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Abstract

:

The development of fruit ripening of ‘Valencia’ orange trees [Citrus sinensis (L.) Osb.] grafted on the following ‘Trifoliata’ hybrid rootstocks: ‘US-852’, IPEACS-256 and IPEACS-264 citrandarins, and F.80-3, ‘W-2’ citrumelo, and ‘Swingle’ citrumelo (control), was assessed in three different subtropical locations: Rancho Alegre (RA); São Sebastião da Amoreira (SSA); and São Jerônimo da Serra (SJS), Parana state, Brazil. The climate of the RA and SSA locations was classified as Cfa with hot summers, whereas that of the SJS location was Cfb with temperate summers, which are located at 380, 650, and 835 m a.s.l., respectively. A completely randomized block design with four replications and four trees per plot was used as a statistical model for each location. The soluble solids (SS) content, titratable acidity (TA), and the maturation index (MI) or ratio (SS/TA) of the juice, as well as the citrus color index (CCI) of fruit skin, were assessed monthly, beginning 200 days after flowering until harvest, totaling seven sampling dates. The data sets of each location were analyzed independently through a two-way analysis of variance (ANOVA) involving rootstocks in a split plot array in time (days) to allow for the assessment of the significance of the main effects, complemented by regression analysis. In general, the ripening of ‘Valencia’ orange fruits was influenced by the different ‘Trifoliata’ hybrid rootstocks. At the RA location, trees on IPEACS-256 and’ US-852’ citrandarins had the highest SS, and on ‘US-852’ citrandarin had the highest MI, reaching the MIim earlier than the other rootstocks. The highest CCI was achieved when trees were on IPEACS-256 citrandarin. At the SSA location, trees on ‘US-852’, IPEACS-256, and IPEACS-264 citrandarins had the highest SS, but on ‘US–852’ had the highest MI, reaching the earliest MIim among the rootstocks. The highest CCI was achieved when trees were on ‘US-852’ and IPEACS-256 citrandarins. In the SSJ location, there was no significant effect of the rootstocks on and of the variables of ‘Valencia’ orange fruit. This assessment can be useful in the planning of new orchards producing high-quality fruit with desirable features for the orange juice industry.






Keywords:


Citrus sinensis (L.) Osb.; rootstocks; maturation index; citrus color index












1. Introduction


‘Valencia’ sweet orange [Citrus sinensis (L.) Osb.] is grown in the most citrus-producing countries and commonly represents the leading commercial variety [1,2]. In Brazil, this species is prominent among producers owing to high fruit yield and quality. Further, this variety has late-maturing fruit, which are intended for both fresh fruit markets as well as industrial processing into juice [3,4]. The production of ‘Valencia’ oranges for industrial processing in the form of frozen concentrated juice (FCOJ) and not from concentrated juice (NFC) serves as one of the main activities of the citrus industry with a broad economic impact worldwide [5]. However, the production of raw materials must be of high quality to maintain the sector’s market competitiveness. The quality attributes of the fruits are determined by their physicochemical characteristics, which in turn vary during the ripening period [6,7].



The ripening of citrus fruit passes through different phenological stages, and the final stage is characterized by a reduced growth rate with an increase in soluble solids (SS) content, a decrease in titratable acidity (TA), and changes in skin color [8]. The SS content and TA, along with the relationship between them, also known as the maturation index (MI) or ratio (SS/TA), are considered the main indicators of harvest quality [9,10,11]. MI represents the balance between the content of sugars and organic acids in fruit, is associated with juice taste, and is widely used by the processing industry as an indicator of maturation and internal quality of fruit [7,12]. MI is considered when adjusting harvest-to-fruit destinations, either for fresh fruit markets or processing, depending on the demand from the importing country. Thus, analyzing these indicators throughout the ripening process allows for the establishment of optimal harvesting time and, consequently, improved quality of fruit for the production sector.



In citrus and other fruit species, including grapes (Vitis spp.) and apples (Malus domestica), grafting is a well-developed technique which combines a scion and a rootstock to form a new tree with a blend of characteristics, and the interaction between the rootstock and scion in a grafted tree is based on various physiological parameters [13,14,15,16]. In addition, the ripening of orange fruit is strongly influenced by the climatic conditions of the growing region [6,8,17]. The rootstock can manipulate a grafted citrus tree in many ways. It can induce tolerance or resistance to soil-borne stresses and diseases while manipulating horticultural attributes, such as tree size, yield, nutrient uptake, water potential, and fruit quality, including the development of ripening, color of skin and juice, SS and TA contents, and other juice characteristics [18,19]. Moreover, selection of an appropriate graft combination should prioritize those that provide better fruit quality to meet the demands of the orange juice industry.



The search for new rootstocks that positively affect the characteristics of sweet oranges has led to the introduction of hybrids of ‘Trifoliata’ [Poncirus trifoliata (L.) Raf.] with mandarin (Citrus reticulata Blanco) or grapefruit (Citrus paradisi Macf.), also known as citrandarins and citrumelos, respectively. These have been evaluated as alternatives for the diversification of rootstocks in Brazil and several other countries [20,21,22,23]. Among the alternatives are ‘US-852’, ‘IPEACS-256’, and ‘IPEACS-264’ citrandarins and ‘Swingle’ and ‘F.80–3’ citrumelos [20,23,24,25,26,27,28,29].



When grafted on ‘Trifoliata’ hybrid rootstocks, orange trees produce high-quality fruit with desirable attributes for the juice industry, such as high SS content and juice yield [20,23,30,31,32,33]. ‘Swingle’ is the best-known citrumelo in Brazil and globally. It is among the main rootstocks used for diversifying orange groves, providing scions with high-quality fruit, increased juice yield, SS content and yield, and reduced scion vigor [21,30].



Analysis of orange fruit ripening development enables the identification of groups of scion/rootstock combinations with different physicochemical characteristics and harvest dates, permitting improved planning of the establishment of new orchards for producing high-quality orange juice [17,34]. Thus, it is possible to establish the optimal harvest point for each scion/rootstock combination within specific regions [35]. Therefore, we aimed to assess the ripening development of ‘Valencia’ oranges when trees are grafted on different ‘Trifoliata’ hybrid rootstocks grown in different subtropical locations.




