
ABSTRACT: The Pera sweet orange tree is the most cultivated scion variety in Brazil, mainly grafted onto Rangpur lime rootstock. Despite 

its drought tolerance, Rangpur lime is susceptible to various citrus diseases. More recently, trifoliate orange and its hybrids have been used 

as alternative rootstocks, but most genotypes are graft-incompatible with Pera. In this study, we assessed the long-term performance of 

Pera IAC sweet orange, which is a pre-immunized clone against citrus tristeza virus, grafted onto 11 trifoliate orange-derived rootstocks, 

one somatic hybrid and the standard Rangpur lime. The experiment was installed in Bebedouro, SP, Brazil, in February 2011, in a rainfed 

regime. The design was completely randomized with 13 treatments, 10 replications and one tree in the plot. Changsha × English Large 

(IAC 1711) citrandarin rootstock conjugated the tallest trees, high cumulative yield, and good drought tolerance up to 2020, followed by 

Rangpur lime and tetraploid citranges. The Flying Dragon trifoliate orange and tetraploid Carrizo citrange (IAC 387) rootstocks induced the 

highest content of soluble solids and acidity in Pera oranges. At 9 years old, four citrandarins, a citradia and one somatic hybrid rootstocks 

were graft-incompatible with Pera IAC sweet orange. All scion/rootstocks’ combinations were affected by huanglongbing. The IAC 1711 

citrandarin, tetraploids Troyer (IAC 385) and Carrizo (IAC 387) citranges and Flying Dragon trifoliate orange have potential as graft-compatible 

rootstocks of Pera IAC, but evaluations should continue in the long term. In addition, the later rootstock must be evaluated in irrigated high-

density orchards aiming at competitive yields. 
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INTRODUCTION

Brazil stands as the world’s leading producer of sweet oranges, commanding a substantial share of over 80% in global orange 
juice exports (USDA 2023). Among the diverse sweet orange varieties, Pera [Citrus × sinensis (L.) Osbeck] takes center stage. 
Pera sweet oranges yielded 98.95 million boxes (40.8 kg each), accounting for 32% of the total production in 2022 (Fundecitrus 
2023a). Characterized by mid-season maturity, high juice content, and an ideal balance between solids and acidity, these fruits 
are suitable for both industrial juice processing and the domestic fresh fruit market (Bastos et al. 2014). However, Pera sweet 
orange is vulnerable to the citrus tristeza virus (CTV), even when grafted onto tolerant rootstocks (Müller and Costa 1991).

The Rangpur lime (Citrus × limonia Osbeck) is the primary rootstock grafted with Pera sweet orange in Brazil. Its merits 
encompass high productivity, early maturity, and resistance to drought and CTV (Pompeu Junior 2005). Nevertheless, 
susceptibility to blight, foot-rot gummosis, nematodes, and citrus sudden death (Bové and Ayres 2007, Pompeu Junior 
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2005) has paved the way for other rootstocks to gain prominence in the Brazilian citriculture. Examples include Swingle 
citrumelo [C. × paradisi Macfadyen × Poncirus trifoliata (L.) Raf.] and Sunki mandarin [C. sunki (Hayata) hort. ex Tanaka], 
esteemed for their tolerance to most of these diseases (Pompeu Junior 2005, Bové and Ayres 2007, Castle and Stover 2000).

Besides these alternatives, selected trifoliate orange hybrids have demonstrated superior yield and fruit quality when 
grafted with Pera sweet orange. However, trifoliate orange-like types often exhibit symptoms of graft incompatibility with 
this scion variety (Pompeu Junior 2005, Pompeu Junior and Blumer 2014, Schinor et al. 2013, Cristofani-Yaly et al. 2007, 
Ribeiro et al. 2021). Adequate graft compatibility between scion and rootstock genotypes is a pivotal criterion in selecting 
new cultivars. This selection unfolds over several years and hinges on a complex interplay of biochemical and anatomical 
factors influenced by environmental and management conditions (Pompeu Junior 2005, Castle 2010, Raiol-Junior et al. 
2022). Therefore, evaluating this trait becomes indispensable in the quest for new citrus rootstocks.

Adding to the array of challenges facing the citrus industry is the menace of huanglongbing (HLB), also known as 
greening disease. HLB has affected orchards in the state of São Paulo citrus belt, inflicting an average incidence of 38.06% 
in 2023, reaching 77.22 million symptomatic trees. In the Bebedouro region, our focal point in this study, the percentage of 
infected trees was 22.37% (Fundecitrus 2023b). One of the telltale symptoms of HLB, beyond the visible canopy effects like 
yellow mottling, is a reduction in fibrous roots. These symptoms render trees more susceptible to environmental stresses, 
particularly water stress (Graham and Johnson 2013, Atta et al. 2020). Since the root system is determined by the rootstock, 
some genotypes mainly derived from P. trifoliata may influence the incidence and severity of HLB under specific field 
conditions, albeit being susceptible to the disease (Albrecht and Bowman 2012, Rodrigues et al. 2020, Kunwar et al. 2021).

In this context, our study aimed to comprehensively assess tree size, fruit production and quality, drought tolerance, 
accumulated HLB incidence, and the occurrence of graft incompatibility. We conducted this investigation over nine years, 
using Pera IAC sweet orange grafted onto 13 distinct rootstocks in rainfed cultivation in the northern São Paulo state, Brazil.

