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Late-Season Sweet Orange Selections Under Huanglongbing and Citrus Canker Endemic Conditions in the Brazilian Humid Subtropical Region
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The Brazilian citrus orchards are comprised by few genotypes, which increases the risk of pest and disease outbreaks. The diversification of sweet oranges (Citrus × sinensis) in orchards also generates off-season revenue and extend the fruit processing period. This study aimed to evaluate several horticultural traits of 19 late-season sweet orange selections under citrus canker and huanglongbing (HLB) endemic condition in northwestern Paraná state, Brazil, in a long-term field experiment. Tree size, yield, fruit quality for fresh fruit and industrial markets, estimates of tree density and yield, and citrus canker and huanglongbing (HLB) incidences were assessed. The experimental design was a randomized block with three replicates and five trees per unit. The orchard was drip-irrigated and arranged at tree spacing of 6.5 m × 4.5 m. All scions were graft-compatible with Rangpur lime (C. × limonia). Valencia selections had the tallest trees and largest canopies, particularly Olinda, Frost and #121 with heights and volumes greater than 4.20 m and 43 m3, respectively. Natal África do Sul and Whit’s Late Valencia trees were the most productive with cumulative yields above 640 kg per tree. Most of the selections produced fruits of excellent physicochemical quality attending the fresh fruit and industrial market requirements. All selections showed similar horticultural characteristics for the fresh market, while Natal África do Sul and Charmute de Brotas were more suitable for juice processing. Frost Valencia and Valencia Late Fla. had the highest incidence of citrus canker on fruits (>20%), whereas IPR Folha Murcha, Charmute de Brotas and some Valencia selections (Chafeei Late, Campbell 479, Campbell 294, Olinda, Mutação and Whit’s Late) exihibed low incidence (3.0–17.7%). At 9 years, Valencia Mutação trees had high HLB incidence (93%). In contrast, Natal IAC and Folha Murcha IAC showed the lowest HLB incidence (13%). Our results revealed that Natal IAC, Folha Murcha IAC, IPR Folha Murcha, Natal Murcha, Campbell 479 Valencia and Valencia Late Fla. had the best horticultural performance in addition to low HLB incidence. Together, these late-season sweet oranges are the most advantageous selections for citrus orchard diversification under citrus canker and HLB endemic conditions in humid subtropical regions.
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INTRODUCTION

Brazil is the world’s largest producer of sweet oranges [Citrus × sinensis (L.) Osbeck], accounting for around one-quarter of the global fruit production and three-quarters of the global orange juice exports (FAO, 2019; Spreen et al., 2020; U.S. Department of Agriculture, 2021). In 2020, the Brazilian production of sweet oranges was 17 M tons, followed by India with 9.9 M tons, China with 7.5 M tons and United States with 4.8 M tons (FAO, 2019). Citrus producing areas in Brazil is concentrated in the state of São Paulo, where sweet oranges are mainly produced for juice processing (~70%), followed by Minas Gerais, Bahia, and Paraná (IBGE, 2020; Spreen et al., 2020; U.S. Department of Agriculture, 2021).

In the last decades, advanced cultural practices in the citrus industry have been of utmost importance for Brazil to maintain the leadership in the global sweet orange production (FAO, 2019; Carvalho et al., 2019a; Bassanezi et al., 2020). These practices include irrigation, fertilization, high tree density, pest and disease controls, and planting of citrus cultivars that are more productive and adapted to a wide range of environmental conditions (Carvalho et al., 2019a; Bassanezi et al., 2020; Behlau et al., 2021; Girardi et al., 2021). The presence and progression of citrus diseases in orchards are frequent under the humid subtropical climate (Bassanezi et al., 2020; Carvalho et al., 2021a). Nevertheless, even under intense disease pressure, such as citrus tristeza virus (CTV), citrus canker, citrus variegated chlorosis (CVC), citrus black spot, leprosis and huanglongbing (HLB, a.k.a. citrus greening), the Brazilian citrus industry has adapted to a challenging scenario relying on an efficient management system (Bassanezi et al., 2020; Spreen et al., 2020).

Citrus canker and HLB are particularly important for the citrus industry in the state of Paraná (Leite Júnior and Mohan, 1990; Sauer et al., 2015). Historically, most of the area of Paraná was prohibited to grow citrus until the late 1980s due to the occurrence of citrus canker (Xanthomonas citri subsp. citri, Xcc) and the lack of efficient control measures by then (Behlau, 2021). In 1990, an integrated disease management program was developed to prevent and control the citrus canker in new areas across the state (Leite Júnior and Mohan, 1990). This program involves some cultural and preventive measures such as planting resistant or less susceptible citrus cultivars to Xcc, disease-free nursery trees, establishment of windbreaks, periodic sprays of copper-based bactericides, and control of the citrus leafminer Phyllocnistis citrella Stainton (Leite Júnior and Mohan, 1990; Behlau et al., 2021). Canker may cause symptoms in different organs of citrus plants, but lesions on fruits may increase premature fruit drop and reduce the marketability of fresh fruit (Lanza et al., 2019; Behlau, 2021). Citrus cultivars have a broad range of susceptibility to citrus canker, ranging from resistant, as the case of Folha Murcha, to highly susceptible as Hamlin (Amaral et al., 2010; Vargas et al., 2013; Carvalho et al., 2015). Based on previous investigations, only genotypes that show certain resistance to citrus canker are authorized for planting in Paraná, which includes the early-season sweet oranges IAPAR 73, Navelina, Salustiana, and Cadenera; the mid-season Pera, Shamouti and Jaffa; and the late-season Valencia, Folha Murcha and Natal (IAPAR, 1992; Auler et al., 2014). Therefore, planting canker-resistant genotypes has been the most efficient and inexpensive measure to control this disease (Behlau et al., 2021).

More recently, HLB has become the most serious threat to the citrus industry worldwide (Bassanezi et al., 2020). The ‘Candidatus Liberibacter asiaticus’ (CLas), a phloem-limited bacterium associated with the HLB pathosystem, was first identified in Paraná in 2007 (Nunes et al., 2007; Sauer et al., 2015) and rapidly spread across the main citrus-growing areas of the state (Gottwald, 2010; Paula et al., 2019). Integrated management approaches for mitigating HLB have been established in Brazil such as planting of healthy nursery trees; monitoring of the citrus-growing and surroundings areas; area-wide control of the CLas vector Asian citrus psyllid (ACP; Diaphorina citri Kuwayama); removal of symptomatic trees; and release of ACP’s parasitoids, as the Tamarixia radiata Waterston (Nunes et al., 2010; Bassanezi et al., 2020).

The Brazilian orange belt is composed of a few genotypes, with Hamlin (early-season), Pera (mid-season), and Valencia and Natal (late-season) as the predominant cultivars (Carvalho et al., 2019a). Further, they are highly demanded for juice processing (Carvalho et al., 2019a; Spreen et al., 2020). The late-season Valencia and Natal accounts for at least 55% of the planted sweet orange trees in the Brazilian orchards, as these cultivars are very productive and bear fruit of high juice quality (Spreen et al., 2020). However, the limited number of cultivars in citrus orchards may favor outbreaks of pests and diseases due to the narrow genetic pool (Carvalho et al., 2019a,b, 2021a). Therefore, the diversification of scion and rootstock citrus genotypes is of paramount importance to improve citrus protection. Moreover, this strategy may allow growers to obtain higher profits when the fruit supply is low and increase the options of sweet oranges for the fresh market, besides enabling the industry to extend the juice processing period.

Several citrus scion and rootstock accessions have been introduced and selected in different breeding programs in Brazil. For instance, the Instituto de Desenvolvimento Rural do Paraná (IDR - Paraná) maintains a program (Carvalho et al., 2020) that constantly evaluates potential citrus selections to be included in the state of Paraná, aiming at orchard diversification and production of high-quality fruits for the fresh market and processing (Paula et al., 2022). Within this context, this study reports the evaluation of several horticultural traits of 19 late-season sweet orange selections based on a long-term field experiment established in northwestern Paraná, Brazil. It is also hoped to gain a better understanding of the suitability of selections for the fresh fruit market and/or juice processing, which will contribute to a more strategic and targeted establishment of new orchards.