2. Materials and Methods


2.1. Locations and Plant Material


The fruit ripening development of ‘Valencia’ orange tree clone IAC [Citrus sinensis (L.) Osb.] grafted on different ‘Trifoliata’ [Poncirus trifoliata (L.) Raf.] hybrid rootstocks was assessed, and the experiment included the following rootstocks: ‘US-852’, IPEACS-256, and IPEACS-264 citrandarins [Citrus reticulata Blanco × P. trifoliata (L.) Raf.]; F.80-3 and ‘W-2’ citrumelo; ‘Swingle’ citrumelo (considered as control) [Citrus paradisi Macf. × P. trifoliata (L.) Raf.].



The work was assessed concomitantly in three humid subtropical areas without a dry season in the State of Parana, Brazil, as follows: Rancho Alegre (RA) (23°03′15″ S, 50°55′50″ W, elevation 380 m a.s.l.); São Sebastião da Amoreira (SSA) (23°24′47″ S, 50°43′45″ W, elevation 650 m a.s.l.); and São Jerônimo da Serra (SJS) (23°44′04″ S, 50°52′32″ W, elevation 835 m a.s.l.). The three locations were chosen because they represent different citrus growing conditions in this subtropical region.



According to the Köppen classification, the climate of the RA and SSA locations is Cfa with hot summers, whereas that of the SJS location is Cfb with temperate summers [36]. The higher the elevation of the location, the greater the thermal amplitude, which is the variation of the air temperature between day and night. The average annual rainfall at the RA and SSA locations is 1300 mm, and the average temperatures are 22.1 and 21.1 °C, respectively. At the SJS location, the average rainfall is 1500 mm, and the average temperature is 20.1 °C. The relative humidity is between 75 and 80%, with higher rainfall during spring and summer [37].



The budded trees were transplanted into the trials in mid-summer 2013 at commercial field sites, with a spacing of 6.0 × 2.5 m (between-row × in-row) and were non-irrigated. A completely randomized block design with four replications of each rootstock and four trees per replicate plot was used as a statistical model for each location. In each plot, the two outer trees were considered side borders, and the two inner trees were subjected to evaluations. The rootstock trial plantings were adjacent to a commercial orchard of ‘Valencia’ orange trees, and the management of the trial blocks was the same as the contiguous commercial blocks.



The ‘US-852’ citrandarin used in these trials is a cross between the ‘Changsha’ mandarin and the ‘English Large’ trifoliate created by Joe Furr at Indio, California, USA in 1965, officially released in 1999 by Kim D. Bowman of the USDA/ARS/HRL, Fort Pierce, FL, USA [25,27]. It was introduced to Brazil in 1982 through deposition into the Active Germplasm Bank (Banco Ativo do Germoplasma-BAG) at the Sylvio Moreira Citriculture Center, Agronomic Institute of Campinas (Centro de Citricultura Sylvio Moreira, Instituto Agronômico de Campinas-CCSM/IAC), Cordeirópolis, SP under access code #1454.



The IPEACS-256 citrandarin is a cross between the ‘Cleopatra’ mandarin and the ‘English’ trifoliata, with no official record of its origin or the breeder responsible for obtaining it. It was first made available by the former Research and Agricultural Experimentation Institute of Central-South Region (Instituto de Pesquisas e Experimentação Agropecuária do Centro-Sul-IPEACS), Itaguaí, RJ, Brazil. It was introduced in 1975 through deposition into the BAG of CCSM/IAC under access code #1483. The IPEACS-264 citrandarin is a cross between the ‘Sunki’ mandarin and the ‘English’ trifoliata, and also does not have any official record of its origin. It was first made available by the former IPEACS and was introduced in 1970 through deposition to the CCSM/IAC BAG under access code #1628. However, the IPEACS-256 and IPEACS-264 citrandarins were referred to as ‘Indio’ and ‘Riverside’, respectively [38].



The F.80-3 citrumelo is a cross, originally performed in 1955 by Mortimer Cohen at the Indian River Field Laboratory, Fort Pierce, FL, USA [39], and was introduced through deposition into the BAG of CCSM/IAC in 1990 under access code #1460. The ‘W-2’ citrumelo is another hybrid of USA origin and was introduced into the BAG of CCSM/IAC in 1990 under the access code #1455.



The ‘Swingle’ citrumelo is a cross between the ‘Duncan’ grapefruit and ‘Trifoliata’, performed in 1907 by Walter T. Swingle of the USDA, Eustis, FL, USA [20]. The acronym, CPB4475, was first used and the fruit was only officially released in 1974 under the name ‘Swingle’ in honor of its creator [39]. It was introduced into the BAG of CCSM/IAC in 1990 under access code #401.



All citrandarins and citrumelos evaluated in the present study were introduced into the BAG of CCSM/IAC by the researcher Jorgino Pompeu Jr. The nursery trees of the different scion/rootstock combinations used in the present study were produced by Pratinha Citrus Nurseries, a certified nursery of citrus trees located in Paranavaí, PR, and the propagation material was provided by CCSM/IAC, Cordeirópolis, SP.




2.2. Physicochemical Analysis of Fruits


The fruit samples were collected during the 2017 and 2018 seasons, and the analyses were performed at the Citrus Laboratory of Cooperativa Integrada Agroindustry processing plant, located at Uraí, PR. The fruit ripening development of ‘Valencia’ orange trees grafted on each rootstock was assessed monthly by collecting samples of 16 fruits from each plot. Fruit samples were juiced using an FMC citrus juice extractor, and juice quality was analyzed using standard laboratory methods. The evaluations began approximately 200 days after the beginning of flowering when the fruit were approximately 90% of their final size, which corresponds to phenological stage #79 according to the BBCH phenological growth stages and identification keys for citrus trees [40]. The zero time was defined for the first fruit sampling (late summer), extending until fruit harvest (early spring), totaling seven monthly samplings from March to September. The samples were randomly collected from the periphery of the trees between 1.0 and 2.0 m from the soil, with one fruit collected from each quadrant of each evaluated tree. At the SJS location, only the ‘Swingle’ and ‘W-2’ citrumelos were evaluated as the fruit production of trees grafted on the other rootstocks was insufficient for evaluation.



