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A B S T R A C T

Naturally occurring subsoil horizon restricting root development and a narrow genetic base of scion-rootstock
combinations make the citriculture in Brazilian Northeast prone to biotic and abiotic stresses. The diversification
of citrus orchards through the introduction of new scion-rootstocks combinations is an important strategy to
reduce the risks associated with these constraints. Three experiments aiming at identifying appropriate scion-
rootstock combinations for enhancing genetic diversification in citrus orchards under rainfed conditions in
tropical hardsetting soils were established in Sergipe state in 2008. In each one, a different sweet orange
(‘Sincora’, ‘Valencia Tuxpan’ and ‘Pineapple’) was grafted on six rootstocks (‘Santa Cruz’ Rangpur lime, ‘Red
Rough’ lemon, ‘Orlando’ tangelo, ‘Sunki Tropical’ mandarin, HTR–051 and VKLxRPL–010 hybrids). After eight
years the experiments were evaluated for plant development, yield performance and fruit quality. In general, all
sweet oranges grafted on ‘Red Rough’ lemon showed great development and cumulative yield as does with ‘Santa
Cruz’ Rangpur lime, with the later showing better fruit quality as an advantage. Inversely, HTR-051 hybrid
displayed low yields despite high yield efficiency, for this rootstock induces dwarfism. ‘Sunki Tropical’ mandarin
brought high yields of medium quality fruits, while the VKLxRPL-010 hybrid induced productive precocity,
especially for ‘Sincora’ sweet oranges. Based upon these results, all tested scions grafted on ‘Red Rough’ lemon
and ‘Santa Cruz’ Rangpur lime, followed by ‘Sunki Tropical’ mandarin are indicated for genetic diversification of
groves, when planted at conventional density. On the other hand, the hybrid HTR-051 seems to have great
potential for high density orchards, since it shows high yield efficiency and good quality of fruit.

1. Introduction

With 744,400 ha and 18.16million tons of fruits produced in 2016,
Brazil is the largest producer and accounts for a quarter of the worlds’
production of sweet oranges [Citrus sinensis (L.) Osbeck]. However, the
Country ranks only as the twelfth most productive, with just 24.4 t ha−1

(FAO, 2017). One reason for this poor performance is water deficit
because citriculture in Brazil is predominantly rainfed (Erismann et al.,
2008).

With 132 thousand ha and production of 1.9 million tons of sweet
oranges the Brazilian Northeast shows even lower yield (14 t ha−1;
IBGE, 2016). Besides the water deficit, limitations to yields in this area
are largely attributed to the presence of naturally occurring compacted
subsoil horizon (5–20 cm) (Araujo et al., 2005; Soares et al., 2015;
Gomes et al., 2017). Such hardsetting soils are found in every. In

contrast to permanently cemented soils, they lose strength when wet,
but develop very high strength with little observable structure when
dry, leading to poor drainage and restricting root development
(Daniells, 2012; Gomes et al., 2017). Restrictions to root development
are also considered one of the major edaphic limitation to citrus pro-
duction in Northwest India; San Joaquin Valley, USA; Aegean region,
Turkey; Yaracuy, Venezuela; Concordia and Entre Rios provinces, Ar-
gentina; Nelspruit, South Africa (Srivastava and Singh, 2009) among
others. Furthermore, it is also important to consider the effects that
ageing, inadequate management and lack of investments have in the
performance of the orchards, especially the ones in smallholder farms,
which predominant in the region.

Nowadays, the most commonly used scion-rootstock combination in
the Brazilian Northeast’ orchards is ‘Pera’ sweet orange [Citrus sinensis
(L.) Osbeck] grafted on ‘Rangpur’ lime (C. limonia Osbeck) because of
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the good fruit quality, several blossoms of this scion variety and also
because this rootstocks has already been reported as drought tolerant
(Almeida and Passos, 2011). However, this narrow genetic diversity
increases the risks that abiotic and biotic stresses causes important
economic impacts, threatening the entire production chain in the re-
gion. Diversification of scion-rootstock combinations may contribute to
increase yield and fruit quality and extend the harvest season. Based on
this corollary, the Brazilian Agricultural Research Corporation (EM-
BRAPA) started in 2008 several studies aiming at evaluating scion-
rootstock combinations under field condition in hardsetting soils of
Brazilian Northeast. In this work, the objective was to identify appro-
priate scion-rootstock combinations for enhancing genetic diversifica-
tion in citrus orchards under rainfed conditions in tropical hardsetting
soils.

