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Abstract. The devastating effects of the bacterial disease Huanglongbing (HLB) have
negatively impacted the Florida citrus industry for almost 2 decades, with limited
genetic tolerance or resistance among commercially relevant scion cultivars. The
rootstock is known to significantly influence tree tolerance to HLB, and there is an
urgency to identify rootstock cultivars that impart tolerance along with superior
horticultural traits to the grafted scion. This study evaluates nine novel citrus root-
stocks for their field performance to identify those that most enhance yield, fruit
quality, and disease tolerance under HLB-endemic growing conditions. In addition,
the rootstocks were evaluated regarding their nursery characteristics, particularly
their ability to produce genetically uniform (true-to-type) progeny by nucellar poly-
embryony. The genetic uniformity was assessed by morphological characterization
of seedlings and molecular analysis using single sequence repeat (SSR) markers.
The visual identification of true-to-type progeny was hampered by limited morpho-
logical distinction for cultivars exhibiting a unifoliate leaf trait and varying leaf
morphology for those exhibiting a trifoliate trait. SSR marker analysis showed that
six of the nine novel rootstocks produced exclusively zygotic seedlings and would
need to be propagated by vegetative methods for commercial distribution. Three
rootstocks, US-1680, US-1687, and US-2111, produced true-to-type (nucellar) seed-
lings with a frequency of 25% to 58%, suggesting some potential for seed propaga-
tion. Field performance of the nine rootstocks was evaluated in a trial with
‘Valencia’ (Citrus sinensis) scion. Two additional rootstocks, sour orange and Swin-
gle, were included as rootstock standards. In the field study, US-1688, a hybrid of
Citrus maxima ‘Hirado’ and Citrus reticulata ‘Cleopatra’, induced the highest yield
and US-2132, a hybrid of ‘Hirado’ and US-942 (C. reticulata ‘Sunki’ 3 Poncirus tri-
foliata ‘Flying Dragon’) induced the best juice quality during the 2022–23 produc-
tion season. US-1688 was recently released by the US Department of Agriculture
(USDA) as US SuperSour 4, and the results from this study validate its good perfor-
mance under HLB-endemic conditions. This study provides insights regarding the
potential of nine novel rootstocks and similar hybrid progeny to meet the current
challenges faced by the citrus industry.

Florida is an important citrus-producing
state in the United States, primarily cultivat-
ing sweet oranges for juice production (Fried
and Hudson 2020). Despite its historical
prominence, the Florida citrus industry has
faced numerous challenges over the deca-
des, from devastating weather events to
bacterial diseases like citrus canker and
Huanglongbing (HLB) (Gottwald et al. 2002,
2007). These challenges have significantly
reduced citrus acreage and production, highlight-
ing the need for novel solutions to sustain the
industry.

HLB, associated with Candidatus Liberi-
bacter asiaticus (CLas) in Florida and spread
by the Asian citrus psyllid (Diaphorina citri)
(Halbert and Manjunath 2004), is one of the
greatest challenges the industry is facing, re-
ducing fruit quality and yield, and leading to
tree decline (Bov�e 2006; da Graça et al.
2015; Gottwald et al. 2007). The endemic
presence of the disease since 2013 (Graham
et al. 2020) has resulted in the dramatic decline
in citrus acreage and production in Florida
[USDA National Agriculture Statistics Service
(NASS) 2024], inflicting substantial economic

losses (Singerman 2024; Singerman and Rog-
ers 2020; Taylor et al. 2023). Developing new
citrus cultivars tolerant or resistant to HLB is
one of the highest research priorities to cope
with the destructive effects of the disease.
However, most commercially relevant scion
cultivars are highly susceptible and decline un-
der the high disease pressure across Florida’s
production regions.