Aiming at assessing the effect of the different rootstocks on ripening development of ‘Valencia’ orange fruits at each location independently, the samples were submitted to physicochemical analysis, such as the SS contents, TA, and MI (or SS/TA) of the juice, as well the color of fruit skin by means of the citrus color index-CCI.



SS content was determined by direct reading of the juice on a refractometer (model PAL-ALPHA, Atago®, Tokyo, Japan) with automatic temperature compensation, and the result was expressed in °Brix. The TA was determined by titration of 25 mL of juice with 0.1 N NaOH solution, with the endpoint adjusted to pH 8.2, and the result was expressed as the percentage of citric acid [41]. The MI was calculated as SS/TA. MI = 14 was considered the ideal mean (MIim) for processing ‘Valencia’ oranges, either for the production of FCOJ or NFC orange juice [42].



The CCI was determined using a digital color reader (model CR10 Plus, Konica-Minolta, Tokyo, Japan) to obtain the variables, L*, a*, and b*. Readings were performed on the outer equatorial part of the skin of eight fruit per plot. These variables were then used to calculate the CCI using the formula: CCI = (1000 × a*)/(L* × b*). The CCI values below −7 represent green with increased intensity and more negative values. Values ranging from −7 to 0 represent shades starting from light green, passing through yellowish-green, and reaching pale yellow, and values between 0 and 7 represent shades ranging from pale yellow to orange. Values above 7 represent orange, which rose in intensity as CCI increased. The time when CCI = 0 corresponds to the color of the fruit skins beginning to change from green to pale yellow [43]. Figure 1 illustrates the development of the CCI of fruits of ‘Valencia’ orange according to different stages of ripening.




2.3. Statistical Analyses


The data sets of SS, TA, MI, and CCI, obtained from the monthly samplings from each of the three locations, were analyzed independently in a two-way analysis of variance (ANOVA) involving rootstocks in a split plot array in time (days) to allow the assessment of the significance of the main effects. Means were compared by Tukey’s honestly significant difference (HSD) test at p < 0.05. To determine the effect of the ‘Trifoliata’ hybrid rootstocks on fruit ripening development of ‘Valencia’ orange at each location, a regression analysis was carried out. The model with the best fit was determined considering the coefficient of determination (R2), which was adjusted to the number of parameters using the SISVAR software [44] and R [45]. Next, the number of days was predicted so that fruits of ‘Valencia’ orange trees on each rootstock reached MIim = 14 and CCI = 0 at the three locations.





3. Results and Discussion


At the RA location, significant differences among the ‘Trifoliata’ hybrid rootstocks were observed for SS, MI, and CCI of ‘Valencia’ orange fruit (Table 1). An effect of time (in days) for all variables analyzed was also observed. For SS content, significant differences were observed after 60 days of the beginning of the evaluations, and the rootstocks IPEACS-256 and ‘US-852’ citrandarins had the highest means until the last evaluation (Table 2). A similar pattern was observed for MI, and during the last evaluation, the ‘US-852’ citrandarin exhibited the highest mean, and the ‘Swingle’ citrumelo the lowest (Table 2). Regarding the CCI, differences among rootstocks were also observed from the 60th day after the beginning of the evaluations, and on the last day, the IPEACS-256 citrandarin had the highest mean, and the citrumelos had the lowest (Table 2).



At the SSA location, the effect of the different ‘Trifoliata’ hybrid rootstocks on ‘Valencia’ orange fruits was observed for SS, MI, and CCI (Table 3). A significant interaction between rootstocks and time in days was only verified for SS content. For this juice characteristic, the differences were observed after 90 days from the beginning of the evaluations, and for the last one, the highest means were noted when the trees were grafted on ‘US-852’, IPEACS-256, and IPEACS-264 citrandarins (Table 4).



Regarding MI, the ‘US-852’ citrandarin had the highest mean among the evaluations (Table 4). The effect of the rootstocks on the CCI of orange skins was observed during harvest, where the ‘US–852’ and IPEACS-256 citrandarins resulted in the highest means, and the ‘Swingle’ citrumelo the lowest (Table 4).



At the SSJ location, there was no significant effects of rootstocks on ‘Valencia’ orange fruits for all variables evaluated (Table 5 and Table 6). However, the effect of the time in days was significant, but it must be noted that, at this location, only the ‘W–2’ and ‘Swingle’ citrumelos were assessed as the fruit production of trees grafted on the other ‘Trifoliata’ hybrid rootstocks was inadequate for evaluation.



Considering the regression analysis of the fruit ripening development of ‘Valencia’ orange grafted on different Trifoliata hybrid rootstocks, the SS content exhibited an increasing pattern, adjusting to the quadratic model for all three locations (Figure 2A, Figure 3A and Figure 4A). The TA development of fruit was better adjusted by the linear regression model with decreasing values for all locations and all evaluated rootstocks. The ‘Trifoliata’ hybrid rootstocks induced very similar TA values throughout the ripening period (Figure 2B, Figure 3B and Figure 4B).



The MI of the ‘Valencia’ fruits of the three locations all demonstrated increasing development, and this characteristic of maturation was better adjusted to the linear model (Figure 5A, Figure 6A and Figure 7A). Moreover, the CCI of ‘Valencia’ orange fruits at all three locations assessed also increased over time and was better adjusted to the quadratic model (Figure 5B, Figure 6B and Figure 7B).