2. Materials and methods

The study was carried out in the experimental station of Embrapa in
Umbaúba, state of Sergipe (11°22′37″S, 37°40′26″W, 109m above sea
level). The soil in the experimental site is a sandy clay loam Haplic
Lixisol with fragipan (Gomes et al., 2017), typical of orange groves in
the region. The climate is tropical dry (“As”) according to Köppen-
Geiger classification, with rainy season between May and September.
Rainfall was recorded daily during the experimental period and showed
an average of 1324mm year−1. The annual totals are presented in
Fig. 1.

Three experiments were settled up and, in each one, a different
variety of sweet orange [Citrus sinensis (L.) Osbeck] was combined with
six rootstocks genotypes. The scions tested were ‘Valencia Tuxpan’
(late-maturing), ‘Sincora’ and ‘Pineapple’ (medium-maturing) grafted
on four commercial rootstocks: (i) ‘Santa Cruz’ Rangpur lime (C. limonia
Osbeck), (ii) ‘Red Rough’ lemon (C. jambhiri Lush.), (iii) ‘Orlando’
tangelo (C. paradisi Macfad. x C. tangerina hort. ex Tanaka), (iv) ‘Sunki’
mandarin [C. sunki (Hayata) hort. ex Tanaka] Tropical selection and
two unreleased Embrapa hybrids: (v) trifoliate HTR – 051 [a hybrid
involving Poncirus trifoliata (L.) Raf.], and (vi) VKL (‘Volkamerian’
lemon, C. volkameriana V. Ten. & Pasq.) x RPL (‘Rangpur’ lime) - 010.
All commercial genotypes used are accessions of the citrus Genebank
and the hybrids developed by the Citrus Breeding Program of Embrapa
Cassava & Fruits.

Seedlings were produced in a commercial nursery facility by seeding
rootstocks in black plastic bags and subsequently bud grafted with the
scions to be tested. Transplanting occurred in June 2008, when seed-
lings reached 12 months old and about 40 cm height, and planting

spacing was 6m×4m (416 plants ha−1) using pits of
40× 40×40 cm. Border rows on each side of the harvest trees as well
as border plants on each end of the plots were planted using trees of the
same scion variety as the one being tested. Similarly to commercial
orchards in the region, the orange trees were conducted without irri-
gation, except in the driest months, when each plant received a weekly
salvation irrigation of 3 L. Soil preparation and fertilizer application
were performed according to Sobral et al. (2007) while all other
management practices followed the recommendations from Mattos
Junior et al. (2005).

The effects of rootstocks on plant development were appraised when
the orchards reached eight years old (2016), and the following vari-
ables were estimated: plant height (PH, in m), canopy volume (CV, in
m3) and survival rate (SR, in %) as the percentage of remaining plants
related to initial plant density. Yield performance was evaluated
through fruit yield (FY, in t. ha−1) recorded from 2011 (first harvest) to
2016 and summed up to estimate the cumulative yield (CY, in t. ha−1)
as well as by yield efficiency (YE, in kg·m-3), calculated for 2016 only.
Furthermore, fruit quality was assessed in 2014 and 2015 through juice
content (JC, in %); titratable acidity (TA, in g of citric acid per 100ml of
juice), measured by titration with NaOH 0.1 N; total soluble solids (SS,
in °Brix), estimated by refractometer; ‘ratio’ (maturity index), calcu-
lated as SS/TA; ascorbic acid (AA) content (in mg.L−1), measured by
redox titration using iodate solution; and technological index (TI, in kg
of SS per standard box of 40.8 kg), calculated as TI= yield × SS ×
40.8 / 100. All these attributes were evaluated according to França
et al. (2016).