MATERIALS AND METHODS


Field Location

The experimental orchard was conducted from 2012 to 2021 in the Experimental Station of Cocamar Cooperativa Agroindustrial in the municipality of Guairaçá, state of Paraná, southern Brazil (latitude 22° 56′ 04″ S, longitude 52° 41′ 08″ W, and altitude of 518 m). The climate of the region is humid subtropical (Cfa) according to the Köppen-Geiger climate classification, with annual maximum and minimum temperatures of 28.4 and 17.8°C, respectively, annual average rainfall of 1,527 mm (Figure 1) and relative humidity of 69% (IDR–Paraná, 2021). The soil is a Typic Haplustox with 90% sand, 1% clay, base saturation of 20%, and pH of 3.9 in the 0–40 cm layer (Larach et al., 1984).
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FIGURE 1. Monthly rainfall and maximum (Tmax), medium (Tmed) and minimum (Tmin) average temperatures from 2016 to 2021 in Guairaçá, state of Paraná, Brazil (Source: IDR–Paraná, 2021).




Plant Material

The nursery trees of the 19 late-season selections of Valencia, Charmute de Brotas, Natal and Folha Murcha sweet orange cultivars were provided by the Citrus Active Germoplasm Bank of the Instituto Agronômico de Campinas – IAC/Centro de Citricultura “Sylvio Moreira” in Cordeirópolis, state of São Paulo, Brazil, and the Instituto de Desenvolvimento Rural do Paraná – IAPAR/EMATER (IDR - Paraná) in Londrina, state of Paraná. The origin of the 19 selections of sweet orange (C. × sinensis) evaluated in this study is shown in Table 1. All trees were grafted onto the Rangpur lime [C. × limonia (L.) Osbeck] rootstock, which is graft-compatible with scions and adapted to a wide range of soil and climate conditions. The experimental design was a randomized block with 19 scions, three replicates and five trees per plot. The experimental orchard was planted in December 2012 at tree spacing of 6.5 m × 4.5 m corresponding to 341 trees.ha−1 (Figure 2). The trial also had sides planted with two-row windbreaks of Eucalyptus grandis (Hill) ex Maiden. The arrangement of the windbreak rows was in a zig-zag order at spacing of 2 m between trees and 1 m within rows, and 8 m apart of the experimental orchard.



TABLE 1. Origin of the 19 selections of sweet orange (Citrus × sinensis) assessed in this study.
[image: Table1]
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FIGURE 2. Orchard arrangement of nine-year-old late-season sweet orange selections grafted onto Rangpur lime rootstock with two-row windbreaks of Eucalyptus grandis (Hill) ex Maiden (in the back) in Guairaçá, state of Paraná, Brazil.




Orchard Management

Citrus tree management was based on the recommendations for the state of Paraná, Brazil (IAPAR, 1992; Nunes et al., 2010). Fertilizations were performed based on soil analysis. Weeds were managed with periodic mowing using an ecological rotary mower and herbicides sprays, between and within rows, respectively. Trees were irrigated with a localized drip irrigation system. The amount of water supplied to the trees was determined according to the crop evapotranspiration (ETc), which is determined by the crop coefficient procedure whereby the effect of the various weather conditions is incorporated into the reference crop evapotranspiration (ETo), and the crop characteristics into the single crop coefficient (Kc; Allen et al., 1998):
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where ETc = crop evapotranspiration, ETo = reference crop evapotranspiration, and Kc = single crop coefficient.

Disease and insect pest management included monthly preventive sprays to control citrus canker and leafminer (Behlau et al., 2010, 2021), and two-monthly insecticide sprays to control the ACP (D. citri Kuwayama) from fruit set to fruit maturation (Nunes et al., 2010). Top and hedge pruning were not performed in order to evaluate the natural tree growth.



Vegetative Growth Measurements

The vegetative growth of the trees was assessed in early-spring of 2019, when the trees were seven-year-old. Tree canopy volume (CV) was determined based on tree height (TH) and canopy diameter (CD) measured with a graduate pole according to Mendel (1956):
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where CV = canopy volume (m3); CR = canopy radius (m); and TH = tree height (m).

Trunk circumference was measured 10 cm above and 10 cm below the graft union using a cloth measuring tape and converted to diameter. The trunk index was calculated based on the relationship between the trunk diameter above and below the graft union.



Fruit Yield and Production Efficiency

Fruit yield was evaluated annually from 2016 to 2021 in November of each year, about 15 months after the main bloom from the tree innermost trees. Cumulative yield was determined after the annual harvests. The yield efficiency was determined based on the relationship between the fruit yield average (kg per tree) and canopy volume (m3 per tree) assessed in 2019. The result was expressed in kilograms per cubic meter (kg.m−3) of tree canopy. 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 year.



Fruit Quality Evaluations

Fruit quality attributes were determined based on 10-fruit samples collected from the three innermost trees of each block. Fruit was randomly collected at 1–2 m tree height in October–November of each year from 2019 to 2021, before the annual harvests, with the averages for the evaluation period being presented. Fruit length and diameter were measured with a digital Vernier caliper (Mitutoyo, ABS, Kawasaki, Japan), weighed and classified according to the fresh citrus standards (CEAGESP, 2011). The fruit shape index was calculated based on the relationship between fruit length and diameter.

Fruit and juice colors were measured using a portable chroma meter (Minolta CR-400, Konica Minolta, Tokyo, Japan) and the CIELab color system. The device was calibrated before color assessments with a white tile. Fruit color was measured by readings taken at four equidistant points in the equatorial circumference of the fruit. Juice color was determined for each sample by readings taken through a 10 ml cuvette filled with juice. The citrus color index (CCI) was calculated based on previous report (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. The CCI values below −7 represents green; values within −7 and 0 indicate shades of light green passing through the yellowish green color; values within 0 and 7 represent the pale yellow to orange color; and values above 7 indicate the orange color, rising in intensity as the CCI increases (Jiménez-Cuesta et al., 1981). After assessing fruit color, juice aliquots were sampled using a Croydon extractor (Croydon, Duque de Caxias, Brazil). Juice content (JC) was determined according to the following equation and expressed as percentage:
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where JC = juice content; JW = juice weight (g) and FW = fruit weight (g).

Total soluble solids (TSS) concentration was measured with a digital refractometer (Atago Co., Ltd., PAL-3, Tokyo, Japan) in 0.3 mL of undiluted juice. The results were expressed in °Brix units. Titratable acidity (TA) was determined in 25 mL juice and 0.1 N NaOH in a TitroLine easy titrator (Schott Instruments GmbH, Mainz, Germany), and expressed in grams of citric acid per 100 mL of juice (g.100 mL−1; AOAC, 2019). The maturity index (TSS.TA−1 ratio) was calculated to determine the fruit maturity. The technological index, which indicates the amount of TSS content per standard citrus box (total capacity of 40.8 kg), was calculated according to the equation proposed by Di Giorgi et al. (1990):
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where TI = technological index (kg TSS.box−1); TSS = total soluble solids (°Brix); and JC = juice content (%).



Estimates for Planting Density and Yield

Based on tree size measures in 2019, the corresponding number of trees per hectare was estimated for all sweet orange selections included in this study, assuming a free spacing of 2.5 m between-rows (canopy diameter + 2.5 m) and 25% tree overlap in-rows (canopy diameter × 0.75; De Negri and Blasco, 1991). Fruit yield was estimated according to the theoretical number of trees per hectare and the average fruit yield per tree determined for the 2017–2021 cropping seasons, when all trees were bearing. The soluble solids yield was determined according to the estimated yield and expressed in tons of TSS per hectare (t TSS.ha−1):
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where TSS Yield = total soluble solids yield (t TSS.ha−1); TSS = total soluble solids (°Brix); JC = juice content (%); and YE = yield estimation. Adapted from Di Giorgi et al. (1990).



Sweet Orange Performance Index for Fresh Fruit Market and Juice Processing

To calculate the performance index for each evaluated sweet orange selection, the data were normalized using the equations proposed by Ramos et al. (2021):
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where max = maximum value of each variable; min = minimum value of each variable; and V = value of the variable.

Results were used to calculate the sweet orange performance index for the fresh fruit market (FFI – fresh fruit index) and for the juice processing (JPI – juice processing index) according to Ramos et al. (2021):
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where A, B, …, N = correspond to the indices of each variable; a, b, …, n = relative importance attributed to each variable (%); max = maximum value of each variable; and min = minimum value of each variable (Caputo et al., 2012).

The scores of each variable were assigned according to their relative importance for the fresh fruit market as it follows: 30% for cumulative yield, 20% for TSS, 20% for fruit color, 10% for number of seeds, and 20% for fruit weight; and for juice processing: 30% for cumulative yield, 30% for TSS, 30% for juice content, and 10% for juice color (Ramos et al., 2021).