MATERIAL AND METHODS

Experimental location and climate

The experiment was carried out in Bebedouro, northern São Paulo state, Brazil (20°53’16’’S, 48°28’11’’W, 601 m a.s.l.). 
According to the Köppen-Geiger classification, the local climate is subtropical mountain type with a dry season (Cwa). 
Average temperatures ranged from 17.10 to 29.85°C, and the annual mean rainfall was 1,238 mm in the evaluation period. 
The soil in this area is classified as Red oxisol, dystrophic, hypoferric, with a medium texture (Embrapa 2006), and its 
chemical attributes are detailed in Table 1.

Table 1. Chemical attributes of the soil in the 0–20 cm layer at the experimental area in Bebedouro, northern São Paulo state, Brazil, 2020/21.

O.M.
(g·dm-3)

pH
(CaCl2)

P-resin 
(mg·dm-3)

K+ Ca2+ Mg2+ H+Al SB CEC BS
(%)------------------------------------ (mmolc·dm-3) -------------------------------------

18 5.5 22 3.90 26 13 21 42.9 63.9 67

O.M.: organic matter; H+Al: potential acidity; SB: sum of bases; CEC: cation exchange capacity; BS: base saturation.

Plant material, experimental setup, and maintenance

A total of 13 rootstock varieties was sourced from the Active Germplasm Bank of the “Sylvio Moreira” Citrus Center 
(IAC) and the collection of the “Luiz Queiroz” College of Agriculture at the Universidade of São Paulo (Table 2). Most 
genotypes were trifoliate orange hybrids or selections that have previously demonstrated good performance with Valencia 
sweet orange in Brazil (Pompeu and Blumer 2009, 2011. Stuchi et al. 2012), and the Rangpur lime was the control (standard 
variety). All trees were grafted with Pera IAC sweet orange, a clone that is pre-immunized with mild strains of CTV. Planting 
took place in February 2011 at a spacing arrangement of 6 m × 2.5 m under rainfed conditions. The experimental design 
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was a completely randomized design, comprising 13 treatments, each replicated 10 times, with one tree per plot. This setup 
minimized edge effects for evaluating cumulative HLB incidence (Rodrigues et al. 2020).

Table 2. Rootstock variety name, species or parents, and tree size classification of 13 citrus rootstock genotypes grafted with Pera IAC sweet 
orange in Bebedouro, northern São Paulo state, Brazil.

Rootstock variety name Species/Parents Tree size 
classification*

Clementina × trifoliate (IAC 1615) citrandarin Citrus × clementina hort. ex Tanaka × Poncirus trifoliata (L.) 
Rafinesque Semi-standard

Cleopatra × Swingle (IAC 715) citrandarin C. reshni hort. ex Tanaka × P. trifoliata Semi-standard

Cleopatra × Swingle (IAC 1614) citrandarin C. reshni × P. trifoliata Semi-dwarfing

Cleopatra × Rubidoux (IAC 1600) citrandarin C. reshni × P. trifoliata Semi-standard

Cleopatra × Christian (IAC 712) citrandarin C. reshni × P. trifoliata Semi-standard

Smooth Flat Seville × Argentina (IAC 1708) citradia C. × aurantium SFS L. × P. trifoliata Semi-standard

Tetraploid Troyer (IAC 385) citrange C. × sinensis (L.) Osbeck × P. trifoliata Standard

Tetraploid Carrizo (IAC 387) citrange C. × sinensis × P. trifoliata Semi-standard

Flying Dragon trifoliate orange P. trifoliata (L.). Rafinesque cv. monstrosa (T. Ito) Swingle Dwarfing

Sunki × Benecke (IAC 1697) citrandarin C. sunki (Hayata) hort. ex Tanaka × P. trifoliata Semi-standard

Changsha × English Large (IAC 1711) citrandarin C. reticulata Blanco × P. trifoliata Standard

Rangpur lime C. ×limonia (L.) Osbeck Standard

Rhode Red sweet orange + Volkamer lemon 
somatic hybrid C. ×sinensis + C. ×volkameriana (Risso) V. Ten. & Pasq. Semi-dwarfing

*According to the following publications: Domingues et al. (2021) and Vitória et al. (2023).

The average annual fertilization from 2011 to 2020 was 90.5 kg.ha-1 of nitrogen (N), 47.2 kg.ha-1 of phosphorus pentoxide 
(P2O5), 88.2 kg.ha-1 of potassium oxide (K2O), and 2.5 t.ha-1 of limestone. The fertilization program and other cultural practices 
adhered to the recommendations for sweet orange cultivation in São Paulo state (Mattos Junior et al. 2014). 

During the assessment period, Diaphorina citri was naturally present in the area, prompting the implementation 
of a strategy involving a combination of foliar spraying and rotation of chemical groups (thiamethoxam, dimethoate, 
imidacloprid, acetamiprid, thiamethoxam + lambda-cyhalothrin, lambda-cyhalothrin + chlorantraniliprole, etofenprox, 
cypermethrin, carbamazepine, deltamethrin, azadirachtin, formetanate hydrochloride, and bifenthrin) at intervals of 15 
to 20 days, occasionally extending to 30-day intervals, to manage its population. 

