
����������
�������

Citation: Raiol-Junior, L.L.; de

Carvalho, E.V.; Moreira, A.S.;

Marques, J.P.R.; Stuchi, E.S.; Peña, L.;

Girardi, E.A. Graft Compatibility

Classification within Aurantioideae

Based on Biometric Traits and the

Anatomy of Graft Union. Agriculture

2022, 12, 76. https://doi.org/

10.3390/agriculture12010076

Academic Editor: Yuan Huang

Received: 10 November 2021

Accepted: 29 December 2021

Published: 6 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agriculture

Article

Graft Compatibility Classification within Aurantioideae Based
on Biometric Traits and the Anatomy of Graft Union
Laudecir Lemos Raiol-Junior 1,2 , Everton Vieira de Carvalho 1,2,†, Alécio Souza Moreira 1,2,† ,
João Paulo Rodrigues Marques 3,† , Eduardo Sanches Stuchi 1,4, Leandro Peña 2,5

and Eduardo Augusto Girardi 1,2,*

1 Embrapa Cassava & Fruits, Cruz das Almas 44380-000, BA, Brazil; laudecir.raiol@unesp.br (L.L.R.-J.);
everton.carvalho@unesp.br (E.V.d.C.); alecio.moreira@embrapa.br (A.S.M.);
eduardo.stuchi@embrapa.br (E.S.S.)

2 Fund for Citrus Protection, Araraquara 14807-040, SP, Brazil; lpenya@ibmcp.upv.es
3 Department of Basic Science, Faculty of Animal Science and Food Engineering, University of São Paulo,

Pirassununga 13635-900, SP, Brazil; jprmarques@usp.br
4 Coopercitrus Credicitrus Foundation, Bebedouro 14713-000, SP, Brazil
5 Institute of Molecular and Cellular Plant Biology, Higher Council for Scientific Research,

Polytechnic University of Valencia, 46022 Valencia, Spain
* Correspondence: eduardo.girardi@embrapa.br
† These authors contributed equally to this work.

Abstract: Citrus relatives are a relevant source of valuable traits for use in citrus breeding, including re-
sistance to diseases such as Huanglongbing (HLB). Resistant rootstocks may impact tree responses to
HLB. This requires graft compatibility, which has been poorly investigated within the Aurantioideae.
In this study, the biometric characteristics and the anatomy of the graft union of 86 scion/rootstock
combinations were assessed. This comprised 18 genotypes/species and 8 genera from Citrinae,
Balsamocitrinae, and Clauseninae subtribes sensu Swingle and Reece. Most graft combinations
were found to be noncompatible. Phylogenetic proximity did not ensure successful grafting as, for
example, Orange jasmine autografts failed, whereas some intergeneric grafts were successful (>60% of
graft-take). Plant scion height was directly related to graft-take, but the correlation between the scion
and rootstock stem diameters was not a reliable indicator of graft compatibility. Rangpur/Tabog,
Tabog/Rangpur, Wampee/Rangpur, Wampee/Pomeroy, Wampee/Swingle, Pomeroy/Wampee, and
Swingle/Wampee were the most compatible intergeneric graft combinations. Graft-take success
for this was at similar levels to those of sweet orange grafted on common citrus rootstocks. The
position as a scion or rootstock in the combination affected the performance and was specific to
the genotypes tested. The lack of differentiation between xylem-derived calli and the accumulation
of phenolic compounds at the graft union were clear anatomical and biochemical markers, respec-
tively, of incompatibility for most Aurantioideae combinations. In the field, within a set of the ten
most promising combinations, Hamlin/Rangpur (control) was the only one that became infected
by ‘Candidatus Liberibacter asiaticus’. This was first observed 12 months after planting. Overall, the
assessment of biometric traits and anatomy of the graft union allowed Aurantioideae genotypes to be
divided into four clusters, with respect to their graft compatibility, as follows: fully compatible with
high graft-take and plant growth; potentially compatible with high graft-take but lower plant growth;
partially incompatible with lower graft-take and poor plant growth; and fully incompatible with a
complete absence of graft-take.

Keywords: Citrus spp.; Citreae; Clausenae; Huanglongbing; citrus relatives; rootstock

1. Introduction

Aurantioideae is one of the largest Rutaceae subfamilies [1–3]. It is divided into the
Clauseneae and Citreae tribes. These are composed of 33 genera and 210 species, according
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to Swingle and Reece [1]. The Clauseneae tribe encompasses the most distant citrus
relatives, which typically have pinnate leaves and small fruits. Citreae contains “citrus fruit
trees” in the Citrinae subtribe. This includes the genus Citrus, which is currently known to
have a few true species and thousands of intrageneric complex citrus hybrids and types
with relevant commercial importance [4–6]. The broad genetic and phenotypic diversity
observed within Aurantioideae may be an important source of traits that could be used
to improve significant attributes in commercial citrus. This includes yield, abiotic stress
tolerance, and pest and disease resistance [6–9].

Citrus trees are commercially propagated by grafting, in which the canopy is the
scion variety and the underground part is the rootstock. Each of these may have specific
traits of interest. There is an interest in crossbreeding between Citrus and closely related
genera, such as Fortunella, Microcitrus, Eremocitrus, and Poncirus [1,10], to obtain new
varieties because they are sexually compatible. However, most citrus relatives are sexually
incompatible with Citrus [11,12]. An alternative to take advantage of the Aurantioideae
gene pool is their direct use as a rootstock for commercial citrus types/species. Grafting
may, therefore, be used to assess traits of interest within a wide range of citrus relatives. A
few studies have evaluated the performance and graft compatibility in citrus scions and
citrus relatives. This has produced varied results, depending on the combinations and
experimental conditions used [13–18].

Intergeneric graft compatibility results from a complex sequential process that still
needs to be better understood. For successful grafting, the initial injury response should
be followed by a rapid healing process with the accumulation of phenolic and lipophilic
compounds. A proliferation of parenchymal cells then occurs to form undifferentiated
callus tissue. This is followed by the differentiation of the cambial cells to establish junctions
with vascular vessels, allowing connection between the scion and rootstock genotypes [19].
However, graft incompatibility may arise from the irregular alignment of vascular exchange
tissues [20,21], unknown genetic or cellular factors [22,23], production and accumulation of
certain detrimental phenolic compounds [24–26], phytohormone imbalance [27,28], and
ion disturbances [29,30]. Phylogenetically distant genotypes are more likely to exhibit graft
incompatibility [31,32]. Therefore, the taxonomic affinity between the two target species is
the first step to be considered prior to proceeding with this technique. Graft compatibility
of intergeneric and intrafamilial species represents huge agronomic potential for genetic
improvement and better crop management through the use of interesting characteristics
from wild relative rootstocks in combination with commercial citrus scion varieties.

More recently, there has been increased interest in using genera from Aurantioideae
as a source of resistance to the bacterium ‘Candidatus Liberibacter asiaticus’ (CLas), which
is associated with Huanglongbing (HLB) [7,8,33,34]. This is one of the most destructive
diseases affecting citrus trees worldwide [35]. In the HLB pathosystem, the rootstock plays
an important role in the progression of disease symptoms, with the loss of root biomass
reported as being one of the first noticeable symptoms of the disease [36]. Rootstocks
that are considered less susceptible, such as Poncirus trifoliata and its hybrids, have shown
different levels of disease severity. This has varied from minimal symptoms in ungrafted
seedling plants to extensive damage in graft combinations with other scion varieties.
These disease responses are also likely influenced by the environmental and management
conditions [37–41]. It is, therefore, necessary to evaluate other genera with resistance against
CLas infection. Intergeneric grafting has the potential to combine truly HLB-resistant
rootstocks with susceptible citrus scions. This technique is widely used in fruit trees for
disease management with horticulturally viable graft combinations [31,32]. There are
multiple successful examples of growers overcoming citrus diseases by grafting susceptible
scion varieties onto disease-resistant/tolerant rootstocks. This strategy has been used to
combat citrus diseases such as Citrus tristeza virus infections [14,42,43], citrus variegated
chlorosis caused by Xylella fastidiosa [44,45], foot rot caused by Phytophthora spp., and citrus
blight [46,47]. This is also a strategy that can be used to control diseases in crops such as
apples, grapevines, and some vegetables [48–52].
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For the current study, a total of 86 scion/rootstock (S/R) combinations were screened.
These comprised 18 species from eight genera of the Aurantioideae subfamily. They were
screened for graft compatibility, based on biometric traits and anatomical evaluation of
graft union for up to 21 months after grafting (MAG) in greenhouse. In addition, the initial
horticultural performance and reactions to HLB were assessed among the most suitable
combinations under field conditions.

