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Abstract: Brazil is the largest producer of sweet orange and its juice in the world. Extensive cultivated
area is located under an Aw climate in the North-Northwest of the state of Sao Paulo and the
Tridngulo of Minas Gerais state, being subjected to severe drought events. Although 56% of the
orchards are irrigated in these regions, there is a need for drought tolerant rootstocks as an alternative
to traditional genotypes such as Rangpur lime and Volkamer lemon, which are susceptible to
the endemic citrus sudden death disease (CSD). In this sense, the tree size and production of
Valencia sweet orange grafted onto 23 rootstock genotypes were evaluated over a ten-year period
in rainfed cultivation at 7.0 m x 3.0 m spacing. Most evaluated types resulted from the cross of
Poncirus trifoliata with Citrus, but two interspecific hybrids of Citrus (Sunki mandarin x Rangpur
lime hybrids), the Barnes trifoliate orange and a tetraploid selection of Swingle citrumelo were also
tested. Tropical Sunki mandarin was used as the reference control. Those hybrids coming from the
cross of Sunki x Flying Dragon induced large tree sizes to Valencia sweet orange as well as the other
citrandarins, Tropical Sunki mandarin and the Sunki mandarin x Rangpur lime hybrids, whereas
only the tetraploid Swingle citrumelo behaved as a dwarfing rootstock, decreasing the canopy
volume by 77% compared to that induced by the most vigorous citrandarin 535. The citrandarins
543 and 602 and the citrange C38 induced the highest mean fruit production, 67.2 kg-tree™!, but
they also caused pronounced alternate bearing and only the hybrid 543 led to a high production
efficiency consistently. Graft incompatibility symptoms were not observed over the evaluation
period, and the canopy shape of Valencia sweet orange was also influenced by the rootstocks tested.
Two citrandarins and one citrange were selected as the most promising alternative rootstocks for
Valencia sweet orange grown under an Aw climate, even though productivity would likely benefit
from supplementary irrigation.

Keywords: Citrus spp.; Poncirus trifoliata; drought tolerance; fruit yield; tree size control; genotype evaluation

1. Introduction

Brazil is the largest producer of sweet orange [Citrus x sinensis (L.) Osbeck] and its
derived products in the world, corresponding to 21.7% of the 78.7 million tons harvested
worldwide in 2019 [1]. Sweet oranges are grown mainly for juice processing, and Brazil
accounts for three-fourths of the international orange juice exports [2]. The citrus belt of
Sao Paulo and Minas Gerais States comprises about 80% of the Brazilian sweet orange
production in a cultivated area of 400 thousand hectares in 2021 [3]. About 30% of the
orchards are located in the North-Northwest of the state of Sdo Paulo and in the Triangulo
Mineiro region, which are characterized by the typical Aw climate (tropical savannah
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type) [4], deep alic red oxisols [5], and a limited use of irrigation (just in about 56% of the
cultivated area in the region), despite its history of severe drought events [3].

In these same regions, although huanglongbing (HLB) incidence is relatively low [6],
the citrus sudden death disease (CSD) has been endemic since 1999 [7], which has hindered
the use of traditional rootstock genotypes such as Rangpur lime (C. x limonia Osbeck)
and Volkamer [C. X volkameriana (Risso) V. Ten. & Pasq.] and Rough (C. x jambhiri Lush.)
lemons [8]. Two to fifteen-year-old sweet orange and mandarin trees grafted onto CSD-
susceptible rootstocks decline and die within a few months after infection, especially
upon drought conditions. As a result, only CSD-tolerant or resistant rootstocks can be
recommended as replacements, which include Swingle citrumelo [C. paradisi Macfad. cv.
Duncan x Poncirus trifoliata (L.) Raf.], Sunki [C. sunki (Hayata) hort. ex Tanaka] and
Cleopatra (C. reshni hort. ex Tanaka) mandarins, as well as trifoliate orange (P. trifoliata) [9].
From 2000 to 2020, the use of the Rangpur lime in nurseries in Sao Paulo dropped from 75%
to 27% of grafted trees, whereas Swingle citrumelo and Sunki mandarin increased to 55%
and 9%, respectively, and became the main commercial alternatives [10,11]. However, all of
these rootstock genotypes are more sensitive to drought compared to the CSD-susceptible
types [9,10], which has increased the exposure of the citrus industry in the region to severe
drought events regardless of the use of irrigation. In 2020-2021, it was estimated that the
eradication of orchards increased almost two-fold and fruit drop grew in relation to the
previous season mainly due to severe drought conditions that resulted in significant tree
decline and death [3].