Tree size 

Tree size was evaluated post-harvest in 2017, 2019, and 2020. The tree height (m) and average diameter (m) of the canopy 
were obtained using a topographic ruler (Orient, 5 m, Tokyo, Japan). Scion volume (m3) was calculated based on Eq. 1: 

     V = (2/3) × π × r² × h  (1)

where: r: the average canopy radius (m); h: the tree height (m) (Schinor et al. 2013). 
Only tree size recorded nine years after planting is presented.

Yield, production efficiency and fruit quality

Every harvest, the total fruit load per tree was manually collected and put in a bag. Annual fruit production (kg.tree-1) 
was determined through weighing using a digital scale (Líder, PR30, São Paulo, SP, Brazil) during the harvests spanning 
2014 to 2020, and mean yield was calculated. The production efficiency of the canopy was calculated as the quotient of the 

https://creativecommons.org/licenses/by/4.0/deed.en


4

L. N. Silva et al.

Bragantia, Campinas, 84, e20240094, 2025

fruit production per plant by the canopy volume, expressed in kg.m-3, during the 2017, 2019, and 2020 harvests. The early 
bearing index was calculated as the ratio of the first two yields to the cumulative yield (Cantuarias-Avilés et al. 2011). The 
alternate bearing index (ABI) was calculated from 2014 to 2020, using Eq. 2:

         ABI = 1/(n − 1) × {|a2 − a1|/(a2 + a1) + |a3 − a2|/(a3 + a2) + … + |an − an−1|/(an+an−1)}  (2)

where: n: number of years; a1, a2, …, an−1, an: yield of the corresponding years (Stenzel et al. 2003).
Fruit quality assessments were conducted during the 2019 and 2020 harvests. Samples of six fruits per tree were collected 

from the median position around the scion on five randomly selected trees per rootstock, treated as replications for fruit quality 
analysis. Fruits were weighed (kg) using a digital scale (Filizola, MF-6, São Paulo, SP, Brazil) and measured for longitudinal and 
equatorial diameter (cm) using a gutter-type ruler. Juice was mechanically extracted using a point-of-sale extractor (Otto, 1800, 
OIC, Limeira, AP, Brazil), with subsequent determination of juice content (JC = juice mass/fruit mass × 100). Total soluble solids 
(TSS) content was measured using a portable digital refractometer (MA871, Milwaukee, Rocky Mount, United States of America), 
and titratable acidity (TA) was determined by titration with sodium hydroxide (0.3125 N). The maturity index (ratio) was computed 
as the ratio of TSS/TA. The technological index (kg SS 40.8 kg.box-1) was calculated using Eq. 3 (Di Giorgi et al. 1990): 

    TI = (JC × TSS) × 40.8 / 10.000  (3)

Drought tolerance, graft compatibility, huanglongbing cumulative incidence, and tree survival

Drought tolerance assessments were conducted during August and September, the months of the greatest accumulated 
water deficiency, in both 2014 and 2020. Visual scores ranging from 1 (lowest water deficiency tolerance) to 3 (highest water 
deficiency tolerance) were assigned based on the intensity of leaf curling and its distribution across the canopy (Cantuarias-
Avilés et al. 2011). The data represent the average scores of 10 plants from each rootstock in each year (2014 and 2020). 
Meteorological data were daily recorded by an automated station in the experimental location (CR-10, Campbell Scientific, 
Logan, United States of America) for 90 days prior to evaluation in each year. Data on the cumulative rainfall, cumulative 
water deficit, and the number of days with air temperature ≥ 32°C were presented to characterize drought conditions during 
evaluations. The water deficit (mm) and actual evapotranspiration (mm) (water balance) were determined as proposed by 
Thornthwaite and Mather (1955), considering an available water capacity of 100 mm. 

Graft compatibility between scion and rootstock was assessed in May 2014 and December 2020 through visual observations 
of plant symptoms, which included chlorotic leaves, leaf fall, tree size reduction, and morphological changes in the grafting 
region. In this case, a strip of bark measuring 3 cm in width was removed using a pocketknife, from 5 cm above to 5 cm 
below the grafting line per tree. A visual grading system adapted from Müller et al. (1996) was employed: 

1. Compatibility, by the absence of necrotic line between scion and rootstock nor other symptoms; 
2. Partial compatibility, by the presence of a faint line between scion and rootstock, but absence of other symptoms; 
3.  Incompatibility, by the presence of pronounced necrotic line, with or without presence of resin, between scion and 

rootstock, and other symptoms in the tree (Fig. 1). 
Following these assessments, the percentage distribution of the evaluated trees was determined according to the assigned 

grades for each rootstock.
Between February 2015 and May 2020, the experimental trial was subject to bi-monthly inspections conducted by trained 