For each trial, the experimental design was randomized complete
block with six treatments (rootstocks), four repetitions and data col-
lected in the three central plants per plot. For univariate analysis, the
recorded data were submitted to ANOVA and rootstocks were grouped
using Scott-Knott test when significant effects were detected by F-test
(p < 0.05). Moreover, root square transformations were used for all
data that did not follow normal distribution.

Multivariate analyses were also performed for each experiment
(scion variety) so as to identify relatively homogenous groups of root-
stocks considering the universe of all variables and rootstocks. First, a
Principal Component Analysis (PCA) was applied to evaluate the
variability and relationships among values of the aforementioned
variables for plant development, yield performance and fruit quality.
Rootstocks were then grouped by Agglomerative Hierarchical
Clustering (AHC) using the Euclidean distance as a measure of dis-
similarity and the Ward method for linkage. The threshold considered
for truncation between clusters was 10 units of rescaled distance cluster
combine based on visual inspection of the dendrograms.

3. Results

3.1. Plant growth

Plants of ‘Valencia Tuxpan’ sweet orange grafted on any of the four
commercial rootstocks were taller than those grafted on any of the two
experimental hybrids. Likewise, shorter plants of ‘Sincora’ were ob-
served when grafted on HTR-051 trifoliate hybrid (Table 1). Regarding
the canopy volume, no significant differences were observed between
‘Red Rough’ lemon, ‘Orlando’ tangelo, ‘Sunki Tropical’ mandarin, and
the hybrid VKL x RPL - 010 for ‘Sincora’ sweet oranges; and between
‘Red Rough’ lemon, ‘Santa Cruz’ Rangpur lime, ‘Orlando’ tangelo and
‘Sunki Tropical’ mandarin for ‘Valencia Tuxpan’ sweet oranges, while
for ‘Pineapple’ sweet oranges, ‘Red Rough’ lemon showed a sig-
nificantly larger canopy volume than other rootstocks (Table 1). Re-
gardless of the scion variety, the smallest canopy volumes (5.74–7.88
m³) were observed on plants grafted on HTR-051 hybrid. Contrariwise,
the largest canopy volumes (16.99–18.94m³) were obtained with ‘Red
Rough’ lemon for all scion varieties (Table 1).

Concerning survival rates, sweet oranges budded on ‘Santa Cruz’

Fig. 1. Total rainfall and average yields of the varieties of sweet oranges [Citrus
sinensis (L.) Osbeck] ‘Sincorá’, ‘Valencia Tuxpan’ and ‘Pineapple’ in the ex-
perimental site in Umbauba, state of Sergipe, Brazil from 2008 to 2016.
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Rangpur lime, HTR-051and the VKL x RPL – 010 hybrids and all plants
of ‘Valencia Tuxpan’ and ‘Sincora’ sweet oranges grafted on ‘Red Rough’
lemon were alive after eight years (Table 1). Moderate mortality rates
(75–88%) were observed in trees of the following scion-rootstock
combinations: ‘Sincora’ grafted on ‘Orlando’ tangelo and ‘Sunki Tro-
pical’ mandarin; ‘Valencia Tuxpan’ grafted on ‘Orlando’ tangelo; and
‘Pineapple’ grafted on ‘Red Rough’ lemon and ‘Sunki Tropical’ man-
darin (Table 1).