Incidence of Fruit With Citrus Canker

Citrus canker incidence on fruits was evaluated at the annual harvests of 2020 and 2021 by visually assessing canker lesions on a 100-fruit sample per plot (Behlau et al., 2010). Diseased fruits usually present raised pinpoint spots that develop to brownish circular erumpent lesions, with a necrotic center surrounded by a chlorotic halo (Figure 3A). Fruit of each selection were collected from the three middle trees of each plot. The incidence of fruit with citrus canker at harvest was expressed in percentage (%).

[image: Figure 3]

FIGURE 3. Citrus canker lesions in harvested fruit (A) and huanglongbing (HLB) symptoms in leaves (B) of sweet orange selections in Guairaçá, state of Paraná, Brazil.




Incidence of Trees With HLB

Molecular analyses using the conventional polymerase chain reaction (PCR) technic were performed to determine the infection rate of the citrus trees by the huanglongbing (HLB) putative causal agent, ‘Candidatus Liberibacter asiaticus’ (CLas). Leaves, asymptomatic and HLB-symptomatic (Figure 3B), were sampled from the sweet orange trees in the late spring of the 2020 growth season and in the late fall and spring of 2021 growth season. Total genomic DNA was extracted (Murray and Thompson, 1980) from 10-leaf sample per tree of the five trees of each plot and subjected to PCR amplification with the primers sets A2/J5 (Hocquellet et al., 1999) and Oi1/Oi2c (Jagoueix et al., 1994; Supplementary Table 1). PCR reaction was performed in 20 μL of reaction mixture containing 0.1 μL of each primer (0.5 mM), 0.8 μL of dNTP (5 mM), 0.8 μL of MgCl2 (50 mM), 2.0 μL of buffer (10×), 1.0 μL of Taq DNA polymerase recombinant (5 U μL−1; Invitrogen, Carlsbad, United States), 14.2 μL of ultrapure water and 1 μL of total genomic DNA. PCR reactions were performed in a thermal cycler (Veriti™ 96-Well, Applied Biosystems®, Waltham, United States). For the A2/J5 primers, the thermal cycler was setup to 35 cycles at 92°C for 20 s, 62°C for 20 s, and 72°C for 45 s (Hocquellet et al., 1999); while for the Oi1/Oi2c primers, the device was configurated to 35 cycles at 92°C for 40 s, and 72°C for 90 s (Jagoueix et al., 1994). After amplification, one aliquot of each PCR reaction mixture was electrophoresed on 1.0% (w/v) agarose gel and visualized with SYBR™ Gold Nucleic Acid Gel Stain (ThermoFisher Scientific, Carlsbad, United States). The gel was visualized through a photo documenter (L-PIX EX, Loccus do Brasil Ltd., Cotia, Brazil) under ultraviolet (UV) light.



Data Analyses

The data were analyzed according to the experimental design, tested for normal distribution and homogeneity at p ≤ 0.05, and then submitted to ANOVA. The citrus canker and HLB incidences data were transformed to arcsin √(x/100) before ANOVA. Means were grouped using the Scott-Knott’s test at p ≤ 0.05. Incidence of fruit with citrus canker was analyzed in a randomized block design with a factorial arrangement (19 sweet orange selections × 2 years). Significant variables were taken together and submitted to the multivariate analyses using a mean value for each selection and variable, and a principal component analysis (PCA) was plotted. All data were processed in R v. 4.0.2 (The R Foundation for Statistical Computing, Vienna, Austria) using the packages ExpDes, ggplot2, and Facto MineR for graphics and visualization of the statistical data.




RESULTS


Tree Growth Measurements

Significant differences (p ≤ 0.05) among the 19 late-season sweet orange selections were observed for the vegetative measurements, including tree height, canopy diameter, canopy volume, and rootstock-scion trunk diameters (Table 2). The Valencia selections Olinda, Frost, Chafeei Late, #121, Campbell 479, Whit’s Late, Berry and Late Fla. had the tallest trees at range of 4.13–4.50 m, while Natal IAC, Valencia Late 161 and IPR Folha Murcha trees were the shortest ones varying from 3.56 to 3.79 m. Furthermore, trees of Olinda Valencia, Frost Valencia, Valencia #121 and Valencia Mutação exhibited the largest canopy diameters, differing from Campbell 479 Valencia, Natal IAC, Natal Murcha, Folha Murcha IAC and IPR Folha Murcha trees. Whereas Olinda Valencia trees showed the greatest canopy volume, with an average of 49 m3 per tree, and contrasted significantly with Natal AC, Natal Murcha, Folha Murcha IAC and IPR Folha Murcha trees, which developed a canopy volume smaller than 30 m3.



TABLE 2. Tree size of 19 late-season sweet orange selections grafted onto Rangpur lime rootstock and determined in the 2019 season. Guairaçá, state of Paraná, Brazil.
[image: Table2]

The rootstock trunk diameters of the Valencia selections Olinda, Frost, Berry, and Chafeei Late were significantly larger (18.4–19.1 cm) than those observed for Natal Murcha, Folha Murcha IAC and IPR Folha Murcha (13.2–15.9 cm; Table 2). Frost and Chafeei Late Valencia trees scored the largest scion trunk diameters among the evaluated sweet oranges included in the study (~17 cm), while IPR Folha Murcha had the smallest diameter (12 cm). Similarly, the scion-rootstock trunk diameter ratios, expressed as trunk diameter indices, were also variable among the evaluated selections. The highest trunk diameter index was observed for IPR Folha Murcha (0.97), which differed significatively from those of some Valencia selections including Campbell 294, Mutação, Olinda, Berry, and Cutter.



Fruit Yield and Production Efficiency

The highest fruit yields was observed for Whit’s Late Valencia and Natal África do Sul over the evaluated period (Table 3). The annual yield average for these two selections were above 100 kg per tree (Table 3). In 2016, when trees were near 4 years old, all trees exhibited lower yields or even did not produce any fruit, as was the case of Olinda Valencia. However, a significant increase on fruit production was observed from 2018 onwards for most of the selections, as the case of Whit’s Late Valencia and Natal África do Sul, but decreased in 2021 due to intense drought occurred during this cropping season. Similarly, these selections had the highest cumulative yield after six consecutive years of fruit production, with 683 kg per tree for Whit’s Late Valencia and 646 kg per tree for Natal África do Sul (Table 3). The lowest alternate bearing indices were found for the Valencia selections Cutter, IAC, Campbell 479, Late Fla. and for Charmute de Brotas and Folha Murcha IAC, differing significantly from Olinda Valencia. Most of the evaluated selections grouped for the highest yield efficiency, except the Valencia selections Berry, Frost, Mutação, Olinda, Chafeei Late, Late 161 and #121 that exhibited poor yield efficiency.



TABLE 3. Yield performance of 19 late-season sweet orange selections grafted onto Rangpur lime rootstock from 2016 to 2021. Guairaçá, state of Paraná, Brazil.
[image: Table3]



Fruit Quality Evaluation

Based on the average of three consecutive cropping seasons (2019–2021), significant differences were observed among the sweet orange selections for all fruit quality attributes assessed (Tables 4, 5). The largest fruit length (81.9 mm) was recorded for fruits of Folha Murcha IAC and some Valencia selections as Olinda, #121, Frost, Chafeei Late, Whit’s Late, and Late Fla. (Table 4). Similarly, Valencia #121 had the largest fruit diameter. Moreover, fruit produced by Folha Murcha IAC was oblong in shape, differing from all other selections, producing round-shaped fruits. Fruit weight ranged from 197 to 251 g, depending on the selection. The Valencia selections #121, Whit’s Late, Late 161, and Frost, and the Charmute de Brotas fruits were significant heavier than fruits of all other sweet oranges (Table 4). The number of seeds per fruit were low, one to five seeds per fruit, for all sweet orange selections. Olinda Valencia, Valencia Late 161 and Charmute de Brotas produced fruit with a much lower number of seeds than Campbell 479 Valencia. Regarding the fruit color, the fruits of all Valencia selections showed higher color index (Figure 4), within −0.04 and 1.34 CCI, than Natal África do Sul, Natal Murcha and Folha Murcha IAC (Table 4).



TABLE 4. Three-season average fruit quality of 19 late-season sweet oranges produced in Guairaçá, state of Paraná, Brazil, from 2019 to 2021.
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TABLE 5. Three-season average juice quality of 19 late-season sweet oranges produced in Guairaçá, state of Paraná, Brazil, from 2019 to 2021.
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FIGURE 4. Fruit of nine-year-old Frost Valencia sweet orange tree grafted on Rangpur lime rootstock in Guairaçá, state of Paraná, Brazil.