inspectors to identify trees exhibiting visual symptoms of HLB, and infection was confirmed by quantitative polymerase 
chain reaction (qPCR). Leaf mottling and other disease manifestations, such as yellow shooting, small mishappen fruit, 
aborted seeds and fruit drop, were observed. Previously, inspections were done quarterly by field works. Infected trees were 
removed after each scouting, but not immediately upon detection. The cumulative incidence of HLB-symptomatic trees in 
the period was calculated as a percentage by the relation between the cumulative number of HLB-symptomatic trees (positive 
qPCR) and the total number of trees for each rootstock. Tree survival was calculated by the ratio between the cumulative 
number of dead trees at the end of the experiment and the total initial number of trees per rootstock.
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Figure 1. Visual compatibility in the grafting region of the Pera IAC sweet orange grafted onto 13 rootstocks at nine years after rainfed planting 
in Bebedouro, northern São Paulo state, Brazil. 1) Clementina × trifoliate (IAC 1615) citrandarin; 2) Cleopatra × Swingle (IAC 715) citrandarin; 3) 
Cleopatra × Swingle (IAC 1614) citrandarin; 4) Cleopatra × Rubidoux (IAC 1600) citrandarin; 5) Cleopatra × Christian (IAC 712) citrandarin; 6) 
Smooth Flat Seville × Argentina (IAC 1708) citradia; 7) Tetraploid Troyer (IAC 385) citrange; 8) Tetraploid Carrizo (IAC 387) citrange; 9) Flying 
Dragon trifoliate orange; 10) Sunki × Benecke (IAC 1697) citrandarin; 11) Changsha × English Large (IAC 1711) citrandarin; 12) Rangpur lime; 
13) Rhode Red sweet orange + Volkamer lemon somatic hybrid.

Statistical analyses

Tests for homoscedasticity (Levene 1960) and normality (Shapiro and Wilk 1965) were applied. Data were submitted to 
an analysis of variance using the F test, and the means were subsequently grouped based on statistical significance using the 
Scott-Knott’s test (p ≤ 0.05). Analyses considered any lost plot within the dataset. Furthermore, the means of the variables 
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mean productive efficiency, and ABI were compared by the Tukey’s test (p ≤ 0.05). The means of the variables water deficit 
tolerance, graft compatibility, and HLB incidence underwent non-parametric analysis via the Kruskal-Wallis’ test (Kruskal 
and Wallis 1952) and were subsequently grouped based on the statistical significance by the Scott-Knott’s test (p < 0.05). 
All statistical analyses were conducted using the SISVAR 5.6 software (Ferreira 2011) and R version 3.6.1 software.

RESULTS AND DISCUSSION

At 9 years old, IAC 1711 citrandarin induced the tallest trees of Pera IAC sweet orange (Table 3). IAC 385 and IAC 387 
tetraploid citranges, along with IAC 1711 citrandarin and the Rangpur lime, led to larger canopy diameters, resulting in 
greater canopy volume on these rootstocks, except by the standard Rangpur lime, which had an intermediate canopy volume. 
In a previous study at the same location with Valencia sweet orange as the scion variety, high vigor was also observed in 
the tetraploid citrange rootstocks (Rodrigues et al. 2020), which is contrary to observations for other tetraploid selections 
(Girardi et al. 2021, Kunwar et al. 2021). This suggests that tetraploidization of elite rootstocks may lead to varying tree size 
levels and should be carefully evaluated in field trials, including comparisons with the corresponding diploid parental and 
the standard rootstocks such as the Rangpur lime. Trees grafted on some trifoliate hybrids, such as IAC 1615, IAC 715, and 
IAC 1697 citrandarins, as well as IAC 1708 citradia and the somatic hybrid RR + VK, showed intermediate growth patterns 
(Table 3). These rootstocks can be categorized as semi-dwarfing under the evaluated conditions since they induced the Pera 
IAC sweet orange to reach heights exceeding 2.5 m, but remaining below 4 m. This outcome contrasts with the Rangpur 
lime, which typically resulted in taller trees, categorizing it as a standard rootstock (Bitters et al. 1973).

Table 3. Tree height, canopy diameter and volume of the Pera IAC sweet orange grafted onto 13 rootstocks at nine years after rainfed planting 
in Bebedouro, northern São Paulo state, Brazil, 2020*.

Rootstock Tree height Canopy diameter Canopy volume

IAC 1615 2.75 b 2.84 b 11.66 b

IAC 715 2.54 b 2.69 b 10.01 b

IAC 1614 2.05 c 2.61 b 7.42 c

IAC 1600 1.95 c 2.52 b 6.56 c

IAC 712 2.22 c 2.69 b 8.47 c

IAC 1708 2.30 c 2.81 b 9.53 b

IAC 385 2.95 b 3.23 a 17.23 a

IAC 387 2.68 b 3.09 a 13.47 a

Flying Dragon 2.11 c 2.30 b 5.87 c

IAC 1697 2.58 b 2.77 b 10.63 b

IAC 1711 3.52 a 3.41 a 21.48 a

Rangpur 2.65 b 2.99 a 12.56 b

RR + VK** 2.86 b 2.83 b 12.36 b

p-value < 0.0001 < 0.0001 < 0.0001

*Averages followed by the same letter in columns belong to the same group by Scott-Knott’s test (p ≤ 0.05); **Rhode Red sweet orange + Volkamer lemon 
somatic hybrid. 