3.2. Yield performance

Significant differences between rootstocks in yield were detected in
all years for all scion varieties, except for ‘Sincora’ in 2012 (Table 2).
The highest yields for all three scion varieties during the experimental
period were observed in 2015 (Fig. 1), being the highest yield of all
obtained with ‘Valencia Tuxpan’ trees grafted on ‘Santa Cruz’ Rangpur
lime, reaching 76.83 t.ha−1 in 2015 (Table 2). It is also noteworthy the
yield alternation observed with this scion variety. While decreases in
yield of the other two tested scions were observed only in 2016, ‘Va-
lencia Tuxpan’ sweet orange showed yield declines in alternate seasons
(2012, 2014 and 2016) as shown in Fig. 1. Likewise, it is meaningful
that the hybrid VKL x RPL – 010 showed the highest yield in the first
four seasons for ‘Sincora’ and ‘Pineapple’ trees (except in 2011 for
‘Pineapple’) and that ‘Orlando’ tangelo was the only rootstock that did
not show a yield decline for ‘Valencia Tuxpan’ in 2012 (Table 2).

Considering the long run, ‘Red Rough’ lemon showed the highest
cumulative yield for all tested scions. Inversely, HTR-051 hybrid
showed the lowest values (Table 2). On average, plants grafted on ‘Red
Rough’ lemon showed twice as much cumulative yield than those
grafted on HTR-051 hybrid. Notwithstanding, significant difference in
cumulative yield was not detected between ‘Red Rough’ lemon and
‘Santa Cruz’ Rangpur lime rootstocks for ‘Valencia Tuxpan’ (Table 2).

The effect of rootstock on yield efficiency (2016 basis) was sig-
nificant for ‘Sincora’ and ‘Valencia Tuxpan’, but not for ‘Pineapple’ trees
(Table 2). The best yield efficiencies for ‘Sincora’ were obtained when
grafted on ‘Santa Cruz’ Rangpur lime, ‘Sunki Tropical’ mandarin and
the hybrid HTR-051, while the ‘Red Rough’ lemon promoted the best
yield efficiency for ‘Valencia Tuxpan’.

3.3. Fruit quality

In 2015 none of the attributes for assessing fruit quality show sig-
nificant differences between rootstocks for ‘Sincora’ and ‘Pineapple’
(Table 3), while for ‘Valencia Tuxpan’, titratable acidity (TA), total
soluble solids (SS) and ‘ratio’ differed significantly between rootstocks.
Even though scions were not compared in this study, the highest juice
content was obtained in fruits of ‘Valencia Tuxpan’ in both seasons
(60%) and ‘Santa Cruz’ Rangpur lime and HTR-051 induced high total
soluble solids (11.7–12.2° Brix) regardless the scion (Table 3).

In 2014, fruits from trees grafted on VKL x RPL – 010 produced less
juice, whereas sweet oranges grafted on HTR-051 produced oranges
with higher levels of total soluble solids, regardless the scion variety.
Additionally, less juice content in fruits of ‘Valencia Tuxpan’ (56%) and
‘Pineapple’ (51%) sweet oranges and less total soluble solids in fruits of
‘Sincora’ (10.5° Brix) and ‘Pineapple’ (10.2° Brix) sweet oranges were
observed in 2014 for ‘Red Rough’ lemon (Table 3).Titratable acidity
varied greatly between rootstocks, particularly in 2014 as opposed to
ascorbic acid content and ‘ratio’ that did not show significant varia-
tions.

3.4. Multivariate analysis

More than 60% of the variability could be explained by the first two
principal components (PC1 and PC2) for all three sweet orange varieties
(Fig. 2), and the factor loadings showed that PH, CV, YE, CY, TA, SS and
TI contributed most to PC1, whereas SR, JC, and ‘ratio’ were associated
with PC2 for ‘Sincora’ trees (Fig. 2). For ‘Valencia Tuxpan’ sweet or-
anges, the variables that contributed mostly to PC1 were PH, CV, JC
and SS while TA and ratio were more important to PC2 (Fig. 2). And
finally, PH, CV, CY, SR, TA, SS, AA and TI showed major contributions
to PC1 and JC and ‘ratio’ to PC2 for ‘Pineapple’ (Fig. 2). These results
indicate that the correlation between variables depends upon the scion
and therefore, the groups of relatively homogenous rootstocks are ex-
pected to differ depending on the sweet orange variety considered.