Citrus rootstocks play a pivotal role in
determining the overall performance of citrus
trees, including their tolerance to diseases
like HLB, and strongly affect tree vigor and
productivity (Bowman and McCollum 2015;
Bowman et al. 2016; Caruso et al. 2020;
Girardi et al. 2021; Kunwar et al. 2021).
However, the pace to breed and release
new cultivars has been slow historically,
taking several decades from cross to com-
mercial release. Historically, breeders have
incorporated nucellar embryony, a form of
apomixis, as a key trait for a new citrus
rootstock. When nucellar embryony is con-
sidered a requirement, new rootstock hy-
brids are planted into the field as a first
step, and any kind of field testing with
grafted trees only begins after a new hybrid
has matured and produced seed that is veri-
fied to be highly nucellar. Typical new cit-
rus rootstock hybrids require 8 to 15 years
before they begin to fruit and can be evalu-
ated for seedling uniformity. One approach
to reduce the time to the release of a new
rootstock is the elimination of apomictic
seed reproduction as a prerequisite for field
testing and requirement for new rootstocks
(Bowman et al. 2021). Under the ‘Super-
Sour’ strategy, new hybrids of novel ge-
netic combinations can be propagated by
cuttings and placed into replicated field tri-
als with commercial scions within 2 years
of the cross that created the hybrid. The
strategy was developed in response to the
limitations of nucellar embryony and a
long juvenile period and builds on the his-
torical importance of sour orange (Citrus
aurantium) as a preferred rootstock, while
introducing innovative approaches to en-
hance the utility of similar hybrids in com-
bating HLB (Bowman et al. 2021). By
eliminating the need for nucellar polyem-
bryony and incorporating the two parental
species of sour orange, C. maxima, a previ-
ously underused germplasm, and C. reticu-
lata and other species such as Poncirus
trifoliata (trifoliate orange), this strategy
significantly expands the genetic diversity
of hybrid rootstocks. Other key elements of
the strategy include concurrent field testing
across multiple sites, the collection of stan-
dardized multiyear performance data, and
the development of molecular markers to
streamline future breeding efforts (Bow-
man et al. 2021, 2023). Early results have
shown promising improvements in fruit
yield, canopy health, and fruit quality under
severe HLB pressure, positioning this ap-
proach as critical for sustaining citrus pro-
duction in HLB-endemic regions (Bowman
et al. 2023).

HORTSCIENCE VOL. 60(6) JUNE 2025 931

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-07-15 via O
pen Access. This is an open access article distributed under the C

C
 BY-N

C
license (https://creativecom

m
ons.org/licenses/by-nc/4.0/). https://creativecom

m
ons.org/licenses/by-nc/4.0/

https://doi.org/10.21273/HORTSCI18529-25


Historically, nursery propagation of root-
stocks has been accomplished by producing
genetically uniform clonal plants derived from
seed. Modern citrus nursery propagation can
also be effectively achieved using stem cut-
tings or micropropagation (Albrecht et al.
2017; Bowman and Albrecht 2017), but com-
mercial production continues to predomi-
nantly rely on seeds from clones exhibiting
nucellar polyembryony. This phenomenon,
common in many citrus species, occurs when
seeds contain multiple embryos formed
through the mitotic division of nucellar cells
without male gamete involvement (Garc�ıa
et al. 1999). Only clones producing a high
proportion of uniform nucellar seedlings have
historically been used as rootstocks (Bowman
and Joubert 2020). Maintaining genetic unifor-
mity in rootstock seedling populations ensures
uniform and superior field performance, so
nurseries typically try to identify and remove
zygotic seedlings early in the production cycle.
However, traditional visual methods of assess-
ing leaf morphology, size, and growth to dis-
tinguish zygotic seedlings are unreliable for
some rootstock clones, due to overlapping
traits between zygotic and nucellar seedlings
(Anderson et al. 1991). Using inaccurately
identified seedlings to propagate trees for the
field can lead to variability in tree size and
performance, ultimately affecting the consis-
tency and productivity of citrus groves.