2. Materials and Methods
2.1. Plant Material

Taxonomic classification of Aurantioideae plants was performed as proposed by
Swingle and Reece [1] with modifications reported by Ollitrault et al. [53] (Table 1). Graft
compatibility was evaluated between commercial varieties of Citrus types and eight genera
from Aurantioideae. Seedlings were cultivated in cone-shaped 50 mL plastic tubes that
were filled with coir. Nucellar plants were visually selected within polyembryonic species.
The species used in this study were selected based on a review of literature describing
responses to CLas, the bacterium associated with HLB pathogenesis. Responses to the bac-
terium ranged from complete immunity [8,34] to partial resistance or transient/temporary
multiplication of the pathogen [33], that is, initial multiplication gradually decreased until
the pathogen became absent following inoculation. In other cases, there was a very low
bacterial multiplication within plant tissues [54,55] or varying levels of susceptibility to the
disease [7,8,39,41,56]. All seedlings were grown in screenhouses in Araraquara, Sao Paulo
State, Brazil.

Table 1. Phylogenetic classification (PC) of the Aurantioideae species used in this work.

Species 1 Genotype Name Tribe/Subtribe 2 Type PC
CLas Infection
Classification—
Authors 3

Citrus. × aurantium var. sinensis L. Hamlin Citreae/Citrinae True citrus 1 HS [41]
C. × aurantium var. sinensis L. Pera Citreae/Citrinae True citrus 1 HS [7]
C. × aurantium var. sinensis L. Pineapple Citreae/Citrinae True citrus 1 HS [8]
C. × aurantium var. sinensis L. Rubi Citreae/Citrinae True citrus 1 HS [39]
C. × aurantium var. sinensis L. Valencia Citreae/Citrinae True citrus 1 HS [41]
C. × aurantium L. var. aurantium Sour orange Citreae/Citrinae True citrus 1 HS [8]
C. × limon var. limon (L.) Burm. f. Lemon Citreae/Citrinae True citrus 1 HS [8]
C. × limonia Osbeck var. limonia Rangpur Citreae/Citrinae True citrus 1 HS [8]
C. reticulata Blanco Ponkan Citreae/Citrinae True citrus 1 HS [8]
C. paradisi Macfad. × P. trifoliata Swingle Citreae/Citrinae Trifoliate 2 MS [41]
Poncirus trifoliata (L.) Raf. Pomeroy Citreae/Citrinae Trifoliate 2 MS [7]
Atalantia buxifolia (Poir.) Oliv. (syn.
Severinia buxifolia) Box orange Citreae/Citrinae Small-fruit citrus 3 HS [56]

Swinglea glutinosa (Blanco) Merr. Tabog Citreae/
Balsamocitrinae Hard-shell 4 TM [33]

Aegle marmelos (L.) Corr. Bael Citreae/
Balsamocitrinae Hard-shell 4 T [8]

Murraya koenigii (L.) Spreng Curry tree Clausenae/
Clauseninae Remote citrus 5 I [34]

M. paniculata (L.) Jack Orange jasmine Clausenae/
Clauseninae Remote citrus 5 TM [33]

Clausena lansium (Lour.) Skeels Wampee Clausenae/
Clauseninae Remote citrus 5 LT [54,55]

Glycosmis pentaphylla (Retz.) Correa Orange berry Clausenae/
Clauseninae Remote citrus 5 I [8]

1 Scientific nomenclature according to USDA. Available online: https://npgsweb.ars-grin.gov/gringlobal/taxon/
taxonomysearch?t=pnlspecies (accessed on 27 September 2021). 2 Taxonomic classifications according to Swingle
and Reece [1]. 3 Classification of the species regarding susceptibility to ‘Candidatus Liberibacter asiaticus’ (CLas)
infection: HS, highly susceptible; MS, moderately susceptible; TM, transient or temporary multiplication; LT, low
bacterial titer; T, tolerant; I, immune.

https://npgsweb.ars-grin.gov/gringlobal/taxon/taxonomysearch?t=pnlspecies
https://npgsweb.ars-grin.gov/gringlobal/taxon/taxonomysearch?t=pnlspecies
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2.2. Grafting Procedures

Six months after seeds were sown, the seedlings had grown to a height of 35 ± 10 cm
and had reached a stem diameter of 4 ± 2 mm. They were then grafted using top cleft
grafting. All genotypes were evaluated for use as both the scion and the rootstock. Grafting
was reciprocal, forming different combinations to examine the effect of the genotype
position on the grafted plant. Combinations with “Hamlin” and “Valencia” sweet oranges
grafted onto “Rangpur” lime were used as controls. These combinations were selected
because of their extensive commercial use with the production of successful grafts. For each
graft combination, one to seventy plants were grafted and used as replicates. However,
only those with a minimum of three replicates were statistically analyzed.

The rootstock was topped with scissors at 10 ± 5 cm height. The stem was then
split in half at a depth of 0.5 cm using a pocketknife. The scion graft consisted of 5 cm
long segments that were collected from seedlings with a stem diameter similar to that of
the rootstock. The scion was made by cutting a long and gradually tapering wedge to
maintain an equivalent length to the depth of the slit made in the rootstock stem. The scion
was inserted carefully into the rootstock to facilitate cambium layer matching. After the
scion was placed, the entire union was thoroughly wrapped with plastic strips. A humid
chamber was used, enveloping the scion region with a 10 × 20 cm plastic bag. This was
fixed to the rootstock base with wire and kept for 30 days. The plants were maintained in a
climate-controlled greenhouse at an average temperature of 26 ± 2 ◦C. The plants were
kept in cone-shaped plastic tubes with periodic irrigation for approximately 60 days with a
nutrient solution composed of the following (g/1000 L): calcium nitrate (467), magnesium
sulfate (679), potassium nitrate (72), monoammonium phosphate (18.8), phosphoric acid
(22), Fe-EDHHA (35), Cu-EDTA (18.7), Zn-EDTA (4), Mn-EDTA (3.1), boric acid (2), and
sodium molybdate (0.3).

Two groups of grafted plants were used and evaluated as part of separate experiments.
The first group comprised 56 scion and rootstock combinations (Experiment 1). The
plants were evaluated in the greenhouse for 21 months (May 2018 to February 2020). The
combinations with the most potential were then planted in the field to evaluate their long-
term graft compatibility. Their initial agronomic performance and reaction to CLas infection
was also examined. The second group comprised 39 scion and rootstock combinations
(Experiment 2). A total of 12 grafted plants from this group were monitored to validate the
combinations with the most potential (i.e., the ones from the Experiment 1), with 27 new
combinations also being tested. In Experiment 2, plants were grafted and evaluated for up
to 13–16 months in the greenhouse. This included three different sets of plants cultivated
from August 2019 to July 2021, which were grouped for performing statistical analysis.

2.3. Graft-Take and Plant Growth

All the plants were observed for 2 MAG to evaluate graft compatibility at the time
of transplanting onto larger recipients in the greenhouse. Plants in which the grafting
union had healed, and the presence of new shoots was observed were considered to have
initial compatibility. The plants were transplanted into 30 cm × 20 cm black polyethylene
bags that were filled with decomposed pine bark substrate (Terra do Paraíso, Holambra,
São Paulo, Brazil). They were then transferred to a greenhouse. Plants were fertigated
every three days with the same nutrient solution as described previously in Section 2.2.
Plants in the first group (Experiment 1) were further evaluated at 7, 14, and 21 months
after cleft grafting, while plants in the second group (Experiment 2) were evaluated from
7 to 12 months and from 13 to 16 months after cleft grafting. The number of grafts alive
was counted for each treatment, with the time after grafting also being recorded. The
percentage relative to the total number of grafted plants was calculated as the graft-take.
On all assessment dates, the scion and rootstock stem diameters were measured 5 cm above
and below the graft union [57] with a digital caliper. The correlations between the scion
and rootstock stem diameters were then calculated. Plant height was measured from the
collar end to the apex of the plant using a ruler. Only data from the final date when plants
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were still alive were presented, thereby encompassing the maximum plant growth attained
by each evaluated S/R combination.