For ‘Sincora’ trees, the AHC grouped the rootstocks in three clusters
(see dendrogram in Fig. 2). The first cluster was characterized by taller
plants with voluminous canopies, relatively low yield efficiency, high
cumulative yield, and medium levels for most attributes related to fruit
quality and was constituted by ‘Red Rough’ lemon, ‘Orlando’ tangelo

Table 1
Plant height, canopy volume and survival rate of three varieties of sweet oranges [Citrus sinensis (L.) Osbeck] grafted on six rootstock genotypes at eighth year in
Umbauba, state of Sergipe, Brazil, 2016 (means ± standard error).

Scion variety Rootstock genotypea Plant height Canopy volume Survival rate
(m) (m−3) (%)

‘Sincora’ ‘Red Rough’ lemon 2.83± 0.07a 17.0± 0.4a 100
‘Santa Cruz’ Rangpur lime 2.63± 0.14a 11.0± 2.0b 100
‘Orlando’ tangelo 3.00± 0.04a 15.6± 0.4a 88
‘Sunki’ Tropical mandarin 2.89± 0.11a 13.3± 0.9a 88
VKL x RPL-010 hybrid 2.95± 0.07a 15.2± 1.2a 100
HTR-051 hybrid 1.98± 0.05b 5.7± 0.4c 100

‘Valencia Tuxpan’ ‘Red Rough’ lemon 3.03± 0.13a 18.9± 1.2a 100
‘Santa Cruz’ Rangpur lime 3.01± 0.19a 16.7± 1.0a 100
‘Orlando’ tangelo 3.18± 0.05a 16.2± 0.6a 75
‘Sunki’ Tropical mandarin 3.13± 0.17a 16.5± 1.6a 100
VKL x RPL-010 hybrid 2.65± 0.35b 12.0± 2.9b 100
HTR-051 hybrid 2.10± 0.08c 7.9± 1.0c 100

‘Pineapple’ ‘Red Rough’ lemon 3.04± 0.09 17.7± 0.4a 75
‘Santa Cruz’ Rangpur lime 2.51± 0.22 13.6± 0.8b 100
‘Orlando’ tangelo 2.74± 0.06 14.3± 1.3b 100
‘Sunki’ Tropical mandarin 2.73± 0.10 14.2± 0.8b 88
VKL x RPL-010 hybrid 2.60± 0.18 12.2± 1.4b 100
HTR-051 hybrid 2.30± 0.22 7.2± 0.5c 100

Means followed by the same letter in each column, belonging to the same scion variety did not differ by the Scott-Knott test (p < 0.05).
a ‘Red Rough’ lemon (C. jambhiri Lush.), ‘Santa Cruz’ Rangpur lime (C. limonia Osbeck), ‘Orlando’ tangelo (C. paradisi Macfad. x C. tangerina hort. ex Tanaka),

‘Sunki’ Tropical mandarin [C. sunki (Hayata) hort. ex Tanaka], VKL (‘Volkamer’ lemon C. volkameriana V. Ten. et Pasq.) x RPL (‘Rangpur’ lime) - 010 hybrid and HTR
[trifoliate hybrid involving Poncirus trifoliata (L.) Raf.] - 051.
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and ‘Sunki Tropical’ mandarin. The second cluster, restricted to the
hybrid VKL x RPL – 010, differed from the first cluster in relation to
fruit quality, for it presented lower juice content, titratable acidity and
total soluble solids. The third cluster, consisted by HTR-51 hybrid and
‘Santa Cruz’ Rangpur lime differed from the others by showing lower
canopy volume and higher yield efficiency (Fig. 2).