At the RA location, a subtropical region with a hot summer and at low elevation (380 m a.s.l.), the fruits of trees grafted on ‘US-852’ citrandarin reached the MIim earlier than the other ‘Trifoliata’ hybrid rootstocks, in an estimated period of 158 days after the beginning of the evaluations, followed by IPEACS-256 citrandarin, F.80-3 citrumelo, IPEACS-264 citrandarin, ‘W-2’ and ‘Swingle’ citrumelos (162, 173, 182, 182, and 187 days, respectively) (Figure 5A). The earliest estimated period that fruits changed skin color from green to pale yellow, corresponding to a CCI = 0, was also observed when the orange trees were grafted on ‘US-852’ citrandarin, with an estimated period of 107 days after the beginning of the evaluations, followed by IPEACS-256 and IPEACS-264 citrandarins, and F.80-3, ‘W-2’, and ‘Swingle’ citrumelos (110, 124, 135, 136, and 141 days, respectively) (Figure 5B). At this location, considering the MIim, the main characteristic for fruit processing, the evaluated rootstocks strongly influenced the ripening of ‘Valencia’ oranges, with a maximum variation of 29 days from the earliest (‘US-852’ citrandarin) to the latest (‘Swingle’ citrumelo) ripening.



At the SSA location, a subtropical region with a hot summer and at an intermediate elevation (650 m a.s.l.), the MIim of ‘Valencia’ fruits was also reached earlier when grafted on ‘US-852’ citrandarin, with an estimated period of 177 days after the beginning of the evaluations (Figure 6A), followed by ‘Swingle’ and F.80-3 citrumelos, IPEACS-264 and IPEACS-256 citrandarins, and ‘W-2’ citrumelo (191, 192, 194, 194, and 202 days, respectively) (Figure 6A). The fruits of ‘Valencia’ orange trees grafted on the ‘Trifoliata’ hybrid rootstocks reached CCI = 0 in a smaller range, from 85 to 93 days (IPEACS-256 and ‘US-852’, respectively), except for the ‘Swingle’ citrumelo, which reached this index at 105 days after the beginning of the evaluations (Figure 6B).



At this location, considering the MIim, the rootstocks also influenced the development of ripening of ‘Valencia’ orange fruit, with a variation of 25 days from the earliest (‘US-852’ citrandarin) to the latest (‘W-2’ citrumelo) ripening.



At the SJS location, a subtropical region with temperate summers and at high elevations (835 m a.s.l.), the orange fruit did not reach the MIim for processing until the last evaluation. Nevertheless, according to the regression analysis, both ‘Swingle’ and ‘W-2’ citrumelos expressed a similar late ripening behavior, and the MIim was estimated to be reached at 254 days after the beginning of the evaluations (Figure 7A). On the other hand, under the specific weather conditions of this location, with temperate summer and wide temperature range, with warm days and mild nights, both ‘Swingle’ and ‘W-2’ citrumelos induced very early pale-yellow skin color (CCI = 0) of ‘Valencia’ orange fruits at 67 days after the beginning of the evaluations (Figure 7B).



Although external and internal ripening of orange fruits in general coincide, skin and pulp behave in many respects as separate organs and thus can be considered to undergo different physiological processes. Mature citrus pulp contains a very high percentage of water (85–90%) and many different constituents, including carbohydrates; organic acids; amino acids; vitamin C; minerals; and small quantities of lipids, proteins, and secondary metabolites, such as carotenoids, flavonoids, and volatiles [46].



SS comprises 10–20% of the fresh weight of the fruit and consists mainly of carbohydrates (70–80%) and relatively minor quantities of organic acids, proteins, lipids, and minerals [46]. The accumulation of SS content during the ripening period occurs in growth stage III of sweet oranges, also known as the stage of cell expansion, and it is characterized by a rapid increase in fruit size and SS content, lasting up to 6 months according to the region and growing conditions [8]. The rootstock plays an important role in fruit ripening because it can speed up or delay citrus tree development. In this work, it was shown that the ‘US-852’ and IPEACS-256 citrandarins anticipated ripening of fruits. In addition, in subtropical regions with hot summers and at low elevations, the duration of stage III can be anticipated to be 3 to 4 months, whereas in subtropical regions with temperate summers, this stage tends to be prolonged, extending up to 10 months. At the end of stage III, fruits tend to accumulate considerable SS content, which is determined by the climatic conditions of the growing regions, particularly water availability.



It is known that increasing rainfall during stage III may lead to a decrease in SS content by diluting the juice in response to excessive water absorption by trees [47,48]. Therefore, the decrease in the SS content of ‘Valencia’ orange fruits grafted on different rootstocks after reaching the maximum content, which is indicated by quadratic behavior, may have occurred because of the higher rainfall season during the period of SS accumulation in the three locations evaluated. This is a recurrent situation in the ripening of late orange varieties, such as ‘Valencia’, grown in subtropical regions, where considerable rainfall periods usually coincide with lower concentrations of these sugars.



Generally, fruits of ‘Valencia’ orange grown at the SJS location, with temperate summers, exhibited a slow decrease in TA during the maturation period. Some authors have reported that fruits grown in regions with hot summers tend to exhibit a rapid decrease in acidity compared with regions with temperate summers owing to the increased respiration rate [9,12,48,49].



Considering the MIim, the fruits of ‘Valencia’ orange trees grafted on different ‘Trifoliata’ hybrid rootstocks grown at the RA location presented early ripeness, with an estimated time to reach this phase from 158 to 187 days after the beginning of the evaluations when grafted on ‘US-852’ citrandarin and ‘Swingle’ citrumelo, respectively (Figure 2A). The same trend was observed for both rootstocks when the ‘Valencia’ orange trees were grown at the SSA location, but the estimated periods that these two rootstocks took to reach this phase were 177 and 191 days, respectively (Figure 2B). According to the regression model adjusted for the SJS location, late ripeness of fruits was observed, as the estimated time to reach the MIim ranged from 246 and 261 days after the beginning of the evaluations for ‘Swingle’ and ‘W-2’ citrumelos, respectively (Figure 4B).