The color of the fresh-squeezed juice ranged from −4.97 up to −1.70 CCI among the studied sweet orange selections (Table 5). Cutter Valencia, Natal África do Sul, Folha Murcha IAC, Natal Murcha and Charmute de Brotas presented high standards for this juice attribute. Juice contents were higher for most of the Valencia selections (≥39%), except for Olinda that ranked below all assessed sweet oranges, with 27% (Table 5). The total soluble solid (TSS) content in the juices ranged from 9.1 to 11.1 °Brix among the selections. The lowest TSS was for the juice of Olinda Valencia (9.1 °Brix) while Frost Valencia, Valencia IAC, Campbell 479 Valencia, Valencia Late 161, Valencia Late Fla., Valencia #121, Charmute de Brotas, Natal África do Sul, Natal IAC, Natal Murcha and IPR Folha Murcha had the highest TSS concentration, above 10.4 °Brix (Table 5). The Valencia selections Whit’s Late and Frost had the highest level of juice acidity (titratable acidity – TA), with 1.08 and 1.06 g of citric acid per 100 mL of juice, respectively. On the other hand, all other selections showed acidity levels below 1.0 g.100 mL−1. The maturity index, i.e., TSS.TA−1 ratio, fluctuated from 9.4 to 16.8, depending on the sweet orange. Juice from Natal Murcha fruits showed the highest maturity index, while the ones from Valencia selections including Whit’s Late, Frost and Berry ranked at the bottom for this qualitative attribute. Most selections produced fruits of proper technological potential [technological index (TI) ≥ 1.70] to be processed by the juice industry. However, Olinda Valencia sweet orange exhibited the lowest TI performance (≤1.10), due basically to its low-quality juice.



Estimates for Planting Density and Yield

The largest row and tree spacings were estimated for Olinda Valencia, Valencia #121, Frost Valencia and Valencia Mutação, while Campbell 479 Valencia, Folha Murcha IAC, Natal Murcha, IPR Folha Murcha and Natal IAC required the smallest spacing, maximizing tree density to a range from 572 up to 619 trees.ha−1 (Table 6). In contrast, the selections that demanded the largest tree and row spacings support no more than 415 and 444 trees.ha−1, which poses a restriction for their use in high-density plantings. Furthermore, Natal Murcha, Natal África do Sul and the Valencia selections Campbell 479, IAC, Whit’s Late and Cutter showed the highest estimation yield per area (t.ha−1), a favorable characteristic for high-density orchards. The estimates study also indicated that the sweet oranges with high TSS yield, as the Valencia selections Whit’s Late, IAC and Campbell 479, had their excellent performance due to their outstanding yield and juice quality (Tables 3, 6).



TABLE 6. Estimates1 of minimum row and tree spacing, maximum tree density, fruit yield, and TSS yield for 19 late-season sweet orange selections grafted onto Rangpur lime rootstock, based on field performance in Guairaçá, state of Paraná, Brazil.
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Sweet Orange Performance Index for Fresh Fruit Market and Juice Processing

The suitability for the fresh fruit market and for juice processing were evaluated for most sweet orange selections based on fruit quality and yield traits (Tables 3–5, 7), except by Olinda Valencia that did not attend the minimal standards (OECD, 2010; Berk, 2016) of the fresh fruit and industrial markets. All assessed late-season selections did not show any significant differences for the fresh fruit index (FFI), ranging from 1.04 (Frost Valencia) to 2.23 (Valencia IAC). In contrast, significant differences were observed among the sweet oranges for processing index (IPI; Table 7). Natal África do Sul and Charmute de Brotas scored the highest IPIs, an excellent performance for industrial processing. The lowest IPIs were observed for Valencia selections, including Whit’s Late, Berry, IAC, Chafeei Late, Campbell 479, Late 161, Late Fla. and #121, while the other selections showed intermediate indices for this attribute.



TABLE 7. Fresh fruit and industrial processing indices of 18 late-season sweet orange selections grafted onto Rangpur lime rootstock under humid subtropical conditions in Guairaçá, state of Paraná, Brazil, from 2016 to 2021 cropping season average.
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Incidence of Citrus Canker and Huanglongbing

In regard to citrus canker incidence on harvested fruits, a highly significant (p ≤ 0.001) interaction was observed between the 19 late-season sweet orange selections and the two assessed harvest seasons, 2020 and 2021 (Table 8). As main effects, the highest incidence of citrus canker on fruits were found for those harvested from Valencia selections Frost and Late Fla. in both years, with more than 20% of affected fruits. These values were significantly higher (p ≤ 0.001) than those observed on fruits of IPR Folha Murcha, Natal IAC, Charmute de Brotas and Valencia selections Chafeei Late, Campbell 479, Campbell 294, Olinda, Mutação and Whit’s Late. Interestingly, Folha Murcha IAC had a substantial development of citrus canker on fruit from 2020 to 2021, showing an increase of tenfold. Similar trend was also observed in all other evaluated selections when comparing the 2020 and 2021 harvests (Table 8).



TABLE 8. Incidence of harvested fruit with citrus canker in 19 late-season sweet orange selections grafted onto Rangpur lime rootstock harvested in 2020 and 2021 in Guairaçá, state of Paraná, Brazil.
[image: Table8]

Significant differences were also observed within the assessed sweet orange selections for the cumulative incidence of HLB (Figure 5). The incidence of trees with PCR-confirmed HLB ranged from 13 to 93%. Nine years old trees of Valencia Mutação had the highest cumulative rate of CLas infection, differing significatively from all other selections (Figure 5). The lowest HLB incidence was observed for trees of Natal IAC and Folha Murcha IAC. All other selections showed intermediate levels of HLB incidence (Figure 5).

[image: Figure 5]

FIGURE 5. Cumulative incidence of huanglongbing (HLB)-affected trees in 19 late-season sweet orange selections grafted onto Rangpur lime rootstock after 9 years of planting in Guairaçá, state of Paraná, Brazil. HLB-affected trees were confirmed by the detection of ‘Candidatus Liberibacter asiaticus’ (CLas) infection in a polymerase chain reaction (cPCR) assay. All data were transformed to arcsin √(x/100) before submitted to ANOVA. Means followed by same letter in the bar, belong to the same group according to Scott-Knott’s test.




Multivariate Analysis

All assessed variables were submitted to the multivariate analysis, and a principal component analysis was built (Figure 6). The first two principal components accounted for 54% of the total variance in the dataset. Principal component 1 (Dim1) explained 37% of the variation while the principal component 2 (Dim2) represented 17%. Segregation among the 19 late-season sweet orange selections was observed when the two first principal components were projected. Four distinct groups (Col. 1, 2, 3, and 4) were formed based on the similarities of the sweet orange selections. The first group (Col. 1) comprised most of the Valencia selections including Whit’s Late, Cutter, Berry, Frost, Mutação, IAC, Chafeei Late, Campbell 294, Campbell 479, Late 161, Late Fla. and #121. These selections were recognized to be more productive and vigorous compared to the other sweet oranges (Figure 6). The vigorous tendency of Valencia resulted in lower tree density (Figure 6). Most Valencia trees produced fruits of better external quality including fruit size, weight, and color index. Some qualitative internal attributes were also remarkable within these sweet oranges as TSS, acidity and juice content. Exceptionally, Olinda Valencia formed a single group (Col. 2) far from all other accessions, mainly because this selection scored low for most assessed horticultural traits. Similarly, Folha Murcha IAC formed another single group (Col. 3), characterized to produce fruit of intense juice color but with a greenish peel color. Finally, Charmute de Brotas, Natal África do Sul, Natal IAC, Natal Murcha and IPR Folha Murcha grouped (Col. 4) together, because of their similarities on the evaluated traits. These selections were characterized to produce fruits of better juice quality based on maturity index and juice color, which favors their use for the processing, resulted from the highest IPIs.
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FIGURE 6. Principal component analysis (PCA) for tree size, yield, fruit quality, estimation of plant density and yield, incidence of citrus canker on fruits, and incidence of huanglongbing (HLB) in trees of 19 late-season sweet orange selections grafted onto Rangpur lime rootstock. The variables were arranged according to their principal component scores and the individuals (sweet orange selections) were grouped into four distinct clusters (Col.): 1, 2, 3, and 4. Variables: tree height (m); canopy volume (m3); canopy diameter (m); RTD – rootstock trunk diameter (cm); STD – scion trunk diameter (cm); TDI – trunk diameter index (STD.RTD−1); cumulative yield (kg per tree); yield efficiency (kg.m−3); ABI – alternate bearing index; row spacing (m); tree spacing (m); tree density (tree.ha−1); estimate yield (t.ha−1); TSS yield (t TSS.ha−1); fruit length (mm); fruit diameter (mm); fruit shape; fruit weight; number of seeds per fruit; peel color (CCI); juice color (CCI); juice content (%); TSS – total soluble solids (°Brix); TA – titratable acidity (g.100 mL−1); maturation index (TSS.TA−1); technological index (kg TSS.box−1); FFI – fresh fruit index; IPI – industrial processing index; incidence of citrus canker on fruits (%); and HLB incidence (%).