The AHC performed for ‘Valencia Tuxpan’ sweet orange identified
four clusters (Fig. 2). The first one comprised only the hybrid HTR-051
and was characterized by high yield efficiency associated with short
plants of small canopy volumes that contributed to low cumulative
yield. In addition, the fruits showed high total soluble solids, ascorbic
acid content, titratable acidity and ‘ratio’. The second cluster included
‘Santa Cruz’ Rangpur lime, the hybrid VKL x RPL – 010 and the ‘Sunki
Tropical’ mandarin and was characterized by medium values for yield
efficiency, plant high and canopy volume and high cumulative yield.
Also, the fruits showed medium juice content and high titratable
acidity, ascorbic acid and ‘ratio’. The third cluster contained only the
‘Red Rough’ lemon and showed tall plants of medium canopy volume,
which associated with medium cumulative yield, induced medium yield
efficiency as consequence. The fruits, nonetheless, presented high

contents of juice and ascorbic acid, medium titratable acidity, low total
soluble solids and high ‘ratio’. Finally, the fourth cluster, represented by
the ‘Orlando' tangelo alone, differed from the second cluster by showing
low yield efficiency and large canopy volume.

Lastly, three clusters were identified by AHC for ‘Pineapple’ trees
(Fig. 2). The first cluster contained only the hybrid HTR-051 and
showed shorter plants, low canopy volume, and low cumulative yield as
well as high juice content, titratable acidity, total soluble solids and
ascorbic acid, similarly to what was observed with ‘Sincora’ trees.
However, it differed from it by showing low yield efficiency and ‘ratio’.
The second cluster included: VKL x RPL – 010, ‘Santa Cruz’ Rangpur
lime, ‘Orlando’ tangelo and ‘Sunki Tropical’ mandarin, and was char-
acterized by plants with medium height, canopy volume and cumula-
tive yield and high yield efficiency. Fruit quality showed high juice
contents, total soluble solids and ascorbic acid as well as medium ti-
tratable acidity and ‘ratio’. It is worth mentioning that this cluster in-
cluded the rootstocks with the highest yield efficiencies. The last cluster
was restricted to ‘Red Rough' lemon that showed tall plants, bulky ca-
nopies and higher cumulative yield associated with medium yield ef-
ficiency together with low figures for almost all fruit quality attributes,

Fig. 2. Correlation circle and observations plot of the Principal Component Analysis (PCA) and dendrogram for four rootstock genotypes obtained by Ward method
and the Agglomerative Hierarchical Clustering for the sweet oranges [Citrus sinensis (L.) Osbeck] varieties ‘Sincorá’, ‘Valencia Tuxpan’ and ‘Pineapple’ in Umbauba,
state of Sergipe, Brazil.
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except ‘ratio’.

4. Discussion

Though sweet orange scions weren’t compared here by statistical
procedures, the highest yields were obtained with ‘Valencia Tuxpan’.
This high yield capacity may explain why this sweet orange is the most
cultivated citrus variety. The highest cumulative yields for this scion
were found when grafted on ‘Red Rough’ lemon and ‘Santa Cruz’
Rangpur lime (155-160 t·ha−1), in contrast to HTR-051 hybrid that
produced only half as much (78 t·ha−1). Another peculiarity observed
with this scion variety is the yield alternation (Fig. 1), a character that
has already being reported by França et al. (2016), among others. Be-
sides, the pronounced yield decreased from 2015 to 2016 in ‘Valencia
Tuxpan’ sweet oranges (Fig. 1) suggests susceptibility to drought and
agrees with Pedroso et al. (2014) that observed reductions in growth
‘Valencia’ orange trees as consequence of water deficit independent of
the rootstock. Notwithstanding, this scion presented the highest
average fruit yield, especially when grafted on ‘Red Rough’ lemon or
‘Santa Cruz’ Rangpur lime (Table 1) in 2015 (Fig. 1). Likewise, Castle
et al. (2010) observed higher yields of ‘Valencia’ sweet oranges grafted
on the vigorous ‘Rough’ lemon (and ‘Volkamer’ lemon) than on tri-
foliate hybrids and other rootstock species in hardsetting soils in
Florida, USA, and França et al. (2016) also reported good performance
of ‘Santa Cruz’ Rangpur lime in a hardsetting soil in Bahia, on the
Brazilian Northeast.