Because citrus cultivation is irrigated in most subtropical and Mediterranean regions,
drought tolerance has been of less concern as a desirable trait in rootstock breeding pro-
grams, even though a higher water use efficiency has been increasingly relevant in the
search of new rootstocks due to the escalating water scarcity worldwide derived from
climate warming [12-14]. Furthermore, rainfed cultivation is usual in tropical conditions in
Latin America, Africa and Asia, which has encouraged the creation and evaluation of new
rootstocks in Brazil, mostly trifoliate orange hybrids and Sunki mandarin selections, that
cope with seasonal water deficit and, in the case of Sao Paulo, should also be CSD-tolerant
or resistant [15-20]. However, the etiology of CSD and other diseases such as blight is
unknown, and reliable diagnosis tests are not available to date, making selection depen-
dent on the observation of typical symptoms over time in endemic regions as compared to
susceptible genotypes [8,9,21]. Some citrandarins (mandarin x trifoliate orange hybrids)
grafted with Valencia sweet orange presented good performance under such conditions in
Brazil [22-25], so their use in nurseries increased to about 2.3% of the grafted trees in Sao
Paulo in 2020 [11]. Another proposed strategy for the improvement of rootstocks is to select
elite genotypes for obtaining tetraploid genotypes that usually present lower vegetative
growth and higher abiotic stress tolerance in relation to their diploid counterparts [26-28].
However, the performance of tetraploid rootstocks has not been extensively reported in the
field, notably under drought conditions.

Given this scenario, in this work the tree size and production of Valencia sweet orange
grafted onto 23 rootstock genotypes, mainly new trifoliate orange hybrids in addition to
a tetraploid selection of Swingle citrumelo, Barnes trifoliate orange and Tropical Sunki
mandarin, were evaluated over 10 years in rainfed cultivation under an Aw climate in the
Northwest of the State of Sao Paulo, Brazil.

2. Materials and Methods
2.1. Plant Material and Experimental Design

The IAC selection of Valencia sweet orange was used as the scion variety due to
its importance for the Brazilian citrus belt [3]. Twenty-three different rootstocks were
studied as described in Table 1. With the exception of Tropical Sunki mandarin and Barnes
trifoliate orange, most rootstocks were hybrids between Citrus and Poncirus: 14 citran-
darins, two citrumelos, two citranges and one citrumelandarin. These new hybrids are
potentially tolerant to CSD because at least one parent or both are CSD-tolerant [8]. Addi-



Agronomy 2021, 11, 2533

30f17

tionally, two lemandarins and a tetraploid selection of Swingle citrumelo were included
because the parents of mandarins and Swingle citrumelo are CSD-tolerant, while parents
of lemons/limes are drought tolerant. The tetraploid nature of the latter was confirmed by
flow cytometry analysis. All trees were grafted and grown in 5 L bags in a screenhouse
nursery in the farm, using the inverted T-budding method, and were sent to the field at one
year of age. Budwood of Valencia sweet orange was collected from a protected mother tree,
and rootstocks were propagated from nucellar seedlings. No ungrafted tree was evaluated.

Table 1. Rootstocks grafted with Valencia sweet orange [Citrus X sinensis (L.) Osbeck] and evaluated in Northern Sao Paulo State, Brazil.

Rootstock Identification Parents Origin
SSW1 Citrus sunki (Hayata) hort. ex Tanaka x [C. x paradisi Obtained by Citrolima Nursery,
Macfad. x Poncirus trifoliata (L.) Raf.] cv. Swingle Casa Branca-SP, Brazil
SC4 and SC7 C. sunki x C. x limonia Osbeck Obtained by Citrolima Nursery,

506, 530, 535, 539, 543, 568,

575, 582, 596 and 602

IAC 1710

Cleo x English

Cleo x Rubidoux

TIAC 1697

C7 and C38

E.80-8

Barnes

4x SW

Tropical Sunki
(control treatment)