Rootstocks have been demonstrated to change the ripening development of ‘Folha Murcha’ sweet orange [C. sinensis (L.) Osb.] by inducing different fruit harvest dates, and this difference may range from 8 to 28 days [17]. These authors also found that fruits grown in regions with higher temperatures reached full ripeness up to 92 days earlier. Under subtropical conditions with hot summers, orange fruits ripen and become marketable in a shorter period of time, whereas in milder climates, ripening takes longer [8,12]. Thus, this behavior corresponds to the ‘Valencia’ orange grown at the RA location, with early ripeness. Moreover, the rootstocks induced different harvest dates in ‘Valencia’ oranges, with emphasis on ‘US-852’ citrandarin grown in the RA and SSA locations.



Maximum and minimum temperatures differ even within a small interval between the latitudes of orange-producing areas, which may cause changes in fruit maturation and harvest dates as well as the behavior of scion varieties over each rootstock. Therefore, the ripening behavior found for ‘Valencia’ orange on ‘Trifoliata’ hybrid rootstocks in different subtropical growing scenarios is an important source of information for planning the marketing of fresh fruits or the industrial processing of fruits. In other words, the optimum date for harvesting can be estimated, helping to select the most appropriate rootstock genotypes according to production and processing from a commercial point of view.



The fruits of ‘Valencia’ orange trees grafted on ‘Trifoliata’ hybrid rootstocks grown at the RA location, with hot summers and low thermal amplitude during the ripening period, exhibited certain difficulty in terms of skin color change, remaining a shade of green for a long time, requiring an extended period from the beginning of the evaluations to reach CCI = 0, from 107 to 141 days (Figure 2B). When grown at the SSA and SJS locations, this period ranged from 93 to 105 days (Figure 3B) and from 64 to 69 days (Figure 3B), respectively.



The change in fruit skin color occurs due to the degradation of chlorophyll, which is responsible for the green color of fruits, and an increase in carotenoid pigments, which gives the fruit intense yellow and orange hues [50,51]. Color breaks in subtropical areas generally occur in mid-autumn when temperatures decrease, and day length diminishes. The decline in rind chlorophyll proceeds over several months, and the onset of carotenoid accumulation almost coincides with the disappearance of chlorophyll [46].



Air temperature has the greatest influence on the external color of oranges throughout maturation. Usually, the skin color of fruits grown in colder regions changes earlier. In contrast, with fruits grown in warm regions, changes occur later, and in some cases, the external color of the fruits may not develop satisfactorily [51,52,53]. Moreover, the genetic differences in rootstocks and their relationships with different scion varieties may influence the CCI [54,55,56], and it was shown in this work that citrandarins, in general, had higher CCI values than citrumelos.



Color is considered one of the most important external factors for the quality of orange fruits, as they are mainly marketed as fresh fruits, and the visual aspect of the product is considered an index of quality and maturation. However, skin maturation or morphological maturation does not always coincide with juice maturation in oranges grown in warmer tropical regions [7,12]. In addition, citrus is harvested based on internal quality (edibility), and skin changes have not been related to the best harvest times [57]. Although the ‘Valencia’ oranges grown at the SJS location underwent rapid development of CCI, it took a long time to reach the MIim, confirming that CCI should not be used as a ripening reference alone for juice processing when growing this variety in regions with temperate summers and at high elevations. The fruits grown at the RA location, correspondingly, took less time to reach the MIim, but reaching a CCI = 0 of the skin took a long time; thus, if the aim is to market fruit with a more attractive appearance, then it is necessary to extend the timing of harvest until they reach the desired skin color.



The ‘Valencia’ orange fruits grafted on ‘US-852’ or IPEACS-256 citrandarins grown in locations with hot summers presented an earliness characteristic, they reached the MIim over a short period when compared with the other rootstocks evaluated. These genotypes are, therefore, a robust option for anticipating fruit harvest in order for citrus processing plants to operate earlier, over a wider period of the year.



In general, the basic quality of orange juice is determined by the fruit processor, that is, by the quality of fruit juice accepted at the reception area. Subsequent processing steps cannot improve the main quality parameters of a given production batch, except by blending a particular juice with superior quality orange juice or concentrate. In extracted juice, the concentration of sugar typically varies from 9 °Brix for early season varieties to 12 °Brix for fruit harvested late in the season. However, citrus processors usually consider 11.8 °Brix and 11.0 °Brix as the minimum grade of orange juice for FCOJ and NFC, respectively, or an MI ranging from 12.5 to 20.5 for both [42,58]. MI offers a more comprehensive analysis of orange juice quality because it also considers its organic acid content. Nevertheless, the removal of acid from the juice, also known as deacidification, would also increase MI but is not permitted for orange juice in most countries [42,59]. Thus, the SS content in fact had a major impact on MI in these trials, as the ‘Trifoliata’ hybrid rootstocks had no influence on this juice characteristic (Table 1, Table 3 and Table 5). This range of MI permits processors to market different kinds of juices according to their consumer preference, but off-specification oranges are rejected to ensure robust quality juices. Thus, the monitoring of orange ripening when trees are grafted on different rootstocks at a given location is essential to improve juice quality.



Although earliness is a characteristic of the scion, the rootstock may change the ripening development of orange fruits [30,33,35]; thus, rootstock selection plays a crucial role in new citrus orchards. The rootstock is an important component of a healthy and productive citrus tree, influencing the fruit yield, fruit quality, tree size, and tolerance of diseases [60,61]. However, the selection of rootstocks in many growing countries has been based mainly on disease control.



Currently, in Sao Paulo State, Brazil, ‘Rangpur’ lime and ‘Swingle’ citrumelo are the main rootstocks, while in Florida, US, ‘Carrizo’ citrange and ‘Swingle’ citrumelo are the main rootstocks [62,63]. As demonstrated in this work, some citrandarin rootstocks, such as ‘US-852’ and IPEACS-256, are strong options for improving the quality of orange juice, and diversification is an important tool to avoid emerging and destructive diseases that put the citrus industry at risk.



The results of this study provide new information in terms of rootstock selection for ‘Valencia’ orange trees, taking into consideration the location, climatic conditions, and demands of each market, using certain important characteristics of orange fruit ripening development, such as the MIim and CCI.