These results indicated that diversification of sweet orange orchards
using ‘Sincora’, ‘Valencia Tuxpan’ and ‘Pineapple’ scion varieties is a
viable option for the edaphoclimatic conditions of the Brazilian
Northeast. ‘Red Rough’ lemon rootstock was among the rootstocks that
showed the highest yields in 2012 and 2016, the first and second driest
years, respectively. Also, when pronounced declines in yield was ob-
served for all scion varieties in 2016 (Fig. 1), the highest yields for all
scions were observed with ‘Red Rough’ lemon. Similarly, Carvalho et al.
(2016a); Carvalho et al. (2016b) also demonstrated that ‘Red Rough’
lemon showed better yield performance for ‘Piemonte’ mandarin and
‘Pera CNPMF-D6′ orange scions than other rootstocks in the same
edaphoclimatic conditions of this study. These results suggest that this
rootstock is well adapted to local conditions and explains its acceptance
by the growers and its adoption as the second most used rootstock in
Sergipe (Prudente et al., 2004). However, except for ‘Sincora’ sweet
oranges, ‘Red Rough’ lemon induced lower juice content and total so-
luble solids in fruits (Table 3). Similarly, Barry et al. (2004) verified
lower soluble solids concentrations on ‘Valencia’ oranges harvested
from trees grafted on ‘Rough’ lemon than those on ‘Carrizzo’ citrange
rootstock, a trifoliate hybrid. This performance was attributed to a
‘dilution effect’ in those vigorous trees grafted on ‘Rough’ lemon by the
same authors.

The use of ‘Red Rough’ lemon as rootstock for ‘Sincora’, ‘Valencia
Tuxpan’, and ‘Pineapple’ sweet oranges induced high annual and cu-
mulative fruit yields and, by the same token, promoted the develop-
ment of trees with large canopy volumes (Table 2). According to
Schäfer et al. (2001), large canopies are normally developed in plants
with large root systems which, accordingly, have greater capacity to
take up water and nutrients. The relatively low yield efficiencies found
for this rootstock indicate that they produced little fruits for the size of
their canopies. A possible explanation is that the large size created a
shaded environment in the interior of the bulky canopies. According to
Núñez et al. (2007), approximately 90% of the solar radiation is cap-
tured in the outer layer of the canopy, from its surface up to one meter
in its interior.

The ‘Santa Cruz’ Rangpur lime, in turn, favored high-quality fruits
for all sweet orange (Table 3) and, together with the hybrids VKL x RPL
– 010 and HTR-051, stands out due to the greater tree survival rates
after eight years, regardless the scion variety. However, the hybrid
HTR-051 showed the shortest plants with tiniest canopies for all scions,

implying in the lowest cumulative yield for all sweet orange varieties,
averaging only half of that obtained with ‘Red Rough’ lemon (Table 2).
Induction of dwarfism, also reported by Continella et al. (2018) for
‘Tarocco Sciré’ grafted on trifoliate rootstock, is characteristic of tri-
foliate [Poncirus trifoliata (L.) Raf.] rootstocks and this character favors
high density plantings, facilitating orchard management and harvests
(Lima et al., 2014). The benefits of the HTR-051 hybrid induced semi-
dwarfism on scions could not be realized in this study as all three ex-
periments were settled up in the same 6m x 4m conventional plant
spacing. Despite the high yield efficiency obtained with HTR-051, very
small canopies were also observed; besides low yields.

According to Auler et al. (2008), rootstocks that favor small ca-
nopies and induce high yield efficiencies may be as much or even more
interesting than those that promotes large canopy volumes and high
fruits yield plant, for it enables enhancing production by increasing
planting density. In addition, it is worth mentioning that this rootstock
produced fruits of all three scion varieties with high total soluble solids
and of ‘Sincora’ and ‘Pineapple’ with high juice content (Tables 3).