Casa Branca-SP, Brazil
C. sunki x P. trifoliata var. monstrosa (T. Itd) Swingle cv. Obtained by Citrolima Nursery,
Flying Dragon Casa Branca-SP, Brazil
Accession of the Citrus Germplasm Bank of the
Centro de Citricultura Sylvio Moreira,
Cordeirépolis-SP, Brazil
Accession of the Citrus Germplasm Bank of the
C. reshni hort. ex Tanaka x P. trifoliata cv. English Centro de Citricultura Sylvio Moreira,
Cordeirépolis-SP, Brazil
Accession of the Citrus Germplasm Bank of the
C. reshni x P. trifoliata cv. Rubidoux Centro de Citricultura Sylvio Moreira,
Cordeirépolis-SP, Brazil
Accession of the Citrus Germplasm Bank of the
C. sunki x P. trifoliata cv. Benecke Centro de Citricultura Sylvio Moreira,
Cordeiropolis-SP, Brazil
Accession of the Citrus Germplasm Bank of the
C. x sinensis (L.) Osbeck x P. trifoliata Centro de Citricultura Sylvio Moreira,
Cordeirépolis-SP, Brazil
Accession of the Citrus Germplasm Bank of the
C. x paradisi x P. trifoliata Centro de Citricultura Sylvio Moreira,
Cordeirdpolis-SP, Brazil
Accession of the Citrus Germplasm Bank of the
P. trifoliata Centro de Citricultura Sylvio Moreira,
Cordeiropolis-SP, Brazil
Seedlings selected in the farm’s nursery based on
morphological traits according to [29]

Putative nucellar embryo mutant of C. sunki Obtained by Embrapa Cassava & Fruits, Cruz das
Almas-BA, Brazil

C. reticulata Blanco cv. Changsha x P. trifoliata cv.
English Small

Tetraploid selection of Swingle citrumelo

The experimental design was completely randomized with 23 treatments (rootstocks),
four replications and 15-40 trees per plot. Tropical Sunki mandarin was the control
treatment. For tree size variables, 10-12 trees per treatment were sorted at random within
the replications and used as experimental units. All trees were visually scouted for typical
symptoms of rootstock-related diseases (CSD, tristeza and blight) as described by [8] at the
end of the experiment in July 2021. A total of 3092 trees was evaluated.

2.2. Planting and Maintenance

The experiment was planted in November 2011 in a commercial farm in the mu-
nicipality of Onda Verde (20°35'49"" S, 49°14'57"" W, 517 m), in the Northwestern region
of the State of Sao Paulo, Brazil. Local climate is typical Aw (tropical with dry winter;
normal average air temperature of the warmest and coldest month > 22 °C and > 18 °C,
respectively; total rainfall of the year and of the driest month < 2500 mm and < 60 mm,
respectively) or C2rA’a” depending on the classification [4]. Meteorological variables from
July 2016 to July 2021 are presented in Figure Al.

The soil type at the experimental area is classified as argissolo vermelho-amarelo (Red-
Yellow ultisol), with sandy to loamy texture and moderately wavy relief, presenting the
following attributes at 0-20 cm at the end of the evaluation period: pH (CaCl,) = 5.2; Cation
Exchange Capacity (CEC) = 53 cmol.-dm~3; Ca = 21 cmolc-dm~3; Mg = 10 cmol.-dm~3;



Agronomy 2021, 11, 2533

40f17

K =3.2 cmol.-dm=3; H + Al =19 cmol.-dm—3; V = 65%; P = 58 mg-dm_3; B=0.93 mg-dm_3,'
Fe = 14 mg-dm3; Mn = 21.5 mg-dm3; Cu = 3.3 mg-dm3; Zn = 3.6 mg-dm~3; Organic
Matter (O.M.) = 13 g-kg~!. Trees were planted at 7.0 m x 3.0 m spacing (476 trees-ha™1),
and the cultivation was rainfed. Trees were not pruned during the evaluation period, and
the annual mean rates of fertilizers were 330 g of N, 95 g of P05, and 160 g of K,O per tree
in addition to 0.56 t-ha~! of limestone. Area-wide management of HLB was performed as
recommended by [30].