DISCUSSION

Trees of 19 late-season sweet orange selections were evaluated for vegetative growth at the seven-year of age, when trees were well established in the field and stabilized in terms to vegetative growth and crop yield. Based on our findings, Olinda Valencia trees were significantly (p ≤ 0.001) the most vigorous among the tested sweet oranges. Further, this Valencia selection had the highest values for almost all vegetative parameters, except for the scion trunk diameter and the trunk diameter index. Olinda Valencia trees have also been recognized as vigorous in previous works (Hodgson et al., 1967; Castle and Baldwin, 2011; Torres and García, 2012; Simpson et al., 2014). Several other Valencia selections exhibited vigorous growth in our field trial, e.g., Frost, Berry, Whit’s Late, Chafeei Late, #121, Campbell 479 and Late Fla. These vigorous developments were also described in another study (Hodgson et al., 1967). On the other hand, Natal IAC, Natal Murcha, Folha Murcha IAC and IPR Folha Murcha selections had low vegetative growth in our field trial. These findings are in accordance with those previously reported by Stenzel et al. (2005) and Azevedo et al. (2015) for Folha Murcha and by Girardi et al. (2017) for Natal sweet orange.

Tree size plays an important role in the citrus orchard planning, field managements and other operations, including harvesting, pruning, irrigation and control of insect pests and diseases (Albrigo et al., 2019). Indeed, vegetative growth may determine tree density, depending as well on the tree architecture of each cultivar (Stuchi, 2005). Currently, the demand for small to medium-sized trees, which favors high-density plantings, have increased in commercial citrus-growing areas, particularly under endemic occurrence of HLB. It impacts the lifespan of the orchards changing the whole production system (Moreira et al., 2019; Bassanezi et al., 2020; Ferrarezi et al., 2020; Girardi et al., 2021; Carvalho et al., 2021b,c). Furthermore, high-density planting may assure higher yields at the young tree stage under the HLB pressure, favored by the increase of trees per area that optimizes the land use and improves the returns of the initial investments (Wheaton et al., 1991; Bassanezi et al., 2020). The smallest trees favored higher-density plantings and yields in our estimates study (Table 6). Among the smallest trees, we could include Folha Murcha IAC, IPR Folha Murcha, Natal IAC, Natal Murcha and Campbell 479 Valencia. On the other hand, the most vigorous selections allowed a limited number of trees per area and lower fruit yield, particularly Olinda Valencia (most vigorous; Table 6; Figure 6), which was also observed in our previous work for the mid-season sweet oranges Shamouti and Khalily White grown in the same region (Paula et al., 2022).

Although significant differences were apparent among the selections, all scions were graft-compatible with Rangpur lime. No overgrowth between scion and rootstock or tree decline was observed 9 years after planting. Our results are in agreement with previous reports indicating a broad affinity of Rangpur lime rootstock with several sweet orange cultivars and their relatives (Alves et al., 2021; Carvalho et al., 2021a, 2022; Cruz et al., 2021; Paula et al., 2022).

Fruit yield is essential for the evaluation of citrus germplasm. Genotypes that have higher yields and produce fruits of excellent quality in addition to tolerance or resistance to biotic and abiotic stresses are highly demanded by the citrus growers (Castle, 2010). Sweet orange trees usually start to produce fruits at two to 5 years of age (Di Giorgi et al., 1990; Castle et al., 2010). Currently, genotypes that show a tendency of early fruiting are very desirable due to the HLB pressure (Bové and Ayres, 2007; Spreen et al., 2007). Trees of Natal África do Sul and Whit’s Late Valencia had higher fruit production at the early stages, with four to 9 years of age. Here, the most vigorous trees had low fruit load in the first years, which includes the Valencia selections Olinda, #121 and Frost (Tables 2, 3). Moreover, Olinda trees did not show any fruit yield in 2016, starting to bear fruits later than all other selections, similar to the vigorous mid-season Shamouti and Khalily White trees mentioned in our early study assessing multiple sweet orange cultivars (Paula et al., 2022). Vigorous vegetative growth may limit fruit production in young trees (Carvalho et al., 2021a), as the photoassimilates may be directed to the vegetative growth at the expense of fruit growth and development (Agustí and Primo-Millo, 2020).

Fruit and juice quality are of major importance for the evaluation of sweet oranges. Quality standards of sweet oranges are regulated by different agencies around the world (OECD, 2010; CEAGESP, 2011). In our study, the fruit physical traits, including size, shape, weight, and color among the evaluated sweet orange selections were significantly different (p ≤ 0.05). Despite of the significant differences, all the sweet oranges produced fruits of large size (≤71 mm) and higher grade (A), according to the fresh fruit standards of the Brazilian fresh fruit market (CEAGESP, 2011).

The number of seeds per fruit is another important attribute to be considered in the evaluation of sweet oranges, as seedless fruits, or with a low number of seeds, are usually preferred by the fresh fruit market and juice processors (CEAGESP, 2011; Carvalho et al., 2019a). The number of seeds in the fruits can vary from zero to dozens (Ladaniya, 2008). In our study, all common sweet orange selections produced fruits with seeds, ranging from one to five seeds per fruit. However, they can still be considered commercially as seedless because they had less than eight seeds per fruit (Albrigo et al., 2019), particularly Valencia selections Late 161, Olinda and Frost, and Charmute de Brotas, Natal IAC and IPR Folha Murcha. Our findings agree with those reported in earlier studies for Valencia (Mesejo et al., 2007), Charmute de Brotas (Nascimento et al., 2005), Natal (Ladaniya, 2008; Couto et al., 2018) and Folha Murcha (Stuchi and Donadio, 2000).

The color development is not a reliable sign for maturity of sweet orange fruits (Berk, 2016; Gupta et al., 2021), though, this attribute may be critical for the fresh consumption (Ladaniya, 2008). The fresh market usually requires fruits with full coloration and without any peel damage (OECD, 2010; CEAGESP, 2011); while juice processors demand juice of intense and luminous coloration (Gama and Sylos, 2005). Juice color is not usually a concern with most mid- to late-season maturing sweet oranges (Castle and Baldwin, 2011), as they achieve better coloration than the early-season maturating cultivars (Fellers, 1990). In our study, Charmute de Brotas, Natal IAC, IPR Folha Murcha and all Valencia selections produced fruits of better peel color (Table 4; Figure 4). Regarding the juice color, Cutter Valencia, Charmute de Brotas, Natal África do Sul, Natal Murcha and Folha Murcha IAC fruits produced juices of better coloration, as the CCI were higher. It indicates an intense yellow coloration while all other fruit selections produced juice of yellowish green coloration (Table 5; Jiménez-Cuesta et al., 1981). The lowest juice content recorded in this fruit selections may have increased the concentration of colored compounds, as carotenoids, favoring for a deeper yellow coloration. Fruit of Valencia sweet orange is recognized to produce juice of high quality and intense coloration (Gama and Sylos, 2005). However, our results showed that Charmute de Brotas and some selections of Natal and Folha Murcha may also be potential alternatives for juice processing, as the color indices were significantly more yellow-intense than those observed for most of the Valencia selections (yellowish green).

Juice content may vary according to the region, due to climate and soil conditions, as well as to the rootstock, plant nutrition, irrigation, and tree age, among other factors (Castle et al., 2010; Berk, 2016; Albrigo et al., 2019). Sweet orange fruits should have at least 35% of juice content, according to the fresh market requirements (Ladaniya, 2008; OECD, 2010; CEAGESP, 2011), and 36–40% for juice processing (Chitarra and Chitarra, 2005; Lado et al., 2014; Albrigo et al., 2019). Fruits of almost all the sweet orange selections included in this study had juice content commercially acceptable, higher than the threshold established for the fresh fruit market and processing, except Olinda Valencia fruits that barely scored 26% of juice content. Despite of being planted in several important citrus-growing areas worldwide (Al-Jaleel and Zekri, 2002; Castle and Baldwin, 2011; Torres and García, 2012), Olinda Valencia selection did not show any reasonable horticultural performance under a humid subtropical climate. On the other hand, several other Valencia selections had high fruit juice content under the northwestern Paraná edaphoclimatic conditions, supporting the findings reported in previous studies for several sweet orange selections (Domingues et al., 2021; Paula et al., 2022).