2.4. Anatomical Evaluations

Twenty-four S/R combinations from the second grafting group were selected for
anatomical assessment between 14 and 26 MAG. Three plants from each S/R combination
were longitudinally sectioned with a scalpel blade at the median region of the grafted
region in a 5 cm long stem segment, splitting them into two halves used for sampling.
One sample was then stained a pink color with phloroglucin (0.1%) for 5 min to detect
the lignified cell walls. The other was stained a brown color with 5% ferric chloride for
2 h to detect phenolic compounds [58]. All samples were then analyzed using a digital
microscope (KH-8700, Hirox, NJ, USA), with the images being digitally registered.

2.5. Field Cultivation and CLas Detection

In June 2020, 21-month-old plants from the 10 graft combinations with the most po-
tential were planted in the field in the municipality of Bebedouro, São Paulo State, Brazil
(20◦53′16′′ S, 48◦28′11′′ W, 600 m a.s.l.) for Experiment 3. Using this approach, the main
objective was to evaluate the initial horticultural performance of the selected graft com-
binations, as well as disease progression after natural inoculation, under field conditions.
The local climate was classified as Cwa. This was characterized as mountain subtropical
(Köppen−Geiger climate classification system) [59]. The soil type in the experimental
area was classified as Red dystrophic oxisol. Horticultural practices followed standard
recommendations for citrus cultivation in Brazil. The insect vector of CLas (Diaphorina
citri Kuwayama) was controlled using monthly spraying on a rotation system using contact
insecticides. This was to prevent the uncontrolled increase and movement of the vector
population to the surrounding areas. Systemic insecticides were not used in the drenches.
Twelve months after planting, plant survival was calculated as the relationship between
the number of trees alive and the total number of planted trees. The scion and rootstock
stem diameters and plant height were measured as described in Section 2.3. In addition,
the presence of typical symptoms of HLB was visually evaluated. If CLas was present,
five symptomatic leaves were collected. In the absence of symptoms, five leaves from
the last shoot flush were collected and assessed for CLas presence. This was done via
quantitative or real-time polymerase chain reaction (qPCR) in each plant from all S/R
combinations. Leaves were washed with water and soap, and 0.3 g of tissue from the
midrib was used for extraction of total genomic DNA using cetyltrimethylammonium
bromide (CTAB) [60], as described by Teixeira et al. [61]. qPCR was performed for detection
of the 16s rRNA from CLas as adapted from [62]; the reaction mixture comprised 1 µL of
total DNA (100 ng/µL), TaqMan R PCR master mix (1×) (Invitrogen, Carlsbad, CA, USA),
and RNRf/RNRr primers/probe (0.3 µM/0.05 µM), in a total volume of 12 µL. qPCR was
performed using a thermocycler (StepOnePlus, Applied Biosystems, Foster City, CA, USA).
Samples were considered CLas-positive when the cycle threshold (Ct) value was equal to
or lower than 35.0.

2.6. Data Analyses

All graft-take data from the S/R combinations were treated as binary data (“1” for
successful and “0” for unsuccessful graft-take). The binary data were analyzed via a
binomial general linear model using the glm package [63]. For significant differences
(p < 0.05), mean values were separated using the Scott-Knott (SK) clustering analysis [64].
Height, scion diameter, rootstock diameter, and scion/rootstock diameter relation, when
complied with the assumption of normal distribution of the residuals, were subjected to
analysis of variance using the F test. For significant differences (p < 0.05), mean values
were grouped using the SK clustering analysis [65]. When normality assumptions for the
residual distributions were not met, the data were analyzed using the Kruskal−Wallis test.
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Mean values composed of less than three biological replicates for any variable/treatment
were not statistically analyzed.

For hierarchical grouping of the evaluated S/R combinations and principal compo-
nent analysis (PCA), the data were standardized. The Euclidean distance was used to
measure similarity, and Ward’s method was applied to assess linkage [66]. Cluster analysis
was performed using the NbClust package in R 3.6.1 [67]. PCA was performed using the
FactoMineR package in R 3.6.1 [68]. Only components with eigenvalues >1 were consid-
ered [69]. Maximum plant height, scion and rootstock stem diameters, scion/rootstock
diameter relation, and graft-take percentage from the last assessment were used in the
PCA. Pearson correlation analyses were performed to assess the relationships between the
variables. All analyses were performed using the R statistical software, version 3.6.1 [63].

3. Results
3.1. First Group of S/R Combinations (Experiment 1)

The S/R combinations analyzed in the first group presented 0–100% graft-take in all
assessments. There were 11 clusters in the first three assessments and eight in the last
assessment, 21 MAG, according to the SK test. Ten S/R combinations (17.9%) showed more
than 60% graft-take, with the average plant height being higher than 22 cm (Table 2). In
addition, the average scion stem diameter (SD) for these combinations ranged from 2.64 to
8.36 mm for the first five SK clusters. The average rootstock stem diameter (RD) ranged
from 3.46 to 9.26 mm for the first six SK clusters. The average SD/RD relation ranged from
0.52 to 1.71 for the first four SK clusters (Table 2). The best-performing S/R combinations
belonged to distinct phylogenetic groups (PGs) 1, 3, 4, and 5 (Table 1). In contrast, 43 of the
56 S/R combinations (76.8%) showed less than 10% graft-take at 21 MAG (Table 2).

Table 2. Graft-take percentage of the first group of scion/rootstock genotypes combinations within
different Aurantioideae phylogenetic groups (PGs) at 2, 7, 14, and 21 months after grafting (MAG),
mean values of plant height (H), scion stem diameter (SD), rootstock stem diameter (RD), scion and
rootstock stem diameter relation (SD/RD) at 14 MAG or before plant’s death, and graft compatibility
group (GC).