2.3. Tree Size

In 2016, 2017 and 2021 (five, six and ten years after planting), tree height (H) was
measured from the ground level to the apex, and the canopy diameter was measured on
the equatorial section of the scion canopy at parallel (Da) and perpendicular (De) positions
to the planting line, using a ruler. The mean canopy diameter (Dm) was calculated, and the
canopy volume (V) was estimated according to [31], Equation (1):

V:%xDaxDexH. )

In addition, the canopy shape was evaluated by an index (CSI), calculated by the
mean ratio between H and Dm over the evaluation period (2016-2021), Equation (2):

H
= —. 2
CSs Dim 2)

2.4. Fruit Production and Efficiency

Fruits were manually harvested from 2015 to 2017 according to the monitoring of
the maturity index by the farm staff. All fruits from each replicate were placed in 500 kg
bags, and weighed on a digital scale suspended by a tractor. The annual and average fruit
yield per tree (FY) in the period are presented. From 2018 to 2021, the production was not
evaluated because of low overall fruit yield and erratic fruit drop across the replications due
to severe drought conditions. Nevertheless, in July 2021, the relative fruit production per
cubic meter of canopy was estimated on the trees used for size measurement by counting
the remaining fruits within a 0.5 m x 0.5 m X 1.0 m (width X length x depth) frame,
placed at 1.5 m to 2.0 m height on the center of both sides of the canopy in relation to the
planting line. This sampling volume corresponds to the medium portion of the tree and to
the usual depth of the bearing volume into the canopy of adult sweet orange trees [32]. In
addition, the production efficiency (PE, kg of fruit per cubic meter of canopy volume) was
calculated in 2016 and 2017 by the Equation (3):

R

PE
1%

®)

2.5. Statistical Analysis

After the statistical assumptions were observed, data were submitted to the analysis of
variance, and the means were grouped by the Scott-Knott test (p < 0.05) using the AgroEstat
software [33]. The variable ‘number of counted fruits per cubic meter of bearing volume’
was transformed by /(x 4+ 0.5) to address the normality of data.

3. Results
3.1. Tree Size

The evaluated rootstocks induced different tree sizes to the Valencia sweet orange
scions over the evaluation period. The canopy volume was directly related to the tree height
and canopy diameter, and it increased 1.22- and 2.88-fold in average from 2016 to 2017 and
2021, respectively. Ten years after planting, the most vigorous rootstock was the citrandarin
535 (53.53 m?), followed by the group comprised of the Tropical Sunki mandarin, IAC 1710,
both Sunki x Rangpur hybrids and most of the Sunki x Flying Dragon hybrids, with an
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averaged mean of 41.70 m3. Only the tetraploid Swingle citrumelo was consistently a true
dwarfing rootstock (12.29 m?), decreasing in tree size by 77% in relation to the citrandarin
535. The remaining groups can be classified as semi-dwarfing (Cleopatra x Rubidoux,
Barnes, F.80-8 and 506) and substandard (IAC 1697, Cleopatra x English, both citranges,
SSWT1 and citrandarins 582 and 568), leading to a mean canopy volume of 24.86 m> and
34.63 m?, respectively. The canopy shape was also influenced by the rootstocks, and can be
classified in three groups: vertical ellipsoid or prolate, with CSI > 1 (506, 568, 596, Barnes,
4x Swingle, C38, F.80-8, IAC 1710 and Tropical Sunki); horizontal ellipsoid or oblate, with
CSI <1 (582, both Cleopatra x trifoliate orange hybrids, IAC 1697, SC4 and SSW1); the
remaining rootstocks induced spherical or round trees, with CSI = 1 (Table 2).

Table 2. Tree height (H), mean canopy diameter (Dm), volume of the canopy (V), and canopy shape index (CSI) in 2016,
2017 and 2021, five to ten years after the planting of Valencia sweet orange [Citrus x sinensis (L.) Osbeck] grafted onto
23 rootstocks and cultivated without irrigation in Northwestern Sao Paulo State, Brazil.