4. Conclusions


The aim of this work was to assess the ripening development of ‘Valencia’ orange fruits when trees are grafted on different ‘Trifoliata’ hybrid rootstocks, grown in different subtropical locations, to obtain high-quality fruits. In general, the rootstocks influenced the main features of orange ripening, such as soluble solids content, maturation index, and citrus color index. At the RA location (380 m a.s.l), trees on IPEACS-256 and ‘US-852’ citrandarins had the highest SS and the ‘US-852’ citrandarin the highest MI, reaching the MIim earlier than the other rootstocks. The highest CCI was achieved when trees were on IPEACS-256 citrandarin. At the SSA location (650 m a.s.l.), trees on ‘US-852’, IPEACS–256, and IPEACS–264 citrandarins had the highest SS, but on ‘US-852’ had the highest MI, reaching the earliest MIim among the rootstocks. The highest CCI was achieved when trees were on‘US-852’ and IPEACS-256 citrandarins. At the SSJ location (835 m a.s.l.), there was no significant effect of rootstocks on ‘Valencia’ orange fruits for any of the variables evaluated. This assessment can be useful in the planning of new orchards producing high-quality fruits with desirable features for the orange juice industry.
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Figure 1. Representation of the development of the citrus color index (CCI) of ‘Valencia’ orange fruits when trees are grafted on different ‘Trifoliata’ hybrid rootstocks in different stages of ripening. 
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Figure 2. Development of ‘Valencia’ orange fruit ripening when trees are grafted on different ‘Trifoliata’ hybrid rootstocks at Rancho Alegre. (A): soluble solids (SS as °Brix); (B): titratable acidity (TA as %). Phenological stage BBCH #79 (Meier, 2001), approximately to 200 days after flowering. 
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Figure 3. Development of ‘Valencia’ orange fruit ripening when trees are grafted on different ‘Trifoliata’ hybrid rootstocks at Rancho Alegre. (A): maturation index (Mi) or ratio (SS/TA); (B): citrus color index (CCI). MIim = ideal mean maturation index = 14. Phenological stage BBCH #79 (Meier, 2001), approximately to 200 days after flowering. 
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Figure 4. Development of ‘Valencia’ orange fruit ripening when trees are grafted on different ‘Trifoliata’ hybrid rootstocks at São Sebastião da Amoreira. (A): soluble solids (SS as °Brix); (B): titratable acidity (TA as %). Phenological stage BBCH #79 (Meier, 2001), approximately to 200 days after flowering. 
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Figure 5. Development of ‘Valencia’ orange fruit ripening when trees are grafted on different ‘Trifoliata’ hybrid rootstocks at São Sebastião da Amoreira. (A): maturation index (MI) or ratio (SS/TA); (B): citrus color index (CCI). MIim = ideal mean maturation index = 14. Phenological stage BBCH #79 (Meier, 2001), approximately to 200 days after flowering. 






Figure 5. Development of ‘Valencia’ orange fruit ripening when trees are grafted on different ‘Trifoliata’ hybrid rootstocks at São Sebastião da Amoreira. (A): maturation index (MI) or ratio (SS/TA); (B): citrus color index (CCI). MIim = ideal mean maturation index = 14. Phenological stage BBCH #79 (Meier, 2001), approximately to 200 days after flowering.
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Figure 6. Development of ‘Valencia’ orange fruit ripening when trees are grafted on different ‘Trifoliata’ hybrid rootstocks at São Jerônimo da Serra. (A): soluble solids (SS as °Brix); (B): titratable acidity (TA as %). Phenological stage BBCH #79 (Meier, 2001), approximately to 200 days after flowering. 
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Figure 7. Development of ‘Valencia’ orange fruit ripening when trees are grafted on different ‘Trifoliata’ hybrid rootstocks at São Jerônimo da Serra. (A): maturation index (MI) or ratio (SS/TA); (B): citrus color index (CCI). MIim = ideal mean maturation index = 14. Phenological stage BBCH #79 (Meier, 2001), approximately to 200 days after flowering. 
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Table 1. Analysis of variance and mean squares of soluble solids (SS), titratable acidity (TA), maturation index (MI) or ratio, and citrus color index (CCI) over time of ‘Valencia’ orange fruits when trees are grafted on different ‘Trifoliata’ hybrid rootstocks at Rancho Alegre.
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	Sources of Variance
	Df z
	SS
	TA
	MI
	CCI y





	Blocks
	3
	0.2766
	0.0343
	1.64
	3.47



	Rootstocks (R)
	5
	5.11 **x
	0.0114
	4.86 **
	8.82 **



	Error A
	15
	0.364
	0.032
	0.95
	1.28



	Days (D)
	6
	45.43 **
	7.69 **
	415.07 **
	925.67 **



	R × D
	30
	0.3587 **
	0.0409
	0.72 **
	2.81 **



	Error B
	108
	0.1519
	0.0353
	0.57
	1.23



	CV 1 (%) w
	
	6.4
	12.6
	11.1
	4.3



	CV 2 (%)
	
	4.1
	13.2
	8.6
	4.2







z df: degrees of freedom. y Original data transformed into x + 30. x **: significant (p < 0.05). w CV = coefficient of variation.
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Table 2. Soluble solids, maturation index or ratio, and citrus color index of ‘Valencia’ orange fruits when trees are grafted on different ‘Trifoliata’ hybrid rootstocks at Rancho Alegre at different times after the phenological stage BBCH #79.
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Rootstocks

	
Soluble Solids–SS (°Brix)




	
Days after the Phenological Stage BBCH #79 z




	
0

	
30

	
60

	
90

	
120

	
150

	
180






	
‘US–852’ citrandarin

	
6.9b y

	
8.1a

	
9.1ab

	
10.1ab

	
10.8ab

	
11.3ab

	
10.7ab




	
IPEACS–256 citrandarin

	
7.9a

	
8.1a

	
9.9a

	
10.7a

	
11.5a

	
11.8a

	
11.4a




	
IPEACS–264 citrandarin

	
6.9b

	
8.0a

	
8.9b

	
9.8b

	
10.3b

	
10.5bc

	
9.6c




	
F.80–3 citrumelo

	
7.2ab

	
8.1a

	
8.9b

	
9.6b

	
10.4b

	
10.2c

	
9.3c




	
‘W–2’ citrumelo

	
7.1ab

	
7.8a

	
8.9b

	
9.3b

	
10.0b

	
10.3c

	
9.6c




	
‘Swingle’ citrumelo

	
6.7b

	
8.1a

	
9.2b

	
10.0ab

	
10.6ab

	
10.7bc

	
10.1bc




	