Scion Rootstock PG 1 N *
MAG H

(cm)
SD

(mm)
RD

(mm) SD/RD GC 3

2 7 14 21 2

Hamlin Rangpur 1/1 10–20 100.00a 100.00a 100.00a 100.00a 74.20a 6.68b 8.94a 0.76c 1
Rangpur Tabog 1/4 25 100.00a 100.00a 100.00a 100.00a 61.88a 6.98b 6.08c 1.18b 1
Rangpur Hamlin 1/1 20 100.00a 100.00a 95.00b 95.00b 82.89a 7.01b 9.26a 0.76c 1
Wampee Rangpur 5/1 10 100.00a 90.00c 90.00c 90.00c 36.22c 8.36a 4.95d 1.71a 1
Rangpur Wampee 1/5 10 100.00a 100.00a 100.00a 90.00c 22.20d 4.37d 3.46f 1.27b 1
Box orange Tabog 3/4 17 100.00a 100.00a 94.12b 88.24c 50.31b 4.63d 5.31d 0.88c 1
Tabog Box orange 4/3 17 100.00a 100.00a 94.12b 88.24c 37.44c 4.05d 5.47d 0.75c 1
Tabog Rangpur 4/1 25 100.00a 100.00a 100.00a 88.00c 71.28a 5.50c 7.63b 0.72c 1
Hamlin Box orange 1/3 10–15 100.00a 100.00a 100.00a 73.33d 32.50c 3.40e 5.89c 0.58d 1
Box orange Hamlin 3/1 10–15 100.00a 100.00a 100.00a 60.00e 22.60d 2.64e 5.05d 0.52d 1
Rangpur Bael 1/4 8 87.50c 87.50c 87.50c 50.00e 50.14b 4.46d 7.51b 0.63d 1
Tabog Wampee 4/5 5 100.00a 100.00a 80.00d 20.00f 18.75d 3.65d 3.87f 0.94b 2
Orange jasmine Orange jasmine 5/5 38 36.84f 18.42g 18.42g 15.79f 64.29a 5.26c 6.39c 0.82c 1
Orange jasmine Pomeroy 5/2 45 80.00d 62.22d 35.56f 6.67g 20.06d 3.52e 4.57e 0.79c 2
Curry tree Rangpur 5/1 20 95.00b 85.00c 35.00f 5.00g 24.00d 3.20e 5.38d 0.62d 2
Rangpur Curry tree 1/5 20 70.00e 55.00d 10.00h 5.00g 23.00 4 6.08 4 3.71 4 1.64 4 2
Rubi Orange jasmine 1/5 15 60.00e 6.67i 6.67i 0.00h 40.00 4 5.75 4 9.12 4 0.63 4 1
Sicilian lemon Orange jasmine 1/5 30 3.33j 3.33j 0.00k 0.00h 36.00 4,5 4.40 4,5 5.00 4,5 0.88 4,5 2
Tabog Orange jasmine 4/5 30 33.33f 13.33h 3.33j 0.00h 27.00 4 4.32 4 5.80 4 0.74 4 2
Orange berry Rangpur 5/1 9 88.89c 55.56d 22.22g 0.00h 21.00 4 3.21 4 3.96 4 0.83 4 2
Bael Rangpur 4/1 8 75.00d 50.00d 12.50h 0.00h 21.00 4 2.37 4 3.21 4 0.74 4 2
Orange jasmine Tabog 5/4 30 40.00f 26.67f 0.00k 0.00h 20.64 5 3.44 5 4.30 5 0.80 5 2
Wampee Curry tree 5/5 5 100.00a 100.00a 20.00g 0.00h 20.00 4 6.35 4 3.52 4 1.80 4 2
Rangpur Orange berry 1/5 9 100.00a 100.00a 11.11h 0.00h 20.00 4 4.08 4 4.92 4 0.83 4 2
Orange jasmine Orange berry 5/5 10 70.00e 10.00h 0.00k 0.00h 20.00 4,5 3.00 4,5 4.00 4,5 0.75 4,5 2
Orange jasmine Hamlin 5/1 30 60.00e 36.67e 0.00k 0.00h 18.98 5 2.86 5 4.80 5 0.60 5 2
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Table 2. Cont.

Scion Rootstock PG 1 N *
MAG H

(cm)
SD

(mm)
RD

(mm) SD/RD GC 3

2 7 14 21 2

Orange jasmine Swingle 5/2 30 83.33c 53.33d 6.67i 0.00h 18.00 4 3.39 4 5.61 4 0.63 4 2
Orange jasmine Pineapple 5/1 30 20.00h 6.67i 0.00k 0.00h 16.45 5 2.25 5 3.65 5 0.62 5 2
Orange jasmine Sour orange 5/1 30 40.00f 16.67g 0.00k 0.00h 15.20 5 2.50 5 4.68 5 0.55 5 2
Orange jasmine Pera 5/1 15 46.67f 33.33e 7.14i 0.00h 15.00 5 2.06 5 3.12 5 0.66 5 2

Orange jasmine Ponkan 5/1 30 16.67h 16.67g 0.00k 0.00h 14.26 5 2.59 5 4.73 5 0.55 5 2
Wampee Tabog 5/4 5 100.00a 100.00a 0.00k 0.00h 14.22 5 4.67 5 3.54 5 1.33 5 2
Ponkan Orange jasmine 1/5 30 10.00i 3.33j 0.00k 0.00h 14.00 4,5 3.00 4,5 4.20 4,5 0.71 4,5 2
Curry tree Wampee 5/5 5 100.00a 60.00d 60.00e 0.00h 13.33d 3.86d 4.45e 0.86c 2
Box orange Orange jasmine 3/5 15 46.67f 6.67i 0.00k 0.00h 13.00 4,5 2.40 4,5 3.00 4,5 0.80 4,5 2
Swingle Orange jasmine 2/5 30 40.00f 3.33j 0.00k 0.00h 13.00 4,5 3.00 4,5 4.00 4,5 0.75 4,5 2
Orange jasmine Rangpur 5/1 30 36.67f 16.67g 0.00k 0.00h 12.70 5 2.72 5 5.09 5 0.53 5 2
Orange jasmine Lemon 5/1 30 66.67e 43.33e 0.00k 0.00h 12.57 5 2.74 5 5.51 5 0.50 5 2
Orange berry Curry tree 5/5 1 100.00a 100.00a 0.00k 0.00h 10.00 4,5 2.00 4,5 3.00 4,5 0.67 4,5 2
Curry tree Orange jasmine 5/5 25 24.00g 4.00j 0.00k 0.00h 9.20 4,5 2.70 4,5 0.56 4,5 4.82 4,5 3
Orange jasmine Wampee 5/5 18 38.89f 0.00k 0.00k 0.00h d 6 d 6 d 6 d 6 4
Hamlin Orange jasmine 1/5 30 26.67g 0.00k 0.00k 0.00h d 6 d 6 d 6 d 6 4
Rangpur Orange jasmine 1/5 30 13.33i 0.00k 0.00k 0.00h d 6 d 6 d 6 d 6 4
Sour orange Orange jasmine 1/5 30 10.00i 0.00k 0.00k 0.00h d 6 d 6 d 6 d 6 4
Curry tree Orange berry 5/5 1 0.00k 0.00k 0.00k 0.00h d 6 d 6 d 6 d 6 4
Wampee Orange berry 5/5 1 0.00k 0.00k 0.00k 0.00h d 6 d 6 d 6 d 6 4
Wampee Orange jasmine 5/5 18 0.00k 0.00k 0.00k 0.00h d 6 d 6 d 6 d 6 4
Orange berry Wampee 5/5 1 0.00k 0.00k 0.00k 0.00h d 6 d 6 d 6 d 6 4
Orange berry Orange jasmine 5/5 10 0.00k 0.00k 0.00k 0.00h d 6 d 6 d 6 d 6 4
Orange jasmine Bael 5/4 8 0.00k 0.00k 0.00k 0.00h d 6 d 6 d 6 d 6 4
Orange jasmine Curry tree 5/5 25 0.00k 0.00k 0.00k 0.00h d 6 d 6 d 6 d 6 4
Orange jasmine Rubi 5/1 15 0.00k 0.00k 0.00k 0.00h d 6 d 6 d 6 d 6 4
Pineapple Orange jasmine 1/5 30 0.00k 0.00k 0.00k 0.00h d 6 d 6 d 6 d 6 4
Pomeroy Orange jasmine 2/5 30 0.00k 0.00k 0.00k 0.00h d 6 d 6 d 6 d 6 4

* N = Number of treatment replications. Mean values followed by the same letter belong to the same group by
the Scott-Knott test (5%). 1 Phylogenetic group according to classification presented in Table 1. 2 Pruned plants
(height data not available). 3 Graft compatibility groups: GC 1, full graft compatibility; GC 2, medium-term
incompatibility; GC 3, short-term incompatibility; GC 4, full graft incompatibility. 4 Data from less than three
plants (not statistically analyzed). 5 7 MAG measures. 6 Dead plants.

3.2. Second Group of S/R Combinations (Experiment 2)

The S/R combinations analyzed from the second group showed at least 70% of graft-
take in the first assessment (2 MAG). However, results ranged from 0% to 100% in the
following assessments (7–12 and 13–16 MAG). Sixteen of the 39 S/R combinations (41%)
showed a minimum of 60% of graft-take, with the average plant height being higher than
18 cm (Table 3). The average SD of these combinations ranged from 3.60 to 7.15 mm for
the first four SK clusters. The average RD ranged from 4.08 to 8.39 mm for the first six SK
clusters. The average SD/RD relation ranged from 0.77 to 1.73 for the first six SK clusters
(Table 3). The best-performing S/R combinations belonged to PGs 1, 2, and 5 (Table 1). Ten
of the 39 S/R combinations (25.6%) presented with less than 10% of graft-take (Table 3).