H Dm %
Rootstock (m) (m) (m3) csit
2016 2017 2021 2016 2017 2021 2016 2017 2021
506 279 283d 384 251¢  278° 3684 929¢ 11554 27654 1062
530 3042  313P  413P  292b 3162  453P 13542 1624P 4453P (98P
535 285 3452 4452  285°¢ 3202 4792 1222b 18412 53532  100P
539 293b  323b  402b 2794 303P  448P 1197P 1550°¢ 4240 1.00°
543 291 2834 408 2794 2094b 438  1191P 12814 41.04> 098P
568 29734 3408 4433 3023 3202  398¢ 14252 18112 36.66¢ 1.052
575 288 3.07°  412b 293P  302P  439b  1298P 1461° 4166 098P
582 255¢ 2944  383c 2674 298P  422¢  960°¢ 13659 3587¢ 095¢
596 2952  313P 4382  286° 303P 423¢ 1270P 15.02¢ 4092 1.032
602 3112 3.09° 418P 293P 3283  436P 13967 17322 4216 0.99P
4x SW 2324 248f  309¢ 213f 2504  273¢ 5584 822e  1229¢  1.082
Barnes 3102 3.06¢ 375¢ 3032 3212 3524 14922 1644P 24454 122
C38 286b 3492  412b  284°c 3232  409°¢ 1212P 18938 3642°¢ 1.03°
Cc7 280  310°¢ 412  289°¢ 3182 398 1231P 1620P 3454°¢ 1.00°
Cleo x English 283b 287d  388¢  292b 3132  394¢ 1264P 1455¢ 31.70¢ 096°¢
Cleo x Rubidoux 293b  262¢ 3384 288 298P 3514  1283P 12119 22649 095°¢
F.80-8 288P  323b  389¢c  296P 3152 3474 13232 1666P 24724 1042
IAC 1697 281 262¢  406P 3032 298P 398 13492 12114 3392°¢ 095¢
IAC 1710 2992  320b 4382  292b 3132 415°¢ 13362 1628P 39.74P 1042
SC4 285b  3.08¢  405P 292P 3192  446b 1278 1633P 4222b  095¢
SC7 2992  307° 412 2774 309P  440P 1206P 1537°¢ 4259 1.00P
SSW1 3.022  299¢  379¢  301@ 3152  408° 14372 1545¢ 3330°¢ 096°¢
Tropical Sunki 2092b 3452 4582 3052 3202  406° 14202 18412 39.75P>  1.062
(control treatment)
p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
CV% 5.78 5.40 7.04 5.20 3.83 6.77 12.69 8.84 17.15 252

Means followed by the same letters (a—f) belong to the same group by the Scott-Knott test (p < 0.05). Rootstock acronyms according to
Table 1. ! CSI is the mean ratio between tree height and canopy diameter in the 2016-2017-2021 period.

3.2. Fruit Production and Efficiency

The fruit yield per tree differed over the evaluation period, with an overall alternate
behavior due to a low production in 2016. Nevertheless, the rootstocks induced variable
fruit yields in all seasons. The Sunki x Flying Dragon hybrids 602 and 543, and the
citrange C38 induced the highest mean fruit yield, 67.2 kg-tree . Ranging from 45.7 to
54.7 kg-tree’l, a second group ranked next comprising 596, 539, 575, F.80-8, IAC 1710,
IAC 1697, Cleopatra x English, Barnes trifoliate orange and Tropical Sunki mandarin,
while all other rootstocks produced less than an orange box per tree, which included
dwarfing and some vigorous rootstocks. The tetraploid Swingle citrumelo and citrandarin
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506 yielded consistently the least production over the evaluated seasons, whereas C38,
IAC 1710, IAC 1697, Cleopatra x Rubidoux, 596 and 575 presented a more pronounced
alternate bearing (Figure 1).
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Figure 1. Fruit yield per tree in 2015, 2016 and 2017, and mean fruit yield in the 2015-2017 period,
five to seven years after the planting of Valencia sweet orange [Citrus x sinensis (L.) Osbeck] grafted
onto 23 rootstocks and cultivated without irrigation in Northwestern Sao Paulo State, Brazil. Means
followed by the same letters belong to the same group by the Scott-Knott test (p < 0.05). The bar
indicates the standard error of the mean. Rootstock acronyms according to Table 1. * Not evaluated
in 2015. BRS Sunki Tropical is the control treatment.
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The fruit yield potential of the evaluated rootstocks was estimated in 2021 by counting
the number of fruits in the canopy bearing volume. Sunki Tropical mandarin, IAC 1697
and the citrandarins 543, 602 and 535 induced the highest number of fruits (28 to 39 fruits
per cubic meter of bearing volume), followed by C38 and the citrandarins 596, 575, 568 and
539 (17 to 25 fruits). The least number of fruits, 0 to 5, was provided by Barnes trifoliate
orange, Cleopatra x English, tetraploid Swingle citrumelo, C7, SSW1 and 506 (Figure 2).
Considering the production efficiency (PE), that is, the total production divided by the
whole tree canopy volume, citrandarin 543 corroborated its better performance because
PE was the highest in 2016 and 2017, regardless of inducing large tree size (Table 2), while
Tropical Sunki mandarin led to a lower PE, and other high-yielding rootstocks varied
according to the year evaluated. Although tetraploid Swingle citrumelo, Barnes trifoliate
orange, 506 and Cleopatra x Rubidoux decreased the tree size (Table 2), PE was still low due
to their low fruit yield. Conversely, low to medium size-inducing rootstocks that presented
a higher PE comprised citrumelo F.80-8, and citrandarins 582, Cleopatra x English and
IAC 1697 (Figure 2).
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Figure 2. Production efficiency (PE) in 2016 and 2017, and mean number of fruits (NF) counted
per cubic meter of bearing volume in 2021, ten years after the planting of Valencia sweet orange
[(Citrus x sinensis (L.) Osbeck] grafted onto 23 rootstocks and cultivated without irrigation in North-
western Sao Paulo State, Brazil. Means followed by the same letters belong to the same group by
the Scott-Knott test (p < 0.05). Rootstock acronyms according to Table 1. Sunki Tropical is the
control treatment.
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4. Discussion