According to De Negri et al. (2005), tree size plays an important role in determining plant density and the optimal 
planting spacing. Consequently, rootstocks that appear best suited for high-density planting (> 800 trees/ha) include the 
Flying Dragon trifoliate and IAC 1614, IAC 1600, and IAC 712 citrandarins (Table 3). These rootstocks conferred dwarfing 
characteristics to the Pera IAC sweet orange, resulting in a canopy volume of less than 10 m3. This observation aligns with the 
findings of Pompeu Junior and Blumer (2009), who reported tree heights of less than 2.5 m in Valencia sweet orange [Citrus ×  
sinensis (L.) Osbeck] grafted onto IAC 1600, IAC 1614, and IAC 712 citrandarins at 15 years old in Itirapina, SP, Brazil.
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Pera IAC sweet orange trees grafted onto IAC 1615, IAC 715, IAC 712, IAC 385, Flying Dragon, IAC 1711, and RR + VK 
rootstocks displayed a higher ABI comparable to the standard Rangpur lime. No significant difference was found among all the 
rootstocks regarding the early bearing index (Table 4). Alongside standard Rangpur lime, IAC 385 citrange and IAC 712 citrandarin, 
IAC 387 citrange and IAC 1711 citrandarin induced the highest mean yield in the evaluation period, but only the two last rootstocks 
consistently stood out as the most productive throughout the evaluation period, showcasing high-yielding potential for five of 
the nine years assessed. This aligns with Bowman et al. (2016), who reported that the IAC 1711 citrandarin, known as US-852 in 
Florida, United States of America, also induced high yields to Valencia sweet orange trees. Interestingly, IAC 1697 citrandarin, 
widely propagated as US-812 in the United States of America, displayed promise when grafted with Valencia sweet orange trees 
in Mogi Guaçu, SP, Brazil, but did not maintain its productivity beyond the fifth year of evaluation (Pompeu Junior and Blumer 
2011), and performed poorly for Pera in southern São Paulo state (Pompeu Junior and Blumer 2014).

Table 4. Fruit yield (2014 to 2020, mean), production efficiency (PE, mean of 2017, 2019, and 2020), early bearing index (EBI), and alternate 
bearing index (ABI) of the Pera IAC sweet orange grafted onto 13 rootstocks at nine years after rainfed planting in Bebedouro, northern São 
Paulo state, Brazil*.

Rootstock
Yield (kg·tree-1) PE EAB ABI

2014 2015 2016 2017 2018 2019 2020 Mean (kg·m-3) (2014–2020)

IAC 1615 3.97 c 16.35 c 19.53 c 47.94 b 47.30 a 81.68 b 18.17 b 33.56 b 5.17 ab 0.12 0.43 abc

IAC 715 2.03 c 8.74 c 10.83 d 39.18 b 37.92 b 58.75 c 15.77 b 24.74 c 4.59 ab 0.31 0.43 abc

IAC 1614 12.55 a 31.68 b 19.29 c 39.32 b 46.15 a 52.38 c 15.33 b 30.96 b 4.96 ab 0.42 0.31 bc

IAC 1600 10.00 a 21.18 c 21.62 b 29.84 b 39.50 b 51.83 c 18.54 b 27.50 b 5.16 ab 0.23 0.30 c

IAC 712 14.44 a 46.51 a 22.00 b 71.01 a 43.28 a 83.97 b 21.82 b 43.29 a 7.01 a 0.24 0.48 ab

IAC 1708 12.17 a 23.26 c 24.47 b 45.08 b 23.70 b 69.37 c 30.70 a 32.68 b 5.25 ab 0.17. 0.34 bc

IAC 385 6.27 b 29.11 b 17.10 c 60.94 a 51.10 a 93.28 b 34.66 a 41.78 a 4.03 ab 0.48 0.41 abc

IAC 387 14.88 a 30.97 b 37.00 a 85.33 a 58.23 a 104.63 b 45.20 a 53.75 a 6.11 ab 0.36 0.26 c

Flying Dragon 2.89 c 13.88 c 13.19 d 15.53 b 25.33 b 24.93 c 2.19 b 13.99 c 3.12 b 0.26 0.43 abc

IAC 1697 9.97 a 19.40 c 27.75 b 37.27 b 47.52 a 76.10 c 28.48 a 35.21 b 5.05 ab 0.38 0.31 bc

IAC 1711 7.97 b 52.51 a 26.54 b 68.68 a 73.30 a 135.20 a 33.32 a 56.79 a 4.49 ab 0.27 0.49 ab

Rangupur 13.54 a 36.37 b 12.43 d 83.12 a 29.47 b 102.30 b 26.45 a 43.38 a 5.65 ab 0.35 0.59 a

RR + VK** 1.47 c 8.26 c 11.54 d 42.77 b 50.43 a 62.02 c 24.70 a 28.74 b 3.13 b 0.26 0.49 ab

p-value < 0.0001 < 0.0001 < 0.0001 0.0003 0.0049 < 0.0001 0.0067 < 0.0001 0.0108 0.6962 < 0.0001

*Averages followed by the same letter in columns belong to the same group by Scott-Knott’s test (p ≤ 0.05); PE and ABI averages followed by the same letter in 
columns belong to the same group by Tukey’s test (p ≤ 0.05); **Rhode Red sweet orange + Volkamer lemon somatic hybrid.

Regarding production efficiency, the IAC 712 citrandarin influenced a higher production efficiency because that rootstock 
had high yield associated to a low canopy volume (Tables 3 and 4). In contrast, the Flying Dragon trifoliate and RR + VK 
somatic hybrid induced the lowest production efficiency values, falling below the average of other rootstocks at 5.22 kg.m3. 
This low production efficiency of Flying Dragon trifoliate could be attributed to the rainfed cultivation, as this rootstock 
usually exhibits high production efficiency when grown in irrigated orchards (Stuchi et al. 2012). 