3.3. Anatomical Evaluation

Anatomical analyses were conducted to confirm the compatibility of the grafting pro-
cess with different S/R combinations within Aurantioideae. Figure 1 shows the phenotype
of the grafted plants and their anatomical analyses. Phloroglucinol was used to stain the
lignified vascular tissues in pink, and the continuity of xylem vessels between the S/R was
observed. Furthermore, phenolic compound accumulation was also verified.
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Table 3. Graft-take (%) of the second group of scion/rootstock combinations within different Auran-
tioideae phylogenetic groups (PGs) at 2, 7–12, and 13–16 months after grafting (MAG), mean values
of plant height (H), scion stem diameter (SD), rootstock stem diameter (RD), scion and rootstock stem
diameter relation (SD/RD) at 13–16 MAG, and graft compatibility group (GC).

Scion Rootstock PG 1 N *
MAG H

(cm)
SD

(mm)
RD

(mm) SD/RD GC 2
2 7–12 13–16

Rangpur Rangpur 1/1 10 100.00a 100.00a 100.00a 113.30a 6.77a 8.39a 0.80f 1
Swingle Swingle 2/2 10 100.00a 100.00a 100.00a 97.45b 5.96b 7.20b 0.83f 1
Pomeroy Pomeroy 2/2 10 100.00a 100.00a 100.00a 64.30c 4.40d 5.07e 0.87f 2
Orange berry Box orange 5/3 17 100.00a 100.00a 100.00a 39.33d 4.06d 4.90e 0.84f 2
Wampee Wampee 5/5 10 100.00a 100.00a 100.00a 28.00e 5.15c 4.97e 1.04e 2
Wampee Box orange 5/3 17 100.00a 100.00a 100.00a 27.46e 6.96a 5.08e 1.39b 2
Curry tree Wampee 5/5 10 100.00a 100.00a 100.00a 20.90e 4.06d 4.96e 0.83f 3
Wampee Pomeroy 5/2 40–70 95.71c 92.86b 92.50b 20.10e 5.83b 4.74e 1.73c 2
Wampee Rangpur 5/1 31 100.00a 90.32c 90.32b 32.75e 7.15a 5.40d 1.33b 2
Valencia Rangpur 1/1 45 100.00a 91.11c 90.00b 48.80d 5.64b 7.31b 0.77f 1
Pomeroy Wampee 2/5 40–70 91.43d 88.57d 87.50b 70.83c 5.03c 4.51f 1.11d 2
Wampee Swingle 5/2 70 95.00c 85.00d 85.00c 38.03d 5.62b 6.54c 0.87f 2
Rangpur Wampee 1/5 31 100.00a 100.00a 80.65c 31.67e 4.72c 4.16f 1.16c 3
Swingle Wampee 2/5 70 95.00c 80.00d 80.00c 61.28c 5.52b 5.15e 1.08d 2
Curry tree Curry tree 5/5 10 80.00e 70.00e 70.00d 71.00c 6.13b 6.57c 0.93e 1
Orange berry Pomeroy 5/2 70 95.00c 95.00b 60.00d 18.92e 3.60d 4.08f 0.88f 3
Valencia Wampee 1/5 70 98.57b 87.14d 57.14d 22.73e 4.37d 3.99f 1.10d 3
Tabog Wampee 4/5 6 100.00a 100.00a 50.00e 35.83d 3.98d 4.13f 0.97e 3
Box orange Wampee 3/5 17 100.00a 100.00 50.00e 31.08e 4.32d 3.75f 1.20c 3
Orange berry Rangpur 5/1 70 85.00d 75.00e 50.00e 27.55e 4.04d 5.07e 0.80f 3
Pomeroy Curry tree 2/5 40–50 90.00d 75.00e 46.00e 73.69c 5.86b 4.35f 1.36b 2
Swingle Curry tree 2/5 10 90.00d 70.00e 40.00e 45.13d 7.45a 4.13f 1.80a 4
Curry tree Rangpur 5/1 10–70 90.00d 65.00e 40.00e 24.25e 4.40d 5.84d 0.75f 3
Curry tree Pomeroy 5/2 40–50 100.00a 82.00d 30.00e 20.56e 4.05d 5.68d 0.72f 3
Rangpur Curry tree 1/5 10–70 100.00a 55.00f 20.00f 41.00 3 5.77 3 4.07 3 1.43 3 4
Wampee Curry tree 5/5 10 100.00a 90.00c 20.00f 23.50 3 6.84 3 3.85 3 1.77 3 4
Wampee Tabog 5/4 6 100.00a 83.33d 16.67f 37.00 3 6.47 3 4.13 3 1.57 3 4
Rangpur Orange berry 1/5 70 95.00c 70.00e 10.00g 37.25 3 5.09 3 4.84 3 1.06 3 3
Valencia Curry tree 1/5 10–70 80.00e 50.00f 10.00g 32.00 3 4.12 3 4.26 3 0.97 3 3
Orange berry Swingle 5/2 70 90.00d 70.00e 10.00g 23.00 3 3.65 3 4.65 3 0.79 3 3
Box orange Orange berry 3/5 17 91.67d 33.33g 8.33g 46.00 3 5.58 3 4.11 3 1.36 3 4
Curry tree Swingle 5/2 10 100.00a 100.00a 0.00h 21.45 4 3.96 4 5.90 4 0.68 4 3
Curry tree Orange berry 5/5 10 100.00a 60.00e 0.00h 15.92 4 3.05 4 3.16 4 0.97 4 3
Orange berry Curry tree 5/5 6–10 90.00d 50.00f 0.00h 18.20 4 2.70 4 3.20 4 0.84 4 3
Valencia Orange berry 1/5 70 80.00e 65.00e 0.00h 27.85 4 4.25 4 4.22 4 1.02 4 3
Pomeroy Orange berry 2/5 70 65.00f 25.00g 0.00h 25.92 4 4.03 4 4.07 4 1.00 4 3
Swingle Orange berry 2/5 70 60.00f 20.00g 0.00h 30.63 4 4.85 4 4.66 4 1.05 4 3
Valencia Pomeroy 1/2 70 90.00d 85.00d NA 58.20 4 5.73 4 7.75 4 0.73 4 1
Valencia Bael 1/4 10 70.00g 0.00h 0.00h 10.50 5 2.20 5 6.25 5 0.37 5 3

* N = Number of treatment replications. Mean values followed by the same letter belong to the same group by the
Scott-Knott test (5%). 1 Phylogenetic group according to classification presented in Table 1. 2 Graft compatibility
groups: GC 1, full graft compatibility; GC 2, potential graft compatibility; GC 3, partial graft incompatibility;
GC 4, full graft incompatibility. 3 Data from less than three plants. 4 Measurement performed at 7–12 MAG.
5 Measurement performed at 2 MAG. NA: not assessed.

Full vascular connection was also observed in both heterogenous combinations,
which varied within different PGs. This included varieties such as Valencia/Rangpur
(Figure 1a–d), Valencia/Pomeroy (Figure 1e–h), and Swingle/Wampee (Figure 1i–l), as
well as homogenous autograft combinations such as Rangpur/Rangpur (Figure 2a–d),
Swingle/Swingle (Figure 2e–h), Pomeroy/Pomeroy (Figure 2i–l), Wampee/Wampee
(Figure 2q–t), and Curry tree/Curry tree (Figure 3i–l), or reciprocal graft combinations such
as Wampee/Swingle (Figure 3e–h). Within all these combinations, the xylem connection
had a high amplitude, with phenolic compound accumulation not being observed.



Agriculture 2022, 12, 76 9 of 21
Agriculture 2022, 12, x FOR PEER REVIEW 10 of 23 
 

 

Figure 1. Six grafting combinations of Aurantioideae plants indicating the plant phenotype 
(a,e,i,m,q,u) and images of the graft union (b,f,j,n,r,v), phloroglucin reaction (c,g,k,o,s,w), and ferric 
chloride (d,h,l,p,t,x). Asterisks in (c,g,k,o,s,w): phloroglucin reaction in pink indicates lignified cell 
walls. Arrows in (h,l,p,t,x): ferric chloride indicates phenolic compounds in brown. Valen-
cia/Rangpur does not indicate phenolic compounds in the grafted region. Strong reactions were ob-
served in Rangpur/Wampee in the grafted region (arrows). 