Most of the sweet orange selections included in our study had TSS content higher than 10 °Brix, which is the minimum value required by the fresh fruit market in Brazil and in the United States (Arpaia and Kader, 2000; CEAGESP, 2011). The TSS contents were also above the international standard established by the Organization for Economic Co-operation and Development (OECD, 2010) and by the juice processing industry (Ladaniya, 2008), which is 8 °Brix. The lowest TSS content, 9.1°Brix, was for Olinda Valencia fruits. This value was lower than the one reported by Castle and Baldwin (2011) for this same selection grown in St. Cloud, FL, United States, for fruits from 5 years old trees, 12.7 °Brix. These variations may be related to tree age, soil-climate conditions, fertilization, and used rootstock (Albrigo et al., 2019). On the other hand, fruits of the Valencia selections Frost (Figure 4), IAC, Campbell 479, Late 161, Late Fla. and #121 as well as the Charmute de Brotas, Natal África do Sul, Natal IAC, Natal Murcha and IPR Folha Murcha grouped together for the highest TSS concentration (≥ 10 °Brix), excelling for this qualitative trait highly demanded by the fresh fruit market and industry.

The titratable acidity (TA) or acidity level, expressed as grams of citric acid per 100 mL of juice, ranged from 0.7 to 1.1 g.100 mL−1 in juices of the tested sweet orange selections. This acidity level is above the minimum demanded by the fresh market (Pozzan and Triboni, 2005) and within the range for juice processing, from 0.7 to 1.2 g.100 mL−1 (Berk, 2016). All sweet orange selections included in the study exhibited maturity index above the minimum of international standards for the fresh market, 6.5:1 (OECD, 2010). Moreover, the fruits of most sweet orange selections achieved the maturity level of 12, which is the threshold value demanded by the juice processors (Pozzan and Triboni, 2005), though they were bellow 16, considered as the maximum threshold value for human consumption (Jones and Cree, 1965).

Based on our findings, most sweet orange selections showed similar performance indices for the fresh fruit market. The exception was the Olinda Valencia that did not have a good performance in our field trial for the fresh and the industrial markets. For this reason, this selection was not included in the performance index estimates. On the other hand, all the other selections can be indicated for the fresh fruit market (Table 7). Significant differences were found among the selections for the performance index estimated for juice processing. Interestingly, Natal África do Sul and Charmute de Brotas had higher estimates, indicating a much better performance for the juice processing than some other tested selections.

Differences were also found among the sweet orange selections for the incidence of citrus canker on harvested fruits. Valencia Frost and Valencia Late Fla. had the highest incidence of the disease on fruits, differing from all other selections (Table 8). These two sweet oranges have been reported as very susceptible to citrus canker (Carvalho et al., 2015). Valencia Late Fla. showed a moderate resistance to citrus canker when trees were grown under protected conditions (Amaral et al., 2010), but were highly susceptible when cultivated under field conditions (Carvalho et al., 2015). IPR Folha Murcha, Natal Murcha, Charmute de Brotas and Valencia selections Chafeei Late, Campbell 479, Campbell 294, Olinda, Mutação and Whit’s Late had the lowest incidence of citrus canker on fruits agreeing with the results reported by Vargas et al. (2013) and Carvalho et al. (2015).

The incidence of citrus canker on harvested fruit progressed differently over the two seasons, 2020 and 2021 (Table 8). Most of these variations on canker incidence on fruits could be related to the environmental conditions for disease development, as higher temperature and intense rainfall are frequent during the rainy season in southern Brazil (Figure 1).

Citrus canker has become a serious problem for the Brazilian growers as the younger stage of fruit development coincides with the rainy season, from December to April (Amaral et al., 2010; Lanza et al., 2019), when the fruitlets are more susceptible to X. citri subsp. citri (Xcc) infection. In 2020, lower rainfall volume, 540 mm, was recorded during the rainy season comparing to 2021, 680 mm (Figure 1; Table 8). A higher rainfall volume in 2021 may have contributed to increase the incidence of the disease in fruits, favored by bacterial dispersion and further infection on fruits at the early stages of development. A longer rainy season during the early development of fruits may have promoted the progression and severity of the disease as previously noticed by Behlau et al. (2010). The highest canker incidence observed in the 2021 harvest weakly impacted on fruit yield according to the Pearson’s correlation coefficient (r = 0.18; value of p = 0.16), as a sightly reduction in production was observed comparing to the previous season (Tables 3, 8).

All tested sweet orange selections were susceptible to the infection by the CLas bacterium. Although there are no citrus cultivars immune to CLas (Rodrigues et al., 2020), significant differences (p ≤ 0.001) were found within the sweet orange selections in relation to the cumulative incidence of HLB (Figure 5). Natal IAC and Folha Murcha IAC had the lowest cumulative CLas-infected trees (Figure 5) over nine-year of field evaluation. It indicates an outstanding horticultural performance of these two selections under the humid subtropical climate, particularly Natal IAC, which was the last cultivar officially released for cultivation in the state of Paraná. Further, previous studies have demonstrated that the orchard arrangement may play an important role in the dispersion of the CLas vector, the ACP (Martini et al., 2015), and consequently in the incidence of HLB-infected trees in the orchard. Trees of different size at the same area have showed differences in the ACP population dynamics (Rodrigues et al., 2020). Larger trees may serve as a barrier preventing the ACP from landing on smaller trees. Furthermore, smaller trees may be less affected due to the flushing pattern of these trees (Rodrigues et al., 2020). The presence of smaller trees surrounded by larger ones may reduce their exposure to wind and sun, analogous to the effect of windbreaks (Martini et al., 2015). Windbreaks induce shading and temperature changes in orchards, which may reduce the tree flushing and consequently the attractiveness by the ACP, decreasing the incidence of HLB (Martini et al., 2015).

Folha Murcha IAC and IPR Folha Murcha have showed lower incidence of HLB-affected trees compared to Pera sweet orange under the same conditions of our field trial (Almeida et al., 2016). Lower HLB incidence in these two selections may be explained by the delayed bud break (Cantuarias-Avilés et al., 2011), the longer period to produce new shoots in early spring (Carvalho et al., 2021c), associated to the morphological characteristics of the curling leaves. Therefore, these phenological and morphological traits may favor the delay of new vegetative flushes, escaping from HLB bacterium transmission and consequent infection (Cifuentes-Arenas et al., 2018). As the ACP population typically peaks at late spring and early summer in Brazil and in some other important citrus-growing regions (Primo-Millo and Agustí, 2020; Carvalho et al., 2021c). Additionally, Folha Murcha sweet orange usually produces shoots of shorter lengths (Carvalho et al., 2021c), which limits the contact area for ACP feeding. Our results suggest that the variations in tree size, curled leaves, flushing pattern and time of flushes may have contributed to the response of these selections to the ACP low preference and, consequently, to the low HLB incidence in such sweet orange selections. Stover and McCollum (2011) also observed similar situation evaluating the HLB incidence in different citrus cultivars. Therefore, further investigations may be necessary to better determine the horticultural performance under homogeneous orchards of the late-season sweet orange selections that exhibited lower HLB incidence in our experimental trial.

