.62 —1.66 -0.97 0.172 0.041 0.648 0.647
pigments
Chlorophyll B (mg/g) 11.42 0.000 1.65 -0.60 -0.59 -0.27 0.151 0.030 0.531 0.631
Total chlorophyll (a + b) 1162 0.000 6.14 —2.22 —2.25 -1.23 0.162 0.037 0.568 0.644
(mg/g)
Carotenoids (mg/g) 13.52 0.000 1.37 -0.48 -0.36 -0.36 0.252 0.064 0.686 0.740
Total soluble Protein (mg/g) 5.85 0.004 0.57 -0.07 0.17 0.35 0.052 0.016 0.231 0.326
protein

Estimates were gathered in two OP half-sib families (IMC67 and PA121), and two full-sib progenies obtained from the crossing between IMC67 x PA121 and its reciprocal

cross. Only significant (bold and underiined) specific combining abilities under the Cd-added treatment are retained, and only h? estimates above 0.1 are highlighted,

except for the Cd content in leaves that is kept for reference purposes. For the full compilation refer to Supplementary Tables 3, 4 for the specific combining abilities
and the narrow-sense heritability, respectively. Specific combining abilities are indexed to a general mean (intercept under the first column after the p-value), and the
corresponding positive or negative contributions (three last columns). Heritability (h2) and model fits (R software, R Core Team) estimates were computed using an A

pedigree relatedness matrix (Supplementary Figure 2A) inputted in a “genetic prediction” additive mixed linear model, according to de los Campos et al. (2009).
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Rootstock Parents Origin® Phaeomoniella Phaeomoniella Phaeoacremonium Phaeoacremonium  Histological

chlamydospora chlamydospora  minimum minimum qPCR analysis
inoculation® aPCR inoculation
Berlandieri resseguier V. berlandieri El Encin = = : : :
1
Blanchard 1 V. berlandieri x V. vinifera I Encin * . . : .
Cardeden 31 El Encin : =
Castel 14539 (V. vinifera Chasselas x V. El Encin : o
rupestris) x V. vinifera
Chasselas
Castel 196-17 (V. vinifera x V. rupestris) x  El Encin * * * # *
V. riparia
Castel 6736 V. riparia x V. rupestis El Encin = = o . :
Castel 6971 V. riparia x V. rupestris ElEncn . * * . o
Castel 7605 V. riparia x V. berlandleri I Encin : : : : :
Couderc 1202 V. vinifera x V. rupestris I Encin - * . ' .
Couderc 161-49 V. riparia x V. berlandlieri  Viveros . . .
Vilanueva
COUDERC 1616 V. longii x V. riparia ElEncin " = : =
Couderc 3309 V. riparia x V. rupestis El Encin . :
Couderc 404 V. vinifera x V. rupestris I Encin : .
Couderc 601 Bourrisqouou x V. rupestris I Encin : .
Couderc9 (V. riparia x V. rupestris) x €l Encin : .
V. vinifera
Escuelamontpelier V. vinifera x V. berlandieri  E| Encin : > . : .
333
Evex jerez 13-5 V. berianderi El Encin - : : : :
Fercal V. berlandieri x (V. El Encin - . : = .
berlanderi x Novo
Mexicana)
Foox 34-E V. beriandieri x V. riparia I Encin - .
Grezot G1 (V. longii x V. riparia) x V. €1 Encin . B B b =
rupestris
Grimaldi 791 V. vinifera x (V. riparia x V.l Encin . i & B
rupestris)
Malague 44-53 El Encin - B
Martinez zaporta 5A V. vinifera Chasselas x /. El Encin * o
berlandleri
Milardet grasset 418 V. vinifera x V. beriandieri €| Encin : . B & o
Millardet 145 V. vinifera x ElEncin . -
(Cordifolia-Rupestris
Grasset)
Millarclet 33A-1 V. vinifera x V. rupestris I Encin : B . o
MILLARDET 453 Aramon x Milardet El Encin = o
Milardet grasset V. vinifera x V. berlandlieri I Encin . .
19-62
Milardet grasset 420A V. berlandieri x V. riparia €l Encin . . . .
Oberlin 595 V. riparia x V. vinifera ElEncin # *
Paulsen 1103 V. beriandieri x V. rupestris I Encin - .
Paulsen 1447 V. berlandieri x V. rupestris I Encin : .
Ramsey INRA s
Montpelier
RG1 Vitis Navarra . B
RG10 Vitis Navarra . i
RG2 Vitis Navarra . 4
RG3 Vitis Navarra . .
RG4 Vitis Navarra E = .
RG6 Vitis Navarra B o
RG7 Vitis Navarra . N
RG8 Vitis Navarra . .
RGY Vitis Navarra . 4 : B
Richter 99 €l Encih L .
Richter 110 jeri x V. rupestris I Encin - > .
Richter 31 V. beriandieri x Novo €l Encih & : * : *
Mexicana
Riparia grand glabre V. riparia €l Encin ' E . » #
Ruggeri 131 V. berandieri x V. rupestris I Encin . B
Ruggeri 140 V. berlandieri x V. rupestris I Encin . . = . B
Ruggeri 267 V. berlandieri x V. riparia I Encin i . . . .
Ruggeri 343 V. berlandieri x V. riparia I Encin . i . . s
Rupestris du lot V. rupestris €1 Encih E .
Rupestris fort worth 1 V. rupestris €l Encin E * . 2 .
Seibel 397 Herbemot touzan x €l Encih K o
Sauvignon
s04 V. berlandieri x V. riparia I Encin . * & » =
Teleki 10A V. berlandieri x V. rupestris I Encin = =
Teleki-Kober 588 V. berlandieri x V. riparia I Encin : : .