The extensive cultivation of citrus without irrigation in Brazil and other tropical
regions has been possible due to the use of drought tolerant rootstocks. Among the
traditional rootstock genotypes in current use, sour orange, Sunki mandarin, Rangpur lime,
and Rough and Volkamer lemons address this trait properly [34]. However, citrus tristeza
and sudden death diseases impair the use of sour orange and lemon-like rootstocks in
affected areas, respectively, while Sunki mandarin is highly susceptible to Phytophthora
gummosis [35]. Furthermore, the ramping climate warming is likely to alter the water
regime and increase events of heat waves without rain in most citrus regions [36], which
will in turn decrease the availability of water for irrigation and expose citrus trees to soaring
stresses. Hence, citrus breeding programs around the world have expended efforts to create
and select new citrus rootstocks that can cope with severe drought conditions or are more
efficient in the use of water. In this work, we evaluated 23 rootstock genotypes grafted with
Valencia sweet orange in an Aw climate, and we observed that some hybrids demonstrate
potential for rainfed cultivation based on tree growth and production after ten years of
planting under severe seasonal drought conditions. To the best of our knowledge, the
long-term field performance of some of the evaluated rootstocks, such as the tetraploid
Swingle citrumelo, is reported for the first time.

Hybrids of Sunki mandarin x Flying Dragon trifoliate orange. Ten hybrids of this cross
were evaluated, and they induced different attributes to the Valencia sweet orange. Sur-
prisingly, despite the use of a dwarfing parent (Flying Dragon), most hybrids induced
high tree size, except 506, 568 and 582 that led to intermediate vigor. Other hybrids from
the same cross that were previously evaluated in Brazil were dwarfing to semi-dwarfing
rootstocks, even though there was a clear genetic segregation for this trait [16]. In this work,
the fruit production and productive efficiency were higher for about half of the hybrids,
with 602 and 543 being highlighted because of a consistently good performance throughout
the evaluation period. On the other hand, the lowest mean production of 506 could be ex-
plained by a putative susceptibility to drought or blight disease, because visual symptoms
suspicious of blight were observed for all trees at the end of the experiment, whereas all the
other hybrids from this group presented no typical visual symptoms of rootstock-related
diseases (Figure A2). Thus, the cross of Sunki mandarin x Flying Dragon trifoliate orange
should be considered valuable in further rootstock breeding programs, and similar hybrids
also performed well in rainfed cultivation in Brazil [16]. In Florida, the citrandarin US-942
is a cross of Sunki x Flying Dragon, and it is the most planted citrus rootstock in that State
since 2018, likely because it is inducing good fruit production and quality to most scion
varieties, intermediate tree size and putative field tolerance to HLB [34].

Hybrids of Sunki mandarin x Rangpur lime or Swingle citrumelo. Both Sunki x Rangpur
hybrids evaluated induced high tree size but low fruit yield, which would preclude their
use as commercial rootstocks. A similar result was observed for the Sunki x Swingle SSW1
hybrid, though it induced an intermediate tree size, and symptoms suspicious of blight
were observed. However, in other studies under similar environmental and management
conditions, other hybrids of Sunki x Swingle induced high fruit yield and tree survival,
good drought tolerance and semi-dwarfing to vigorous tree size [15,16], indicating some
potential for obtaining competitive hybrids from this cross.