Overall, the 19 assessed late-season sweet orange selections show significant differences for several horticultural traits, including vegetative growth, fruit yield and quality, row/tree spacing and yield estimates, performance for fresh fruit market and industrial processing, and incidences of citrus canker and cumulative HLB. IPR Folha Murcha, Natal IAC, Natal Murcha and Folha Murcha IAC had the smallest vegetative growth (Table 2; Figure 6), which favored the lowest tree/row spacings, and the highest tree density determined in the estimates study (Table 6). On the other hand, the majority of the Valencia selections had the most vigorous trees among the evaluated late-season sweet oranges, particularly Olinda that stayed alone from all other selections in the principal component analysis (Figure 6), requiring the largest spacings and the lowest tree density, similarly to Valencia #121 (Tables 2, 6). All the evaluated sweet orange selections were graft-compatible with the Rangpur lime rootstock, as no scion/rootstock overgrowth or tree decline were observed across 9 years of evaluation. Whit’s Late Valencia and Natal África do Sul were the most productive trees among the tested selections, with excelled yields over six cropping seasons (Table 3). Most late-season sweet orange selections produced fruits of excellent quality, except Olinda Valencia. Fruits of Valencia selections had the highest juice content with improved peel color (Tables 4, 5). Fruits of Charmute de Brotas, Natal África do Sul, Natal IAC, Natal Murcha, IPR Folha Murcha and the Valencia selections Frost, IAC, Campbell 479, Late 161, Late Fla., and #121 had juice of higher TSS contents. This favored an outstanding TSS.TA−1 ratio and juice color in the cases of Natal Murcha, Charmute de Brotas, Natal África do Sul, and IPR Folha Murcha (Table 5). All assessed late-season sweet oranges exhibited similar performances for the fresh fruit market, while Natal África do Sul and Charmute the Brotas were more indicated for industrial processing (Table 7). Furthermore, all evaluated selections exhibited different levels of citrus canker incidence on harvested fruits and HLB incidence in trees (Table 8; Figure 5). IPR Folha Murcha had the lowest incidence of canker on fruits while Folha Murcha IAC and Natal IAC expressed lower cumulative HLB incidence than all other tested selections, evidencing their excelled horticultural performance in the humid subtropical region.



CONCLUSION

Based on our findings, Natal IAC, Folha Murcha IAC, IPR Folha Murcha, Natal Murcha, and the Valencia selections Campbell 479 and Late Fla. express better horticultural performance than other late-season selections under the humid subtropical climate. These selections have low HLB incidence, moderate incidence of citrus canker on fruits, outstanding yield efficiency, excellent fruit quality that attends the standards of the fresh fruit market and the juice processing industry, and low vegetative growth favoring higher tree density in new plantings. This optimizes the land use, field management and orchard operations, harvesting, yield, and faster return of the investments under an HLB endemic scenario. In contrast, the Valencia selections Olinda and Mutação are not recommended for planting in the Brazilian humid subtropical region or in regions with similar conditions, as these selections show poor horticultural performance. Together, our findings contribute to a more strategic and oriented recommendation of late-season sweet orange for the establishment of new plantings in the humid subtropical regions in the face of HLB pressure.
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Whit's Late Valencia 130a° 200¢
Cutter Valencia 131a 4390
Berry Valencia 128a 206¢
Frost Valencia 1.04a 383b
Valencia Mutagao 161a 3300
Valencia IAC 223a 206¢c
Chafeei Late Valencia 180a 239¢
Campbel 479 Valencia 113a 224¢
Campbell 294 Valencia 172a 370b
Valencia Late161 169a 207¢
Valencia Late Fla. 1.38a 240¢
Valencia #121 116a 236¢c
Charmute de Brotas 177a 14.16a
Natal Africa do Sul 1.35a 16.55a
Natal IAC 1.40a 3260
Natal Murcha 139a 489b
Folha Murcha IAG 1.40a 330b
IPR Folha Murcha 222a 373b
CV (%) 36.92 19.50
F value 1.12ns 16.08***

‘Fresh frut index was based on 30% cumulative yield, 20% TSS, 20% fruit color, 10%
number of seeds and 20% fruit weight.

Industrial processing index was based on 30% cumulative yield, 30% TSS, 30% juice
content and 10% uice color

‘Means followed by the same letter in the column befong to the same group according
t0 the Scott-Knott's test. Significance level: ns, non-significant; ***p <0.001.
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Sweet orange selection  Row spacing (m) Tree spacing (m) Tree density (trees.ha') Fruit yield (tha™) TSS yield (t TSS.ha™")

Whit's Late Valencia 3.00b? 6.62b 490 623a 283a
Cutter Valencia 297¢ 646¢ 522b 569a 257b
Berry Valencia 301¢c 651¢ s12¢ 439¢ 193¢
Frost Valencia 329a 6882 443d 408¢ 164c
Valencia Mutagao 329a 6882 444d 50.3b 2250
Valencia IAC 290¢ 637¢ 5450 60.42a 280a
Olinda Valencia 342a 7062 415d 394c 0.96d
Chafeei Late Valencia 3.16b 6.72b amc 449¢ 202¢
Campbell 479 Valencia 279d 6.22d 578a 628a 289a
Campbell 294 Valencia 291¢ 639¢ 537b 51.1b 207¢
Valencia Late 161 2920 639¢ 536b 39.0¢ 1720
Valencia Late Fla. 287¢ 633¢ 551b 49.9b 234b
Valencia #121 329a 689a 442d 43¢ 196¢
Charmute de Brotas 3.07b 6.60b 494¢ 51.1b 205¢
Natal Africa do Sul 3.06b 6.58b 497 ¢ 583a 2.39b
Natal IAC 280d 6.24d 572a LAY 191¢
Natal Murcha 2.74d 6.15d 596 a 559a 241p
Folha Murcha IAC 267d 6.06d 619a 51.1b 187¢
IPR Folha Murcha 276d 6.18d 587a 508b 220b
CV (%) 366 225 569 9.08 1024
F value 1153w 11,534 11.85%%¢ 7.90%% 13,38+

‘Estimates study was based on vegetative, yield, and frut qualty data of the evaluated selections; tree density and row/ree spacing projections were calculated according to
De Negri and Blasco (1991) and used to estimate fruit yield and TSS yield.
Means followed by the same letter in the column belong {o the same group according to the Scott-Knolt's test. Significance level: *+4p <0.001.
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Year'
Source of variance

2020 harvest 2021 harvest
Sweet orange selection

Whit's Late Valencia 12.7 B 17.7 Ae
Cutter Valencia 978c 230Ac
Berry Valencia 858d 27.6 Ab
Frost Valencia 21042 240Ac
Valencia Mutagao 80Ad 10.5Ag
Valencia IAC 10.0Bc 27.7Ab
Olinda Valencia 7.38d 16.0 Ae
Chateei Late Valencia 308e 17.7 Ae
Campbell 479 Valencia 6.38d 14.3 A6
Campbell 294 Valencia 938Bc 17.7 Ae
Valencia Late 161 10.3Bc 213Ad
Valencia Late Fia. 220Ba 3304Aa
Valencia #121 17.78b 293 Ab
Charmute de Brotas 7.08Bd 16.5 Ae
Natal Africa do Sul 7.78d 200Ab
Natal IAG 6.78d 257 Ac
Natal Murcha 15.3 Ab 14.5 Af
Folha Murcha IAG 338e 305 Aa
IPR Folha Murcha 4.0Be 1.7Ag
CV (%) 13.08

Selection 37,00+

Year 84, 1x=

Selection x Year 17.82%%

'All data were transformed to arcsin 1/(x/100) before submitted to ANOVA.

Means followed by same letter, capitl case in the row and lowercase in the column,
belong to the same group according to Scott-Knott's test. Significance level:
**4p<0.001.
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Sweet orange selection  Juice color (CCl)  Juice content (%) Total soluble solids ~Titratable acidity ~ Maturity index  Technological index
TSS (‘Brix) TA (g 100.mL") (TSS.TA") (kg TSS.box"")
Whit's Late Valencia —a97¢' 449a 10.1b 1.08a 94e 186a
Cuter Valencia -270a 37a 103b 079¢ 1810 183a
Berry Valencia —a67c 439a 10.0b 098b 103e 180a
Frost Valencia -353b 390c 104a 1.06a 99e 166
Valencia Mutagao -343b 42a 102b 075d 1350 183a
Valencia IAC -483¢ 41a 105a 081c 130¢ 189a
Olinda Valencia -470¢ 269e 91c 074d 123d 1.06d
Chaeei Late Valencia -423¢ 46a 10.1b 083b 11.0d 184a
Campbell 479 Valencia -487c 432a 106a 083¢c 128¢ 187a
Campbell 294 Valencia -360b 4100 99b 072d 18.7¢ 165b
Valencia Late 161 -3.70b 4160 107a 079¢ 136¢ 181a
Valencia Late Fla. -440¢ 429a 109a 0.98b 1.2d 191a
Valencia #121 -477c 4200 105a 090b 1.7d 180a
Charmute de Brotas -2.33a 363d 11a 075d 15.0b 1650
Natal Africa do Sul -1.70a 388 106a 069d 15.5b 167b
Natal IAG -357b 369d 11.0a 091b 120d 165b
Natal Murcha -2.33a 39.0¢c 11.0a 066d 1682 176a
Folha Murcha IAC -2.13a s77d 97b 073d 183¢ 144c
IPR Folha Murcha -3.13b %95 109a or1d 153b 176a
CV (%) 15.82 225 378 647 636 522
F value 9.78+%% 66707+ 531+ 16.62++ 17.94%% 14413