In 2019 and 2020, the average fruit weight remained consistent across various rootstocks, resulting in large fruits with 
diameters exceeding 7 cm, meeting Brazilian domestic fresh market standards (Ceagesp 2011) (Table 5). When Pera IAC 
sweet orange was grafted onto rootstocks such as IAC 1614, IAC 1600, IAC 712, IAC 1697, and the standard Rangpur 
lime, it consistently produced juice levels exceeding 50%. However, the TSS content varied, with higher levels observed 
in fruits from Pera IAC sweet orange trees grafted onto IAC 712 and IAC 1708 citrandarins, as well as IAC 385 and IAC 
387 citranges, and the Flying Dragon trifoliate. Such outcomes highlight these rootstocks as more suitable for not from 
concentrate juice processing. On the other hand, the standard Rangpur lime confirmed its typically lower TSS contents 
(Table 5) (Costa et al. 2020). Notwithstanding, all evaluated rootstocks resulted in Pera oranges > 11.5 ºBrix, within the 
requirements for producing not from concentrate (Darros-Barbosa and Curtolo 2005) and corroborating the excellence 
and main use of this scion variety in Brazil.
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Table 5. Physical attributes, total soluble solids (TSS), titratable acidity (TA), ratio (TSS/TA), and technological index (TI) of fruits of the Pera 
IAC sweet orange grafted onto 13 rootstocks at nine years after rainfed planting in Bebedouro, northern São Paulo state, Brazil. Mean values 
of 2019 and 2020*.

Rootstock Fruit 
weight (g)

Equatorial 
diameter 

(cm)

Longitudinal 
diameter 

(cm)

Juice 
content 

(%)
TSS (°Brix) TA (%) TSS/TA TI 

(kg·TSS·cx-1)

IAC 1615 208.26 a 8.42 a 9.30 a 47.97 b 12.90 b 0.74 b 18.86 b 2.47 b

IAC 715 194.91 a 8.21 b 8.82 b 47.57 b 12.96 b 0.68 b 20.27 a 2.44 b

IAC 1614 210.33 a 8.03 b 8.70 b 53.20 a 12.70 b 0.66 b 20.85 a 2.65 a

IAC 1600 184.39 a 7.83 c 8.32 c 50.56 a 13.12 b 0.84 a 15.94 b 2.66 a

IAC 712 194.58 a 8.14 b 8.77 b 50.51 a 13.81 a 0.72 b 22.20 a 2.77 a

IAC 1708 187.13 a 8.36 a 9.09 a 48.68 b 14.01 a 0.75 b 20.89 a 2.70 a

IAC 385 192.95 a 8.71 a 9.23 a 45.41 b 13.62 a 0.67 b 21.55 a 2.42 b

IAC 387 167.10 a 7.70 c 8.20 c 46.84 b 13.46 a 0.81 a 17.89 b 2.43 b

Flying Dragon 192.80 a 8.40 a 9.25 a 45.56 b 13.93 a 0.86 a 17.21 b 2.47 b

IAC 1697 196.54 a 8.06 b 8.81 b 51.45 a 12.67 b 0.76 b 17.54 b 2.62 a

IAC 1711 201.96 a 8.41 a 9.08 a 45.72 b 13.01 b 0.75 b 19.73 a 2.34 b

Rangpur 174.30 a 7.38 c 8.05 c 55.62 a 11.82 c 0.72 b 17.68 b 2.72 a

RR + VK** 200.95 a 7.71 c 9.13 a 48.16 b 12.60 b 0.69 b 19.40 a 2.42 b

p-value 0.1488 < 0.0001 < 0.0001 0.0028 < 0.0001 0.0015 0.0559 0.0625

*Averages followed by the same letter in columns belong to the same group by Scott-Knott’s test (p ≤ 0.05); **Rhode Red sweet orange + Volkamer lemon 
somatic hybrid. 

According to Di Giorgi et al. (1994), it is recommended to harvest Pera sweet oranges when their acidity levels fall between 
0.6 and 0.9% since, at this stage, they tend to have higher concentrations of soluble solids and lower rates of fruit degradation. 
In this study, Pera IAC sweet orange fruits from different rootstocks displayed acidity levels ranging from 0.66 to 0.86%, with 
the highest values recorded when it was grafted on the IAC 1600 citrandarin, IAC 387 citrange, and Flying Dragon trifoliate 
(Table 5), all falling according to the suggested range. The other rootstocks showed acidity levels like the standard Rangpur 
lime. Despite observing higher ratio values in trees grafted onto IAC 715, IAC 1614, IAC 712, IAC 1711 citrandarins, IAC 
1708 citradia, IAC 385 citrange, and RR + VK orange somatic hybrid, all the evaluated rootstocks consistently exceeded 
the minimum commercial ratio standard of 9.5 for fresh fruit (Ceagesp 2011). In terms of the technological index of the 
fruits, IAC 1614, IAC 1600, IAC 712, IAC 1697 citrandarins, IAC 1708 citradia, and the standard Rangpur lime displayed 
the highest efficiency, ranging from 2.62 to 2.77 kg TSS per box (40.8 kg of fruits).