Hybrids of Cleopatra mandarin X trifoliate orange. The decreased tree size, lower fruit
production and a very typical oblate shape of the canopy were traits associated with
Cleopatra x Rubidoux and Cleopatra x English hybrids tested. However, fruit yield was
slightly higher for the latter rootstock, while the former was an alternate bearer. At the
end of the experiment, symptoms suspicious of blight were observed for trees on both
hybrids. These results corroborate previous works in Brazil, which also showed that these
same hybrids induced high fruit quality to the Valencia sweet orange scions albeit overall
performance was poor [15,22,37]. The X639 citrandarin is another hybrid obtained from
the same cross in South Africa, and it has been commercially planted in the USA [34], after
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exhibiting similar characteristics to these two hybrids evaluated here except by inducing
larger tree size.

Citranges. C7 and C8 resulted in medium to large trees, but only C38 can be selected
as a highly productive rootstock. Although its average production efficiency was lower
compared to most citrandarins, C38 did not show visual blight symptoms ten years after
planting, while blight susceptibility is a common trait for most citranges in general [34].
Therefore, C38 could be considered for further investigation similar to other citranges that
performed well in Southern Brazil [38].

Commercial citrandarins. TAC 1710 and IAC 1697 were introduced from Florida [22],
where they are denominated as US-801 and US-812, respectively, but only the latter was
released for commercial exploration [34]. Conversely, in Sao Paulo only IAC 1710 has
been significantly planted to date [10]. In this work, IAC 1710 induced larger trees than
IAC 1697, but both citrandarins led to high fruit production with some alternate bearing.
Moreover, the incidence of visual symptoms suspicious of blight was low at the end of the
experiment, which corroborate previous observations in Brazil [22,23] even though US-812
is considered a blight-tolerant rootstock in Florida [34]. Both citrandarins induced good
performance to Valencia sweet orange in Sao Paulo and Parand States [22-24,39], with IAC
1697 being consistently less vigorous and inducing higher fruit quality, but only IAC 1710
was selected as a suitable rootstock for the Pera sweet orange scion, the most important
sweet orange cultivar group in Brazil [40]. Other field observations in Sao Paulo indicate
high drought tolerance and tree size for sweet orange scions grafted on this citrandarin.
In Florida, it was also a vigorous rootstock for Valencia sweet orange, but it presented a
higher HLB incidence compared with several other rootstock genotypes [41].

F.80-8 and tetraploid Swingle citrumelos. F.80-8 induced good production and interme-
diate tree size to Valencia sweet orange in regions with a milder climate in Brazil [39,42],
which was also observed herein in Northwestern Sao Paulo State. In Florida, Valencia sweet
orange grafted onto F.80-8 performed well and did not present blight symptoms in the
long term, but Jaffa orange was severely affected on the same rootstock, and other siblings
from this cross were also susceptible depending on the scion variety used [43,44]. Swingle
citrumelo is considered highly tolerant to blight in Brazil [35,39], but this trait varies sub-
stantially in some soil and tropical climate conditions in Central America [45], suggesting
that F.80-8 and other citrumelos should be carefully evaluated for blight incidence in spe-
cific circumstances, namely in soils likely affected by periodic severe droughts. Regarding
the tetraploid selection of the Swingle citrumelo evaluated in this work, it was the only
truly dwarfing rootstock among the genotypes assessed, decreasing the tree size by 77% in
relation to the largest size-inducing rootstock. Nevertheless, its production efficiency was
low due to its poor fruit production. The diploid Swingle citrumelo parent is intolerant to
drought [9,10,35], and this may be related to the performance of the tetraploid selection,
even though an enhanced adaptation to water deficiency was expected initially [25-27].
Interestingly, in the same farm, this selection was also cultivated in a commercial block of
the same age, plant care and tree spacing, but in a more clayey soil and alongside a creek,
and the tree height and fruit number in 2021 were of 2.65 4 0.07 m and 28 = 6 fruits-m 3,
respectively. In other experimental areas under evaluation, a similar behavior has been
observed, indicating that drought tolerance of tetraploid citrus rootstocks still remains
to be clearly elucidated in field conditions. Tetraploid citranges controlled the tree size
of Valencia sweet orange and Ponkan mandarin to some extent but production was not
satisfactory [22,46,47]. Nevertheless, several new tetraploid genotypes are promising as
dwarfing rootstocks for sweet orange as well [48]. Tetraploidization rather than the diploid
hybridization with the dwarfing Flying Dragon trifoliate orange parent is likely to be a
more worthwhile method for producing rootstocks better adapted to high-density orchards.