Figure 1. Six grafting combinations of Aurantioideae plants indicating the plant phenotype
(a,e,i,m,q,u) and images of the graft union (b,f,j,n,r,v), phloroglucin reaction (c,g,k,o,s,w), and ferric
chloride (d,h,l,p,t,x). Asterisks in (c,g,k,o,s,w): phloroglucin reaction in pink indicates lignified
cell walls. Arrows in (h,l,p,t,x): ferric chloride indicates phenolic compounds in brown. Valen-
cia/Rangpur does not indicate phenolic compounds in the grafted region. Strong reactions were
observed in Rangpur/Wampee in the grafted region (arrows).
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Figure 2. Six grafting combinations of Aurantioideae plants indicating the plant phenotype 
(a,e,i,m,q,u), and images of the graft union (b,f,j,n,r,v), phloroglucin reaction (c,g,k,o,s,w), and fer-
ric chloride (d,h,l,p,t,x). Asterisks in (c,g,k,o,s,w): pink indicates lignified cell walls. Arrows in 
(p,t,x): ferric chloride indicates phenolic compounds in brown. Rangpur/Rangpur, Swingle/Swin-
gle, Wampee/Wampee, and Pomeroy/Pomeroy have great vascular connection (c,g,k,s) and do not 
present phenolic compounds (d,h,l,t). Orange berry/Box orange and Curry tree/Wampee present 
a poor vascular connection and phenolic compounds at the graft region. 

Figure 2. Six grafting combinations of Aurantioideae plants indicating the plant phenotype
(a,e,i,m,q,u), and images of the graft union (b,f,j,n,r,v), phloroglucin reaction (c,g,k,o,s,w), and
ferric chloride (d,h,l,p,t,x). Asterisks in (c,g,k,o,s,w): pink indicates lignified cell walls. Arrows in
(p,t,x): ferric chloride indicates phenolic compounds in brown. Rangpur/Rangpur, Swingle/Swingle,
Wampee/Wampee, and Pomeroy/Pomeroy have great vascular connection (c,g,k,s) and do not
present phenolic compounds (d,h,l,t). Orange berry/Box orange and Curry tree/Wampee present a
poor vascular connection and phenolic compounds at the graft region.
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chloride (d,h,l,p,t,x). Asterisks in (c,g,k,o,s,w): phloroglucin reaction in pink indicates lignified cell 
walls. Arrows in (d,p,t,x): ferric chloride indicates phenolic compounds in brown. Wampee/Pome-
roy, Wampee/Swingle, and Curry tree/Curry tree have great vascular connection (c,g,k) and do pre-
sent few spots with phenolic compounds (d,h,l). Orange berry/Pomeroy, Rangpur/Wampee, and 
Tabog/Wampee present a poor vascular connection and phenolic compounds at the graft region. The 
asterisks in (x) indicate phenolic compounds in the pith region of the scion. 

Figure 3. Six grafting combinations of Aurantioideae plants indicating the plant phenotype
(a,e,i,m,q,u), and images of the graft union (b,f,j,n,r,v), phloroglucin reaction (c,g,k,o,s,w), and
ferric chloride (d,h,l,p,t,x). Asterisks in (c,g,k,o,s,w): phloroglucin reaction in pink indicates lig-
nified cell walls. Arrows in (d,p,t,x): ferric chloride indicates phenolic compounds in brown.
Wampee/Pomeroy, Wampee/Swingle, and Curry tree/Curry tree have great vascular connection
(c,g,k) and do present few spots with phenolic compounds (d,h,l). Orange berry/Pomeroy, Rang-
pur/Wampee, and Tabog/Wampee present a poor vascular connection and phenolic compounds at
the graft region. The asterisks in (x) indicate phenolic compounds in the pith region of the scion.
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Conversely, partial or fully incompatible S/R combinations were observed in several
cases, notably in Rangpur/Wampee (Figure 1q–t), Curry tree/Rangpur (Figure 2u–x),
Orange berry/Rangpur (Figure 4a–d), Curry tree/Wampee (Figure 2u–x), Tabog/Wampee
(Figure 3u–x), Pomeroy/Curry tree (Figure 4e–h), Curry tree/Pomeroy (Figure 4i–l), and
Rangpur/Orange berry (Figure 4q–t). These examples did not have differentiated xylem-
derived calli and presented with increased levels of phenolic compounds as biochemical
markers of graft incompatibility [24–26].
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Figure 4. Six grafting combinations of Aurantioideae plants indicating the plant phenotype
(a,e,i,m,q,u), and images of the graft union (b,f,j,n,r,v), phloroglucin reaction (c,g,k,o,s,w), and
ferric chloride (d,h,l,p,t,x). Asterisks in (c,g,o,s,w): phloroglucin reaction in pink indicates lignified
cell walls. Arrows in (d,h,l,p): ferric chloride indicates phenolic compounds in brown. Among those
combinations, only Valencia/Curry tree presents some vascular connection (* in w), whereas the
others do not present a full connection (* in (c,g,o,s)). Phenolic compounds at the grafting region
were abundant in Orange berry/Rangpur (d), Pomeroy/Curry tree (h), Curry tree/Pomeroy (l), and
Rangpur/Curry tree (p).

3.4. Field Assessment and CLas Detection (Experiment 3)

Seven of the 10 S/R combinations that were evaluated had all replicates still alive
12 months after being transplanted (MAT) into the field. Average plant height ranged from
78 cm (Box orange/Tabog, 3/4 PGs) to 174 cm (Hamlin/Rangpur, 1/1 PG) (Table 4). The
lowest survival rates were observed for Box orange/Hamlin (3/1 PGs), Rangpur/Bael
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(1/4 PGs), and Rangpur/Wampee (1/5 PGs) with 66.67%, 50.00%, and 33.33%, respectively.
The average SD of the 10 S/R combinations ranged from 20.33 mm to 30.50 mm with two
SK clusters. The average RD ranged from 21.58 mm to 42.14 mm for two SK clusters. The
average SD/RD relation ranged from 0.74 to 1.09, with a non-significant difference (Table 4).
All plants from all S/R combinations were HLB-asymptomatic at 12 MAT. However, qPCR
analysis for all the plants indicated a 50% HLB incidence in the Hamlin/Rangpur combina-
tion (mean Ct = 34.35). The other plants were found to be CLas-free, with a Ct higher than
35.00 or with “undetected” status (Table 4).

Table 4. Plant survival percentage of scion/rootstock combinations within different Aurantioideae
phylogenetic groups (PGs), and mean values of plant height (H), scion stem diameter (SD), rootstock
stem diameter (RD), scion and rootstock stem diameter relation (SD/RD), Huanglongbing (HLB)
incidence, and ‘Candidatus Liberibacter asiaticus’ Ct values (Ct) at 12 months after transplanting to
the field, and graft compatibility group (GC).

Scion Rootstock PG 1 N Survival 2

(%)
H 2

(cm)
SD 2

(mm)
RD 2

(mm) SD/RD 3 HLB 4

(%) Mean Ct GC 5

Hamlin Rangpur 1/1 10 100.00a 174.20a 30.50a 41.06a 0.75 50.00 34.35 1
Tabog Rangpur 4/1 9 100.00a 145.22b 30.02a 42.14a 0.74 0.00 37.46 1
Hamlin Box orange 1/3 10 100.00a 132.00b 23.71b 28.39b 0.84 0.00 38.44 6 2
Tabog Box orange 4/3 9 100.00a 120.00c 21.81b 28.76b 0.77 0.00 35.66 2
Rangpur Tabog 1/4 9 100.00a 104.56c 21.00b 27.39b 0.83 0.00 38.06 2
Wampee Rangpur 5/1 8 100.00a 84.63d 23.19b 25.97b 0.90 0.00 37.28 2
Box orange Tabog 3/4 9 100.00a 78.22d 20.86b 25.06b 0.83 0.00 Und 7 2
Box orange Hamlin 3/1 9 66.67b 72.83d 22.54b 29.10b 0.77 0.00 Und 7 3
Rangpur Bael 1/4 4 50.00b 112.00c 23.18b 32.52b 0.76 0.00 37.16 3
Rangpur Wampee 1/5 6 33.33c 112.00c 20.33b 21.58b 1.09 0.00 Und 7 4

1 Phylogenetic group according to classification presented in Table 1. 2 Mean values followed by the same letter
belong to the same group by Scott-Knott test (5%). 3 Non-significant at Kruskal−Wallis (5%). 4 Plants with Ct
values less than 35.00 were considered CLas-positive. 5 Graft compatibility groups: GC 1, full graft compatibility;
GC 2, potential graft compatibility; GC 3, partial graft incompatibility; GC 4, full graft incompatibility. 6 Data
from one plant. Other replicates were “undetected”. 7 Undetected.