4El Encin, Alcalé de Henares (Madrid, Spain); Viveros Villanueva, Larraga (Navarra, Spain); Vitis Navarra, Larraga (Navarra, Spain).
b Analysis performed = .
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Factor Canopy volume (m8)  ATCSA (mm2)  Canopy health rating

Propagation method

SD 0.248 518 4.25
CT 0.236 496 4.23
TC 0.218 444 415
P-value 0.3022 0.0904 0.8282
Rootstock cultivar

US-1516 0.275a 517 a 4.45a
Us-812 0.244 a 512a 420 a
USs-897 0.131b 318b 3.67b
US-942 0.287 a 599 a 453 a
P-value <0.0001 <0.0001 <0.0002
Propagation method x rootstock

P-value 0.3084 0.1029 0.8668

Different letters within columns indicate significant differences according to Tukey’s
HSD test at 5% level.
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Rootstock Current regions of primary Parentage Beginning of use as Uniform seed
commercial use? rootstock propagation

Benton SuU Citrus sinensis x Poncirus trifoliata 1990 Yes
Carrizo NCSEFMAU C. sinensis x P, trifoliata 1934 Yes
Cleopatra NCSEMU C. reticulata Before 1900 Yes
C35 NCSEFMU C. sinensis x P, trifoliata 1986 Yes
F-A5 E C. reticulata x P trifoliata 2003 Yes
Kuharske N C. sinensis x P, trifoliata Before 2000 Yes
Macrophylla NEMU C. macrophylla Before 1960 Yes
MXT E (C. paradisi x C. reticulata) x PR trifoliata 1992 Yes
Trifoliate orange NCSEMAU P, trifoliata Before 1900 Yes
Rangpur CSA C. limonia Before 1900 Yes
Rough lemon NCFA C. jambhiri Before 1900 Yes
Sour orange NCSEMA C. aurantium Before 1850 Yes
Sunki S C. sunki Before 1900 Yes
Swingle NCSEFAU C. paradisi x P trifoliata 1974 Yes
US-802 N C. maxima x R trifoliata 2007 Yes
US-812 NM C. reticulata x P trifoliata 2001 Yes
US-897 N C. reticulata x P trifoliata 2007 Yes
US-942 N C. reticulata x P trifoliata 2010 Yes
Volkamer NCSEFMAU C. volkameriana Before 1970 Yes
X639 NCF C. reticulata x P trifoliata 2000 Yes
Ziyang Xiangcheng A C. junos 2010 Unknown

aN, North America; C, Central America and Caribbean; S, South America; E, Europe; F, Southern Africa; M, North Africa and Middle East; A, Asia; U, Australia.
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