	
Maturation index–MI or ratio




	
0

	
30

	
60

	
90

	
120

	
150

	
180




	
‘US–852’ citrandarin

	
2.8a

	
4.9a

	
7.1a

	
9.2a

	
12.9a

	
13.3ab

	
14.8a




	
IPEACS–256 citrandarin

	
3.1a

	
4.7a

	
6.7a

	
8.9ab

	
12.6ab

	
13.3a

	
14.4ab




	
IPEACS–264 citrandarin

	
2.9a

	
5.1a

	
5.8a

	
7.3b

	
11.9ab

	
11.7b

	
13.7ab




	
F.80–3 citrumelo

	
3.4a

	
4.9a

	
6.6a

	
8.8ab

	
12.4ab

	
12.4ab

	
13.7ab




	
‘W–2’ citrumelo

	
3.4a

	
4.7a

	
6.8a

	
7.5ab

	
11.0b

	
12.3ab

	
13.8ab




	
‘Swingle’ citrumelo

	
3.1a

	
5.0a

	
6.2a

	
7.9ab

	
11.2b

	
11.9ab

	
13.1b




	

	
Citrus color index–CCI




	
0

	
30

	
60

	
90

	
120

	
150

	
180




	
‘US–852’ citrandarin

	
−11.8a

	
−11.3a

	
−5.2ab

	
−0.8ab

	
1.8a

	
3.2a

	
3.4ab




	
IPEACS–256 citrandarin

	
−12.5a

	
−12.5a

	
−3.9a

	
0.4a

	
0.8ab

	
3.8a

	
4.0a




	
IPEACS–264 citrandarin

	
−12.5a

	
−10.7a

	
−6.2b

	
−1.3ab

	
0.1ab

	
1.9ab

	
3.6ab




	
F.80–3 citrumelo

	
−10.7a

	
−10.9a

	
−4.5ab

	
−1.2ab

	
−0.4ab

	
1.0b

	
1.1c




	
‘W–2’ citrumelo

	
−12.2a

	
−11.0a

	
−6.5b

	
−2.2b

	
−0.7b

	
2.1ab

	
2.3bc




	
‘Swingle’ citrumelo

	
−12.5a

	
17.5a

	
−5.8ab

	
−2.2b

	
−0.1ab

	
1.6ab

	
1.7bc








z Approximately 200 days after flowering (Meier, 2001). y Means with the same letter are not significantly different from each other by Tukey´s honestly significant difference test at p < 0.05.
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Table 3. Analysis of variance and mean squares of soluble solids (SS), titratable acidity (TA), maturation index (MI) or ratio (SS/TA), and citrus color index (CCI) over time of ‘Valencia’ orange fruits when trees are grafted on different ‘Trifoliata’ hybrid rootstocks at São Sebastião da Amoreira.






Table 3. Analysis of variance and mean squares of soluble solids (SS), titratable acidity (TA), maturation index (MI) or ratio (SS/TA), and citrus color index (CCI) over time of ‘Valencia’ orange fruits when trees are grafted on different ‘Trifoliata’ hybrid rootstocks at São Sebastião da Amoreira.













	Sources of Variance
	df z
	SS
	TA
	MI
	CCI y





	Blocks
	3
	0.2887
	0.0343
	1.28
	0.20



	Rootstocks (R)
	5
	2.7578 **x
	0.01114
	1.77 **
	14.20 **



	Error A
	15
	0.3239
	0.032
	0.84
	2.11



	Days (D)
	6
	42.37 **
	7.69 **
	345.07 **
	948.43 **



	R × D
	30
	0.3597 **
	0.0409
	0.94
	1.72



	Error B
	108
	0.2270
	0.0353
	0.74
	1.96



	CV 1 (%) w
	
	6.0
	12.6
	11.4
	5.2



	CV 2 (%)
	
	5.0
	13.2
	10.7
	5.0







z df: degrees of freedom. y Original data transformed into x + 30. x **: significant (p < 0.05). w CV = coefficient of variation.













[image: Table] 





Table 4. Soluble solids, maturation index or ratio, and citrus color index of ‘Valencia’ orange fruits when trees are grafted on different ‘Trifoliata’ hybrid rootstocks at São Sebastião da Amoreira at different times after the phenological stage BBCH #79.






Table 4. Soluble solids, maturation index or ratio, and citrus color index of ‘Valencia’ orange fruits when trees are grafted on different ‘Trifoliata’ hybrid rootstocks at São Sebastião da Amoreira at different times after the phenological stage BBCH #79.





	
Rootstocks

	
Soluble Solids–SS (°Brix)




	
Days after the Phenological Stage BBCH #79 z




	
0

	
30

	
60

	
90

	
120

	
150

	
180






	
‘US–852’ citrandarin

	
7.1a y

	
8.0a

	
9.7a

	
10.4ab

	
10.9a

	
10.9ab

	
10.3a




	
IPEACS–256 citrandarin

	
7.5a

	
8.4a

	
10.0a

	
10.7a

	
10.9a

	
11.1ab

	
10.6a




	
IPEACS–264 citrandarin

	
7.1a

	
8.2a

	
9.1a

	
10.3ab

	
10.5a

	
10.1b

	
10.3a




	
F.80–3 citrumelo

	
7.4a

	
8.0a

	
9.4a

	
9.9ab

	
10.3a

	
10.3b

	
9.3bc




	
‘W–2’ citrumelo

	
6.8a

	
7.8a

	
9.4a

	
9.6b

	
10.2a

	
10.6ab

	
8.7c




	
‘Swingle’ citrumelo

	
7.2a

	
8.2a

	
9.6a

	
10.3ab

	
10.8a

	
11.3a

	
9.5bc




	