3.5. Graft Compatibility Classification Using PCA

Hierarchical clustering analysis was applied to the entire dataset. All evaluated groups
of grafted S/R combinations, both in the greenhouse and in the field, were arranged into
four clusters (Figure 5), with the biological significance of this varying slightly for each as-
sessment group. For this reason, each cluster for each experiment was presented separately.

For the first group of grafted plants (Experiment 1), the principal component 1 (PC1)
and PC2 collectively contributed to 86.1% of the total variability. The Kaiser criterion was
used to choose the two principal components, with eigenvalues of 3.36 for PC1 and 1.02 for
PC2. PC1 explained 67.3% of the variance (Figure 5a). Plant height and SD best correlated
with this component, with r values of 0.89 and 0.88, respectively. PC2 explained 18.8%
of the variance (Figure 5a), with a stronger correlation being observed between SD and
RD (0.75). With findings complementing the cluster analysis, results from the PCA biplot
indicated that plant height was positively associated with the percentage of graft-take.
This was confirmed by findings from the Pearson correlation analysis (r = 0.75; p < 0.001).
This indicated higher growth and development among the most compatible combinations.
Based on the results of the PCA from the first experiment, the graft compatibility for
the first group was classified as GC 1 for full graft compatibility, including combinations
with high graft-take and vegetative growth (e.g., Hamlin/Rangpur and Rangpur/Tabog);
GC 2 for medium-term incompatibility, wherein combinations had good initial graft-
take but exhibited low survival rates after 7 MAG (e.g., Tabog/Wampee and Orange
jasmine/Pomeroy); GC 3 for short-term incompatibility, wherein combinations showed low
survival rates after transplantation into the greenhouse (e.g., Curry tree/Orange jasmine);
and GC 4 for full graft incompatibility, wherein death occurred in the first 60 days after
grafting (e.g., Orange jasmine/Wampee, and Hamlin/Orange jasmine).
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Figure 5. Principal component analysis (PCA) with principal component 1 and 2 (PC 1 and PC2).
(a) PCA indicating the four clusters of the first scion/rootstock combination group. (b) PCA
indicating the four clusters of the second scion/rootstock combination group. (c) PCA indicating
the four clusters of the field scion/rootstock combination group. The variables used in the analysis
were mean values of plant height (H), scion stem diameter (SD), rootstock stem diameter (RD),
scion and rootstock stem diameter relation (SD_RD), and graft-take (GT).
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In Experiment 2, the cumulative contribution of the first two PCs explained 79.0% of
the total variability. The eigenvalues were 2.25 for PC1 and 1.69 for PC2. PC1 explained
45.1% of the total variance (Figure 5b). As was the case in the first group, plant height and
SD were best correlated with this component, with r values of 0.70 and 0.62, respectively.
PC2 explained 33.9% of the variance (Figure 5b). The relation between SD and RD (0.96) and
RD alone (0.42) had the closest correlation. The PCA biplot also indicated an association
between plant height and the percentage of graft-take. As was the case in the first group, a
positive correlation was confirmed using a Pearson correlation analysis (r = 0.73; p < 0.001).
Based on the results of the PCA, the graft compatibility for Experiment 2 was classified
as GC 1 for full graft compatibility, including combinations with high graft-take and
vegetative growth (e.g., Valencia/Rangpur and most autografts); GC 2 for potential graft
compatibility, including combinations with high graft-take but less vegetative growth (e.g.,
Orange berry/Box orange and some autografts); GC 3 for partial graft incompatibility,
which had good initial graft-take but low survival at 12 MAG or poor plant growth (e.g.,
Orange berry/Pomeroy and Valencia/Wampee); and GC 4 for full graft incompatibility,
with high initial graft-take but low survival at 12 MAG, and a high difference in SD/RD
relation (e.g., Swingle/Curry tree and Rangpur/Curry tree).

Under field conditions in Experiment 3, the first two PCs explained 85.0% of the total
data variability, with eigenvalues of 3.23 for the PC1 and 1.01 for the PC2. Results from the
PC1 explained 64.7% of the variance (Figure 5c). RD and SD were better correlated for this
component, with r values of 0.93 and 0.87, respectively. PC2 explained 20.3% of the variance
(Figure 5c), with results from the graft-take (0.49) and plant height (0.23) having the best
correlation. Based on the results of the PCA, the graft-compatibility for the field experiment
was classified as follows: GC 1 for full graft compatibility, including combinations with
high graft-take and vegetative growth (e.g., Hamlin/Rangpur and Tabog/Rangpur); GC 2
for potential graft compatibility, including combinations with high graft-take but less
vegetative growth (e.g., Hamlin/Box orange and Tabog/Box orange); GC 3 for partial graft
incompatibility, with low survival and less vegetative growth (e.g., Box orange/Hamlin
and Rangpur/Bael); and GC 4 for full graft incompatibility, including plants with low
survival rates and severe nutritional deficiency symptoms (e.g., Rangpur/Wampee).

4. Discussion

Obtaining graft-compatible combinations may allow exploration of traits of interest
both from citrus and citrus relatives within the subfamily Aurantioideae. These may
be directly used as rootstocks to bypass biotic and abiotic problems faced in the field
with commercially available scion/rootstock combinations. There is also potential for
them to be introduced into citrus breeding programs. PCAs were used to group graft-
compatible combinations using biometric variables. It was evident that the graft-take
rate and plant height were more relevant than the scion/rootstock diameter correlation.
Biometric variables and visual inspection of the grafting region have been used in citrus
to classify graft compatibility [31,57], but compatible species do not always have a similar
scion and rootstock stem diameter [47]. Overall, four compatibility groups were defined in
this study: GC 1, full graft compatibility; GC 2, potential graft compatibility; GC 3, partial
graft incompatibility; and GC 4, full graft incompatibility (Figure 5).

Grafting between genera from the same botanical family is rarely compatible [32]. In
this study, 77% of the combinations evaluated were found to be fully graft-incompatible.
This indicates that taxonomic distance and genetic relations are relevant factors for graft
compatibility within Aurantioideae. However, from all PGs tested, some intergeneric
combinations showed a high rate of compatibility with Citrus (>60% of graft-take after
12 months) and had suitable levels of plant growth, which comprised up to 20% of all
evaluated combinations. This was notably the case for the Swinglea, Atalantia, and Clausena
genera, corroborating previous results from the same genotypes being grafted onto other
citrus rootstocks [13,14,17,18]. Even some distant combinations such as Orange berry/Box
orange survived well, regardless of apparently high levels of phenolic compound accumu-
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lation at the graft union. These results suggest that the graft affinity is highly specific to the
combined genotypes. In addition, modern hybridization techniques, such as the “tetrazyg”
breeding strategy [70] and protoplast fusion [71,72], have allowed tetraploid rootstocks to
be obtained by combining genomes of four phylogenetically distinct varieties. As a result,
such somatic hybrids can be both HLB-resistant and more prone to grafting with citrus.
Despite the various study opportunities that these new hybridization tools bring, there is
still a need to further evaluate early graft compatibility for these new genotypes. Staining
techniques such as phloroglucin and ferric chloride methods [58] used in this study may
contribute to the rapid prediction of the incompatibility phenomenon [73].