Visual assessments of drought tolerance carried out in 2014 and 2020 during severe water deficit conditions revealed 
similar performance among all rootstocks when considering the two-year average, with scores ranging from 1.52 to 2.50 
(Table 6). Notably, the Flying Dragon trifoliate received the lowest score, 62% lower than the standard Rangpur lime, 
highlighting the critical role of irrigation for this specific rootstock and probably leading to the poor yield observed. The 
other dwarfing rootstocks evaluated in this study were also related to lower scores of drought tolerance. Some studies have 
linked the drought tolerance observed in the Rangpur lime to its high hydraulic conductivity of the root system and root 
development, associated with the high accumulation of carbohydrates in this organ (Pedroso et al. 2014, Girardi et al. 
2018, Silva et al. 2021, Silva et al. 2023). On the other hand, the reduced drought tolerance of the Flying Dragon trifoliate is 
probably due to factors such as a shallower root system, lower ability to transport water from the soil to the leaves, reduced 
stomatal conductance, and a decrease in the hydraulic conductivity of the root system (Martínez-Alcántara et al. 2013). 
These factors might have contributed to more significant variations in the fruit production over the years, as observed for 
the ABI in this study (Table 4).

After nine years of planting, Pera sweet orange trees grafted onto all evaluated rootstocks were susceptible to HLB 
disease (Table 6), corroborating the wide spread of HLB within rootstock genotypes with similar genetic background in 
Florida conditions (Kunwar et al. 2021). The cumulative incidence of HLB-symptomatic trees ranged from 44 to 67% in 
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trees grafted onto IAC 1614, IAC 1600, IAC 712, IAC 1697 citrandarins, IAC 1708 citradia, tetraploid IAC 385 and 387 
citranges and the standard Rangpur lime rootstocks, whereas IAC 1615, IAC 715, IAC 1711 citrandarins and the RR + VK 
somatic hybrid showed a HLB incidence lower than 40%. However, significant differences among the evaluated rootstocks 
could not be consistently determined neither related to the canopy volume. In a similar study evaluating the same rootstocks 
with Valencia sweet orange in Bebedouro (Rodrigues et al. 2020), a high incidence of HLB was recorded for the standard 
Rangpur lime (43.3%) and the lowest incidence for the Flying Dragon trifoliate (17.2%). As Albrecht and Bowman (2019) 
pointed out, the response of rootstocks to HLB in field conditions can be influenced by environmental and management 
factors, including the insect vector populations, which might have played a role in this study as well. Furthermore, trees 
with visual symptoms of tristeza, blight and Phytophthora gummosis diseases were not observed in this trial, even though 
severe stem pitting was observed on the trunk of the RR + VK somatic hybrid (Fig. 1).

Table 6. Visual scoring of drought tolerance in 2014 and 2020, cumulative incidence of huanglongbing (HLB)-symptomatic trees, and tree survival 
of the Pera IAC sweet orange grafted onto 13 rootstocks at nine years after rainfed planting in Bebedouro, northern São Paulo state, Brazil*.

Rootstock
Drought tolerance visual score**

HLB incidence (%) Tree Survival (%)
2014 2020

IAC 1615 2.33 b 1.83 b 22 78

IAC 715 2.00 c 1.67 b 33 67

IAC 1614 2.00 c 1.67 b 67 33

IAC 1600 2.00 c 1.80 b 55 56

IAC 712 2.30 b 1.80 b 67 56

IAC 1708 2.00 c 1.67 b 44 67

IAC 385 2.22 b 1.60 b 44 56

IAC 387 2.00 c 2.00 b 55 33

Flying Dragon 1.90 c 1.14 b 55 56

IAC 1697 2.20 b 2.00 b 55 56

IAC 1711 3.00 a 2.00 b 33 56

Rangpur 1.90 c 3.00 a 67 44

RR + VK*** 2.20 b 2.00 b 22 44

p-value < 0.0001 0.0004 0.5604 0.8746

PPT (mm) 759.20 703.70 - -

DEF (mm) 366.24 212.91 - -

NDT ≥ 32°C 163 101 - -

*Averages followed by the same letter in columns belong to the same group by Scott-Knott’s test (p ≤ 0.05); **scores according to Cantuarias-Avilés et al. (2011); 
***Rhode Red sweet orange + Volkamer lemon somatic hybrid; PPT: cumulative rainfall of the 90 days prior to the evaluation; DEF: cumulative water deficit of 
the 90 days prior to the evaluation; NDT ≥ 32°C: number of days with air temperature ≥ 32°C of the 90 days prior to the evaluation.

Graft incompatibility, indicated by gum formation at the graft union, has been previously documented in several clones 
of Pera sweet orange when grafted onto P. trifoliata varieties and some of its hybrids as early as four–nine years after planting, 
among other few lemon-type rootstocks (Donadio 1999, Pompeu Junior 2005, Pompeu Junior and Blumer 2005, Oliveira 
et al. 2008, Castle and Baldwin 2011, Pompeu Junior and Blumer 2014, Schinor et al. 2013, Fadel et al. 2019, Ribeiro et al. 
2021). In the current experiment, the incidence of incompatibility varied over the assessment period and among different 
rootstocks. Notably, the progression of this anomaly was observed between the two evaluations conducted in 2014 and 
2020, corresponding to the stages of young and mature trees, respectively. This phenomenon was particularly evident in 
the case of the IAC 1614, IAC 1600, and IAC 712 citrandarins, which, by the end of the experiment at the nineth year, had 
become completely incompatible with Pera IAC sweet orange due to the pronounced gum formation at the graft union. In 
contrast, the IAC 385 and IAC 387 citranges as the standard Rangpur lime consistently demonstrated complete compatibility 
in both assessment periods (Table 7).
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Table 7. Graft incompatibility score of the Pera IAC sweet orange grafted onto 13 rootstocks at nine years after rainfed planting in Bebedouro, 
northern São Paulo state, Brazil, 2014 and 2020*.