	
Maturation index–MI or ratio




	
0

	
30

	
60

	
90

	
120

	
150

	
180




	
‘US–852’ citrandarin

	
2.7a

	
5.2a

	
6.5a

	
7.9a

	
10.5a

	
12.6a

	
14.9a




	
IPEACS–256 citrandarin

	
3.5a

	
4.9a

	
5.4b

	
7.8a

	
11.1a

	
11.2b

	
13.0b




	
IPEACS–264 citrandarin

	
3.1a

	
4.4a

	
5.3b

	
8.0a

	
10.7a

	
11.8b

	
12.5b




	
F.80–3 citrumelo

	
3.1a

	
4.5a

	
5.5b

	
8.0a

	
9.4a

	
11.1b

	
13.2b




	
‘W–2’ citrumelo

	
3.0a

	
4.4a

	
5.2b

	
7.1a

	
10.0a

	
11.5b

	
12.4b




	
‘Swingle’ citrumelo

	
3.0a

	
4.7a

	
5.3b

	
7.6a

	
10.9a

	
10.8b

	
12.9b




	

	
Citrus color index–CCI




	
0

	
30

	
60

	
90

	
120

	
150

	
180




	
‘US–852’ citrandarin

	
−12.0a

	
11.4a

	
−3.0ab

	
0.7a

	
2.3a

	
3.7a

	
4.6a




	
IPEACS–256 citrandarin

	
−9.8a

	
−9.8a

	
−1.2a

	
0.9a

	
2.8a

	
4.0a

	
4.4a




	
IPEACS–264 citrandarin

	
−11.2a

	
−10.8a

	
−1.4a

	
1.5a

	
2.0a

	
3.2a

	
4.0ab




	
F.80–3 citrumelo

	
−10.7a

	
−10.5a

	
−1.6a

	
0.8a

	
1.8a

	
3.1a

	
4.1ab




	
‘W–2’ citrumelo

	
−10.9a

	
−9.1a

	
−2.2a

	
0.1a

	
1.3a

	
2.7a

	
3.4bc




	
‘Swingle’ citrumelo

	
−12.0a

	
−10.9a

	
−5.5b

	
−0.2a

	
1.0a

	
1.8a

	
2.2c








z Approximately 200 days after flowering (Meier, 2001). y Means with the same letter are not significantly different from each other by Tukey´s honestly significant difference test at p < 0.05.
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Table 5. Analysis of variance and mean squares of soluble solids (SS), titratable acidity (TA), maturation index (MI) or ratio (SS/TA), and citrus color index (CCI) over time of ‘Valencia’ orange fruits when trees are grafted on different ‘Trifoliata’ hybrid rootstocks at São Jerônimo da Serra.






Table 5. Analysis of variance and mean squares of soluble solids (SS), titratable acidity (TA), maturation index (MI) or ratio (SS/TA), and citrus color index (CCI) over time of ‘Valencia’ orange fruits when trees are grafted on different ‘Trifoliata’ hybrid rootstocks at São Jerônimo da Serra.













	Sources of Variance
	df z
	SS
	TA
	MI
	CCI y





	Blocks
	3
	0.2196
	0.1178
	1.1933
	2.70



	Rootstocks (R)
	1
	0.0460
	0.0240
	0.3600
	2.89



	Error A
	3
	0.213
	0.0393
	0.4400
	3.01



	Days (D)
	6
	19.32 **x
	2.0653 **
	67.49 **
	284.25 **



	R × D
	6
	0.405
	0.1057
	0.35
	1.63



	Error B
	36
	0.3193
	0.0651
	0.76
	2.38



	CV 1 (%) w
	
	4.6
	11.9
	9.8
	8.9



	CV 2 (%)
	
	5.7
	15.3
	12.8
	7.9







z df: degrees of freedom. y Original data transformed into x + 30. x **: significant (p < 0.05). w CV = coefficient of variation.
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Table 6. Soluble solids, maturation index or ratio, and citrus color index of ‘Valencia’ orange fruits when trees are grafted on different ‘Trifoliata’ hybrid rootstocks at São Jerônimo da Serra-SJS location at different times after the phenological stage BBCH #79.






Table 6. Soluble solids, maturation index or ratio, and citrus color index of ‘Valencia’ orange fruits when trees are grafted on different ‘Trifoliata’ hybrid rootstocks at São Jerônimo da Serra-SJS location at different times after the phenological stage BBCH #79.





	
Rootstocks

	
Soluble Solids–SS (°Brix)




	
Days after the Phenological Stage BBCH #79 z




	
0

	
30

	
60

	
90

	
120

	
150

	
180






	
‘W–2’ citrumelo

	
7.5a y

	
7.8a

	
9.7a

	
10.4a

	
11.2a

	
11.8a

	
10.9a




	
‘Swingle’ citrumelo

	
7.7a

	
8.0a

	
10.0a

	
10.7a

	
11.6a

	
11.1a

	
10.4a




	

	
Maturation index–MI or ratio




	
0

	
30

	
60

	
90

	
120

	
150

	
180




	
‘W–2’ citrumelo

	
3.7a

	
3.6a

	
5.0a

	
6.0a

	
8.4a

	
9.6a

	
10.6a




	
‘Swingle’ citrumelo

	
3.4a

	
3.7a

	
4.9a

	
7.0a

	
8.7a

	
9.8a

	
10.7a




	

	
Citrus color index–CCI




	
0

	
30

	
60

	
90

	
120

	
150

	
180




	
‘W–2’ citrumelo

	
−10.4a

	
−9.4a

	
−0.4a

	
3.4a

	
3.5a

	
4.0a

	
4.1a




	
‘Swingle’ citrumelo

	
−10.1a

	
−8.7a

	
−0.8a

	
2.4a

	
3.4a

	
3.8a

	
4.0a








z Approximately 200 days after flowering (Meier, 2001). y Means with the same letter are not significantly different from each other by Tukey´s honestly significant difference test at p < 0.05.
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