In the first experiment, Orange jasmine (Murraya paniculata) was used as the grafting
reference with most Aurantioideae species. This aimed at the exploration of its rusticity
and transient multiplication of CLas [33]. However, these plants showed low graft-take for
both intrageneric and intergeneric species either in autografts (Table 2; Figure S1). Some
genotypes are difficult to graft, even for intraspecific and autografts. This is considered
to be the case for many different reasons, from endogenous aspects to environmental
conditions [74–76]. Interestingly, Orange jasmine was found to have better performance
as a scion, although it has been previously reported to be incompatible with Citrus [17,18].
Nevertheless, despite the low graft-take and subsequent plant growth, a few combinations
such as Orange jasmine/Orange jasmine, Orange jasmine/Pomeroy, Orange jasmine/Pera,
Orange jasmine/Swingle, Rubi/Orange jasmine, and Tabog/Orange jasmine still had
plants that were alive 14 months after being grafted (Table 2). Other combinations also
showed very distinct graft compatibility results when they were used as scion or rootstocks,
such as Wampee/Rangpur (Figure S2), Orange jasmine/Pomeroy, Rangpur/Bael, and
Tabog/Wampee. However, anatomical studies did not show clear differences in graft
position. In another study, it was observed that Wampee had a better graft-take rate when
used as a scion for citrus rather than as a rootstock [18]. Therefore, in reciprocal grafting
between two phylogenetically distinct genotypes, the position of scion variety or rootstock
seems to affect the graft-take, in addition to other horticultural traits [77,78]. This reinforces
the concept that grafting viability between genera within the Aurantioideae subfamily is
difficult to predict and is very specific to the scion and rootstock genotypes and positions
that are combined.

As expected, the highest rates of graft-take were observed for intrageneric combi-
nations and most autografts, with the exception of Orange jasmine. Curry tree formerly
belonged to the genus Murraya, and therefore, it is closely related to Orange jasmine. It
showed better compatibility results for intergeneric and autograft combinations in com-
parison with Orange jasmine. Curry trees grafted on Rangpur lime and on Pomeroy and
Swingle trifoliate genotypes had a good initial graft-take and survived up to 12 months,
regardless of the position of the graft in the combination. However, they showed low
vegetative growth and development, which declined later. Despite the relatively short
survival period, these combinations can help to better understand the mechanisms in-
volved in the incompatibility between Murraya (subtribe Clauseninae) and Citrus/Poncirus
(subtribe Citrinae). In addition, it allows the evaluation of key aspects of CLas resistance
and movement within plant tissues because the Curry tree is immune to the pathogen [8,34].
Therefore, it may be challenged as an ideal resistant rootstock or model plant [79].

Although inverted T-budding is the most popular method for citrus propagation [80],
cleft grafting was chosen because it was an easier technique to implement when using
young plants. This technique was also selected because several of the genera evaluated in
this study had a stem bark that did not slip readily. Commercial citrus nursery trees show
graft-take at rates higher than 95% and show great vigor when grown in the greenhouse [80].
During the current study, these graft-take rates were only attained by intrageneric cit-
rus grafts and most autografts. The combinations Rangpur/Tabog, Wampee/Rangpur,
Wampee/Pomeroy, Wampee/Swingle, Rangpur/Wampee, Pomeroy/Wampee, Swingle/
Wampee, and Tabog/Box orange presented with successful grafts and thus have potential
for use in other studies and further field evaluations. The graft incompatibility of citrus
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varies considerably, not only due to the species/varieties used but also because of effects
of the environmental and management conditions. The assessment of all these factors
together may take more than four years to confirm the occurrence of successful grafting
in the field [81,82]. This must take place prior to making any recommendations for com-
mercial use. In addition, the unexpected putative graft compatibility of Swingle citrumelo
with phylogenetically distant species must be highlighted in such a study. Despite being a
rootstock of extensive commercial use [83], there are many reports of graft incompatibility
of Swingle with different citrus genotypes used as scions [84].

The sweet orange varieties evaluated in the current study were graft-incompatible
with most of the citrus relatives tested. However, interstocking with a third genotype
that is compatible with both sweet orange and citrus relatives could be an alternative for
overcoming this issue. In this context, trifoliate genotypes, in particular Swingle citrumelo,
showed good compatibility with Clausena lansium. In consequence, it could be evaluated
as a compatible interstock between sweet orange and Wampee. Although Wampee has
been reported as a host of CLas, with very low bacterial titers [54,55], mother trees close
to the experimental area did not show visual HLB symptoms. The bacterium was never
detected by qPCR testing, even after 12 years in the field (results not shown; Figure S3).
The use of C. lansium as a rootstock or interstock associated with Swingle citrumelo may be
used as a model combination for CLas resistance/tolerance studies. Sweet orange varieties
compatible with Swingle citrumelo should be grafted on top as the scion variety leading to
viable horticultural combinations. Moreover, another species of the genus Clausena, such as
C. excavata, which was described as immune to the CLas bacterium [8], may also be widely
screened for graft compatibility with Citrus and related genera. Tabog is another species
that shows some potential as a rootstock of citrus, which may allow for a low multiplication
level of CLas in the root tissues [33]. Recently, accessions and hybrids of Microcitrus and
Eremocitrus within Citrinae were demonstrated to be resistant to CLas, with the advantage
of being both sexually and graft-compatible with Citrus [7]. Taken together, these new
discoveries broaden the range of potential uses for CLas-resistant rootstocks of citrus. In
addition, these could be used to facilitate the breeding of new resistant varieties with the
aim of decreasing the impact of HLB on the industry. Moreover, these species will help in
understanding important issues of CLas pathogenicity, such as the association between
losses in root biomass and symptoms visible on the canopy of diseased plants [36].

The graft combinations with the highest rates of graft-take and vegetative growth in
the greenhouse were transplanted into the field. Twelve months after planting, most plants
showed suitable survival and growth rates. A complementary evaluation of CLas incidence
due to natural infection showed that 50% of the plants of the Hamlin sweet orange/Rangpur
lime combination were already infected, despite frequent spraying of insecticide to control
the insect vector. No other combination tested positive for CLas at the time, confirming
the higher susceptibility of Citrus to HLB [8,41]. Nevertheless, all CLas-resistant genotype
combinations that were evaluated as scion or rootstocks for this experiment need continued
monitoring for several seasons. This allows further evaluation of CLas incidence and plant
responses to the pathogen, as well as validation of their horticultural performance.

In conclusion, biometric traits and multivariate clustering were successful in screening
and classifying Aurantioideae species for graft compatibility. Anatomically, it became clear
that incompatibility within this subfamily is characterized by a deficient differentiation
of xylem-derived calli associated with a sharp buildup of phenolic compounds at the
graft union. Although most intergeneric combinations were graft-incompatible, Rang-
pur/Tabog, Tabog/Rangpur, Wampee/Rangpur, Wampee/Pomeroy, Wampee/Swingle,
Pomeroy/Wampee, and Swingle/Wampee were selected as being promising for further
assessment under greenhouse and field conditions. Taken together, the results herein
suggest that broadening the evaluation to other intrageneric and intergeneric combinations
within Aurantioideae is worthwhile. Graft compatibility seems to be highly dependent
on the genotypes combined, sometimes irrespective of their genetic contiguity. Since graft
compatibility is of pivotal importance for citrus propagation, there is still a clear need for a



Agriculture 2022, 12, 76 18 of 21

greater understanding of this phenomenon within citrus and its relatives, aiming for better
exploration of germplasm resources.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/agriculture12010076/s1, Figure S1: Plants of (left) Citrus reticulata
grafted on Murraya paniculata, and (right) M. paniculata grafted on C. reticulata two months after
grafting. Figure S2: Plants of (left) Rangpur lime grafted on Clausena lansium, and (right) Clausena
lansium grafted on Rangpur lime 12 months after transplanting into the field. Figure S3: Twelve
years-old Clausena lansium mother trees did not show visual HLB symptoms in field cultivation close
to the experimental area, and the ‘Candidatus Liberibacter asiaticus’ bacterium was never detected
by qPCR.
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