Rootstock

Percentage distribution of trees by graft compatibility ratings 
(%) Graft compatibility**

2014 2020
1 2 3 1 2 3 2014 2020

IAC 1615 83 17 0 50 33 17 1.17 c 1.67 b
IAC 715 83 17 0 67 33 0 1.17 c 1.33 b

IAC 1614 25 25 50 0 0 100 2.25 a 3.00 a
IAC 1600 0 67 33 0 0 100 2.33 a 3.00 a
IAC 712 0 33 67 0 0 100 2.67 a 3.00 a

IAC 1708 17 83 0 0 50 50 1.83 b 2.50 a
IAC 385 100 0 0 100 0 0 1.00 c 1.00 b
IAC 387 100 0 0 100 0 0 1.00 c 1.00 b

Flying Dragon 100 0 0 86 14 0 1.00 c 1.14 b
IAC 1697 100 0 0 80 20 0 1.00 c 1.20 b
IAC 1711 100 0 0 80 20 0 1.00 c 1.20 b
Rangpur 100 0 0 100 0 0 1.00 c 1.00 b

LRR + LVK*** 83 17 0 75 0 25 1.17 c 1.80 b
p-value       < 0.0001 < 0.0001

*Averages followed by the same letter in columns belong to the same group by Scott-Knott’s test (p ≤ 0.05); **according to Müller et al. (1996); ***Rhode Red + 
Volkamer lemon orange somatic hybrid.

The proportion of plant with graft incompatibility of IAC 1708 citradia, IAC 1615 citrandarin, and LRR + LVK somatic 
hybrid displayed temporal evolution, suggesting that full failure at the graft union may develop in a few years. This temporal 
progression of incompatibility between Pera sweet orange and specific rootstocks has been previously observed by Müller  
et al. (1996). For instance, the incompatibility with Davis A trifoliate rootstock progressed from moderate symptoms at 10 years 
old to severe symptoms after 23 years. A similar progression may occur with the Flying Dragon trifoliate orange and the IAC 
715, IAC 1697, IAC 1711 citrandarins, as indicated by the presence of some trees receiving a score of 2 in this experiment. It is 
also worth to mention that Pera sweet orange presented different levels of graft incompatibility at the same time, according to 
the selection of trifoliate orange rootstock, as well (Pompeu Junior 2005). In the case of IAC 1614, IAC 1615, IAC 1600, IAC 
712 citrandarins, IAC 1708 citradia, and the LRR + LVK somatic hybrid, severe to partial graft incompatibility with a necrosis 
layer in the graft union at nine years old renders them unsuitable for grafting with Pera IAC sweet orange, but interstocking 
may be an alternative propagation (Girardi and Mourão Filho 2006). Furthermore, Oliveira et al. (2008) have suggested that 
climatic conditions may influence the occurrence of incompatibility. Therefore, the extended periods of drought experienced 
in the latter years of this evaluation (2018 to 2020) may have contributed to the progression of this anomaly, underscoring the 
significance of studying graft union disorders for scion/rootstock selection. It is also necessary to evaluate the performance of 
different clones of Pera sweet orange grafted onto the compatible rootstocks, as they vary in several traits and their adaptation 
to local climate conditions, which may be related to graft union affinity (Carvalho et al. 2018).

Tree survival (Table 6) seems to be influenced by a combination of factors, including drought tolerance, HLB incidence, 
graft compatibility, as well as genetic features. Unfortunately, comparing data from only two years (2014 and 2020) is 
insufficient to fully understand the relationship between these factors and tree survival. A more extensive analysis covering 
all nine years would provide a clearer picture of how these elements interact over time. While HLB was assessed over the 
nine-year period and confirmed using qPCR, study design (inoculation was not controlled) and factors beyond our control, 
such as environmental variations and external vector pressure, limit the ability to draw definitive conclusions about rootstock 
susceptibility to HLB. A detailed methodological symptom assessment would be valuable for better understanding the 
disease’s impact on scion/rootstock combinations evaluated. 

In summary, in this study, graft-compatible rootstocks showed more robust tree development as the standard Rangpur 
lime, except for the Flying Dragon trifoliate orange. However, further studies are needed to understand the complex interaction 
between the scion and rootstocks, graft compatibility, and varying field conditions over time. Considering the physiological 
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implications of graft compatibility over time and environmental conditions, progress of incompatibility with the advance in 
age could not be ruled out. Due to this, interstocking may be an alternative propagation. The Flying Dragon dwarfing rootstock 
should be further evaluated in irrigated high-density orchards aiming at better yields of the Pera sweet orange scion.

CONCLUSION

The Changsha × English Large (IAC 1711) citrandarin and Troyer (IAC 385) and Carrizo (IAC 387) tetraploid citranges 
show potential as alternative rootstocks for the rainfed cultivation of Pera IAC sweet orange. 

The Flying Dragon trifoliate orange did not present visual graft incompatibility symptoms with Pera IAC scion variety 
up to nine years old and induced high quality to the juice.
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