Barnes trifoliate orange. This small-flowered selection of trifoliate orange has been
shown to induce higher tree vigor from the nursery [49], and higher fruit production to
Valencia sweet orange under a Cwa climate in Brazil [50]. This motivated its inclusion
in the present work. Although the fruit production was initially high, suggesting a fair
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performance even under rainfed cultivation in an Aw climate, ten years after planting
most trees presented visual decline that was putatively associated with blight symptom:s,
as this is usual for other trifoliate orange selections [21,35]. Nevertheless, its overall
good performance encourages further evaluation with other scion varieties and regions.
Moreover, the small flower phenotype of some Poncirus trifoliata accessions was co-related
to a higher tolerance to water deficit [51].

Tropical Sunki mandarin. This is a putative nucellar embryo mutation of common Sunki
mandarin that induced large tree size, high production and tree survival to sweet orange
scions without irrigation under Aw and As climates in Brazil [15,19,20]. In this work,
although the mean fruit production of Valencia sweet orange was relatively high, there
was alternate bearing and low production efficiency, yet trees grafted on the Tropical Sunki
induced the highest fruit number per cubic meter of bearing volume and excellent plant
stand at the end of the experiment (Figure A2). As a comparison, neighboring Valencia trees
grafted on the common Sunki mandarin with the same age at the same block presented an
average of 4.37 + 0.05 m and 36 + 5 fruits-m 3 in 2021.

Taken together, the results herein indicate that some trifoliate orange hybrids can
be grafted with Valencia sweet orange for rainfed cultivation due to a high mean fruit
production after ten years of planting. Nonetheless, the productivity would likely benefit
from the use of supplementary irrigation since none of the evaluated rootstocks were
able to sustain high yields throughout the evaluation period, presenting a pronounced
alternate bearing. Considering the tree spacing used and the mean fruit production of
the most productive rootstocks, the average productivity would be of 31.9 t-ha~!, which
was significantly higher than the average productivity of commercial orchards in the same
region in 2015-2017 (23.2 t-ha~!), but still lower than that of orchards located in southern
regions with a milder climate and higher water availability (42.9 t-ha~!) [3]. Long-term
studies showed yield increments of 15 to 64% with irrigation compared to rainfed sweet
orange in Sao Paulo State [52]. Ten years after planting, none of the evaluated combinations
presented visual symptoms suspicious of CSD or tristeza, but blight-like symptoms (tree
slow decline, stem dieback, vigorous sprouting close to the trunk and scaffold) were
observed for about half of the rootstock genotypes evaluated, thus, further investigation
on disease resistance is necessary. Graft incompatibility was also not observed, with
overall good plant stand (Figure A2), and the rootstock trunk caliper was wider than the
scion’s one for all trifoliate hybrids, as it is typical for this species, while it was similar
for Sunki x Rangpur hybrids, and smaller for the Tropical Sunki mandarin. Finally, it
is worth noting that not only the volume but also the canopy shape varied among the
rootstocks tested, even within the same cross, suggesting that the branching habit may
be incorporated into the citrus genetic improvement programs as it would be of interest
to assist harvesting. In other perennial fruit crops, tree architecture is a major attribute
for breeding or training trees that are more suitable for high tree density or mechanical
harvesting, and can also be manipulated by the rootstock [53-56].

5. Conclusions

The citrandarins 543 and 602 and the citrange C38 have potential as alternative
rootstocks for Valencia sweet orange in rainfed cultivation under an Aw climate. The
commercial citrandarin genotypes of IAC 1710 and IAC 1697, and BRS Tropical Sunki
mandarin corroborated their good performance in Northern Sao Paulo State, Brazil.
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Figure A1. Daily air temperature [maximum (MAX), minimum (MIN) and average (AVE)] and daily water balance (EXC,
excess; DEF, deficit) for the 20162021 period at the experimental area in Onda Verde, SP, Brazil. The sequential water
balance and actual evapotranspiration were calculated between assessment dates as proposed by [57] using an available
water capacity of 100 mm. The potential evapotranspiration was estimated using the FAO-56 Penman-Monteith (FAO PM)
method [58].
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Figure A2. Overall plant stands of Valencia sweet orange (Citrus x sinensis (L.) Osbeck) grafted onto 23 rootstocks in 2021,
10 years after rainfed cultivation in northwestern Sao Paulo, Brazil. Rootstock acronyms according to Table 1. SM is Sunki
mandarin commercially cultivated at the same block, age and plant care conditions. Tropical Sunki is the control.
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