'Means followed by the same letter in the column belong to the same group according to the Scott-Knott's test. Significance level: **#p <0.001.
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Sweet orange Fruitlength FL  Fruit diameter FD Fruit shape Fruitweight (g)  Number of seeds  Peel color (CC)
selection (mm) (mm) (FLFD)

Whit's Late Valencia 789a' 785b 1.00¢ 240a 3b 134a
Cutter Valencia 7780 7850 099¢ 2220 3b 010a
Berry Valencia 768D 7620 101¢ 211 3b 089a
Frost Valencia 79.7a 79.3b 100¢c 231a 2¢ 090a
Valencia Mutagao 77.2b 77.7b 099¢ 214 3b 127a
Valencia IAC 76.6b 77.5b 099¢ 217b 4b 007a
Olinda Valencia 802a 7710 1.04b 212 1d 081a
Chafeei Late Valencia 796a 7960 1.00¢ 216, 4b 015a
Campbell 479 Valencia 755b 76.6b 099¢ 209b 5a 0.78a
Campbell 294 Valencia 75.8b 783b 097¢ 216 4b 001a
Valencia Late 161 769b 77.6b 099¢ 233a 1d orla
Valencia Late Fia. 787a 7790 101¢ 211 4b 091a
Valencia #121 80.2a 81.5a 098¢ 251a 3b 0.09a
Charmute de Brotas 76.7b 76.2b 101¢ 206a 1d -004a
Natal Africa do Sul 75.0b 75.6b 099¢ 197b ab -053b
Natal IAG 76.6b 76.2b 1.00¢ 205 2¢ 019a
Natal Murcha 7590 7810 097¢ 2190, 3b -1.76b
Folha Murcha IAC 819a 75.8b 108a 214b 3b -1.76b
IPR Folha Murcha. 76.2b 76.9b 099¢ 209 2¢ 048a
CV (%) 210 223 1.50 513 2129 14.97
F value 41185 2.7+ 8125 3,96+ 9.42%%% 365+

'Means followed by the same letter in the column belong to the same group accordling to the Scott-Knott's test. Significance level: *p <0.05; **p <0.001.
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Sweet orange Yield (kg per tree) Cumulative  Alternate fiaid
selection yield (kg) bearing efficiency
2016 2017 2018 2019 2020 2021 index (kg.m3)

Whit's Late Valencia 47402 1203a 1253a 1287a 158.0b 1088 ¢ 683.1a 020b 348a
Cutter Valencia 641a 80.80 11842 12378 1153¢ 9.0c 609.3b 010 330a
Berry Valencia 4950 5820 784 6760 1455b 8650 4803c 022b 2450
Frost Valencia 4040 506 10682 8450 1048¢ 1025 ¢ 4987 ¢ 0200 208
Valencia Mutagao 31.00 11512 11652 1181a 1433b 7a5e 598.4b 023b 2780
Valencia IAC 43.00 950 1045a 101.3b 1827 ¢ 1200b 5949 ot5c 370a
Olinda Valencia = 4640 96.0a 743b 18082 725¢ a759¢ 034a 194b
Chafeei Late Valencia ~ 46.9b 8000 10063 722b 1255¢ 98.0¢ 5242¢ 0200 2380
Campbell 479 Valencia 5722 %060 8962 9720 1475b 1178b 50990 otac assa
Campbell 204 Valencia 5442 89.90 9152 948D 1430b 57.0e 5304 ¢ 022b 2982
Valencia Late 161 28.3b 529¢ 6620 8020 101.0¢ 64.0¢ 3926¢ 022b 2420
Valencia Late Fla. 540a 84.1b 55.10 1118a 1005 ¢ 1015¢ 507.0¢ 017c 2862
Valencia #121 4570 415c 83.1b 808D 152.0b 14402 s47.2¢ 0200 2330
Charmute de Brotas 713a 7a1c 10602 10453 146.0b 87.1d 588.7b ot4c 300a
Natal Africa do Sul 50.7a 11402 8120 1412a 161.0b 89.0d 646.12 022b 338a
Natal IAC s85a 83.4b 75.10 7920 1008¢ s8¢ ansc otac EREN
Natal Murcha 3450 78.7b 66.3D 1018a 1243¢ %3¢ 5088 0.19b 346a
Folha Murcha IAC s41a 719¢ 617 949 1122¢ 722e 4669¢ 05c atsa
IPR Folha Murcha 4500 668 7840 81.0b 1265 ¢ 7984 am75c 021b 3282
oV (%) 19.90 16.72 2152 2408 1266 1820 7.80 2447 1136
F value 4,030 8510 34004 238 5,674 9.88r 9181 377me 7450

'Yield efficiency was based on the average yield from 2017 through 2021 and the canopy volume assessedin 2019.

‘Means followed by the same letter in the column belong to the same group according to the Scott-Knott's test. Significance level: 10 0.05; ***p <0.001.
No data for the respective year.





OPS/images/fpls-13-915889-t001.jpg
Sweet orange selection

Whit's Late Valencia
Cutter Valencia

Berry Valencia

Frost Valencia
Valencia Mutagao
Valencia IAC

Olinda Valencia
Chafeei Late Valencia
Campbel 479 Valencia
Campbell 294 Valencia
Valencia Late 161
Valencia Late Fia.
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Natal Murcha
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IPR Folha Murcha

'CCSM - Centro de Citrcultura *Sylvio Moreira” Cordeirépolis, SP, Brazi.
IDR-Parand - Instituto de Desenvolvimento Rural do Parané - IAPAR/EMATER, Londrina, Parand, Brazi.
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United States
United States
Australia
United States
Brazil

Brazil

United States
Australia
United States
United States
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Name in the source institution

Valencia Whit's Late IAC 1373
Valencia Cutter IAG 1726

Berry Valencia IAC 1335
Valencia Frost IAG 1727
Valencia IAC 1754

Valencia IAC

Valencia Olinda IAC 478
Valencia Chafeei Late IAC 1357
Valencia Campbell IAC 1724
Valencia Campbell EECB - 294
Valencia Late IAC 161

Valencia Late IAC 1361
Valencia IAC 1430

Charmute de Brotas IAC 2007
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Natal IAC
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Folha Murcha IAC 474
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Sweet orange Tree height (m)  Canopy diameter  Canopy volume  Rootstock trunk Scion trunk Trunk diameter
selection (m) (m?) diameter’ (cm) diameter" (cm) index?
Whit's Late Valencia 4184 412b 372¢ 17.8b 15.6b 088c
Cutter Valencia 403b 396¢ 333d 17.2b 1450 086d
Berry Valencia 417a 400¢ 35.1d 186a 15.4b 083d
Frost Valencia 4.40a 439a 443b 1912 17.0a 089¢c
Valencia Mutagao 408b 438a 410c 154¢ 13.2d 085d
Valencia IAC 389b 387¢ 307d 16.4¢ 145c 089¢c
Olinda Valencia 450a 4562 493a 19.1a 158b 083d
Chafeei Late Valencia 430a 422b 401¢ 1842 1672 091c
Campbell 479 Valencia 4242 372d 307d 16.7 ¢ 1450 087¢
Campbell 294 Valencia 403b 389¢c 319d 17.1b 135d 079d
Valencia Late 161 379¢ 389¢c 300d 165¢ 15.4b 093b
Valencia Late Fia. 413a 383¢c 31.7d 17.4b 15.5b 089¢c
Valencia #121 4272 439a 4310 18.1b 15.7b 087¢
Charmute de Brotas 394b 410b 346d 1620 143¢ 088¢c
Natal Africa do Sul 398b 408b 347d 1620 1450 089¢c
Natal IAC 356 374d 226 159¢ 139¢ 087¢c
Natal Murcha 391b 365d 273e 14.9d 136d 091c
Folha Murcha IAG 395b 356d 22e 14.1d 13.7d 097a
IPR Folha Murcha 381c 368d 27.1e 132d 122e 092b
) 388 366 828 500 495 304

F value 6.34%x% 11.53%s* 15.95%* 10.59%* 8.54%%x Tilgers

Trunk diameters were based on trunk circumference measurements, 10cm above and 10Gm below the grat union.
“Expressed as the ratio between scion and rootstock trunk diameters.
"Means followed by the same letter in the column belong to the same group according to the Scott-Knott's test. Significance level: **#p <0.001.
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