The combination of the hybrid rootstock VKL x RPL – 010 with
‘Sincora’ and ‘Pineapple’ sweet oranges showed yields particularly high
in the first harvest, suggesting precocity (Table 1 and Fig. 1), whereas
‘Santa Cruz’ Rangpur lime presented its better productive performance
in the fifth harvest (2015 – Fig. 1), especially for ‘Valencia Tuxpan’
trees. Similarly to ‘Santa Cruz’ Rangpur lime, ‘Sunki Tropical’ mandarin
induced high yield efficiencies and cumulative yields (except for ‘Va-
lencia Tuxpan’ trees), but showed a lower survival rate after eight years
than other rootstocks (Table 1).

Concerning fruit quality, significant differences between rootstocks
were observed only in 2014 for all the three scion varieties and, in
2015, only ‘Valencia Tuxpan’ trees showed differences in just two
variables (Table 3). In 2014, the fruits of trees grafted on VKL x RPL –
010 hybrid showed less juice, while those of trees grafted on HTR-051
hybrid presented higher total soluble solids than on other rootstocks,
regardless the scion variety. Titratable acidity varied greatly among the
rootstocks used, in contrast to ascorbic acid content and 'ratio' that did
not show significant variations. França et al. (2016) also observed
changes due to rootstocks in the juice content, total soluble solids and
technological index in fruits of ‘Valencia Tuxpan’. According to Castle
(1995), rootstock effects on fruit juice quality are consistent, although
dependent on annual climatic variations and edaphic conditions, for
they seem to be dependent of water relations.

The rootstock HTR-051 induced similar characteristics to all three
sweet oranges, especially in fruit quality (high juice content and total
soluble solids). It induced low tree sizes and cumulative yields asso-
ciated to high yield efficiencies for ‘Sincora’ and ‘Valencia Tuxpan’
sweet oranges, contrasting with ‘Pineapple’, where this rootstock did
not increase the yield efficiency. On the other hand, ‘Santa Cruz’
Rangpur lime performed differently with each scion. Comparatively, it
favored small plants, low cumulative yield and high yield efficiency for
‘Sincora’; large plants and high yield for ‘Valencia Tuxpan’; and
medium height, canopy volume and cumulative yield for ‘Pineapple’.
‘Red Rough’ lemon induced large plant sizes and medium values for all
other variables for the most scions.

From a practical standpoint, survival rate is an important attribute
of a scion-rootstock combination. Although difficult to determine the
causes, some sweet oranges grafted on ‘Red Rough’ lemon, ‘Orlando’
tangelo and ‘Sunki Tropical’ mandarin (Table 1) seems to have died as
consequence of Citrus Blight Disease. According to Srivastava and Singh
(2009), a clay gradient and compaction hardpan in subsurface are
among the abiotic factors that favor this disease. Such conditions are
characteristic of hardsetting soils of Coastal Tablelands.

5. Conclusions

(1) The sweet oranges ‘Sincora’, ‘Valencia Tuxpan’ and ‘Pineapple’,
cultivated under rainfed system on tropical hardsetting soils of the
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Brazilian Coastal Tablelands, have a productive potential de-
pending on the used rootstock.

(2) ‘Red Rough’ lemon induces high cumulative yield to ‘Sincora’,
‘Valencia Tuxpan’ and ‘Pineapple’ sweet oranges in conventional
planting density (416 plants ha−1);

(3) ‘Santa Cruz’ Rangpur lime induces high cumulative yield along with
fruits of high quality in ‘Sincora’, ‘Valencia Tuxpan’ and ‘Pineapple’
sweet oranges in conventional planting density;

(4) ‘Sunki Tropical’ mandarin and VKL x RPL-010 hybrid induce, re-
spectively, high juice content and survival rate;

(5) HTR-051 trifoliate hybrid induces low height and canopy volume,
high yield efficiency, survival rate and fruits of superior quality in
‘Sincora’, ‘Valencia Tuxpan’ and ‘Pineapple’ sweet oranges, sug-
gesting it’s potential for being cultivated in orchards using high
density plantings (more than 416 plants ha−1).
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