Simple sequence repeat (SSR) markers,
also known as microsatellites, are a type of
molecular marker consisting of short, repeti-
tive DNA sequences scattered throughout the
genome. These sequences, typically 2 to 6
base pairs (bp) in length, are highly polymor-
phic due to the high mutation rate in these re-
gions, making them particularly effective for
distinguishing between genetically similar in-
dividuals, such as nucellar and zygotic em-
bryos in citrus (Chen et al. 2008; Tautz
1989). Compared with traditional visual phe-
notypic identification techniques, SSR markers
provide an accurate method for identifying nu-
cellar polyembryony in citrus rootstock prog-
eny, regardless of morphological traits (Bisi
et al. 2020). Other molecular markers that
have been used for identification of polyem-
bryony in citrus are single nucleotide poly-
morphism (SNP) markers, which rely on

single-bp variations in the DNA (Catalano
et al. 2022; Nakano et al. 2012; Navarro-
Garc�ıa et al. 2019). Both SSR and SNP
markers are valuable tools for citrus breeding
programs aiming to produce genetically uni-
form plants for testing, and to determine the
potential success of commercial propagation
for each rootstock clone by seed.

This study evaluates nine novel citrus
rootstocks developed under the SuperSour
strategy. Specifically, it assesses nursery
characteristics of these rootstocks, that is,
seed germination, seedling survival, and ge-
netic uniformity using morphological charac-
terization and SSR marker analysis. The
study also expands on previous field evalua-
tions (Bowman et al. 2023) and investigates
the field performance of these rootstocks after
9 years of growth under HLB-endemic condi-
tions with ‘Valencia’ (C. sinensis) scion. By
providing comprehensive insights into the
nursery and field performance of these novel
rootstocks, this research seeks to enhance the
propagation and establishment of superior
rootstock cultivars. This can significantly
contribute to the resilience and sustainability
of the citrus industry, particularly in regions
severely affected by HLB.

Materials and Methods

Plant material
Nine novel rootstocks (US-1672, US-1673,

US-1676, US-1680, US-1687, US-1688, US-
2111, US-2132, and US-2137) and two stan-
dard rootstocks (sour orange and Swingle)
were included in this study (Table 1). The
novel rootstocks were created applying the
SuperSour breeding strategy (Bowman et al.
2021). The same female parent, Citrus max-
ima ‘Hirado’, was used for all these hybrids,
whereas the male parents were Citrus tachi-
bana (US-1673, US-1676, and US-1680),
Citrus reticulata ‘Cleopatra’ (US-1672, US-
1687, and US-1688), or US-942 (US-2111,
US-2132, and US-2137). US-942 is itself a
hybrid of C. reticulata ‘Sunki’ and trifoliate
orange (Poncirus trifoliata). Of the novel
rootstocks, only US-1688 has thus far been
released for commercial use (Bowman 2023).

Nursery characteristics
The nine novel rootstocks were assessed

regarding their fruit and seed characteristics,

seedling growth, and ability to produce true-
to-type seedlings. The two rootstock stand-
ards were not included as they are easily
propagated in the citrus nursery and known
to produce polyembryonic seeds.

Fruit and seed characteristics. Open-
pollinated seed source trees for the nine novel
rootstocks were located at the USDA, A.H.
Whitmore Foundation Farm (Leesburg, FL,
USA), where they are grown in a mixed
planting with other genotypes. Nine fruits
per rootstock cultivar were used to deter-
mine fruit height (mm) and fruit circumfer-
ence (mm). Seeds were extracted from each
fruit and the number of seeds per fruit was
determined. Extracted seeds were washed,
treated with the fungicide 8-quinolinol sulfate
(10 g·L�1; Sigma Chemical Co., St. Louis,
MO, USA), air dried, and stored at 4 �C until
they were planted.

Seedling growth. Seedcoats were re-
moved, and seeds were planted into racks
of 3.8 cm � 21 cm cone cells (Cone-tainers;
Stuewe and Sons, Tangent, OR, USA) con-
taining steam-sterilized soilless potting me-
dium (Pro-Mix BX; Premier Horticulture,
Inc., Quakertown, PA, USA), with one seed
per cell. Cone cells were arranged in five
groups of 20 for each rootstock and main-
tained in a temperature-controlled greenhouse
at the Southwest Florida Research and Edu-
cation Center in Immokalee, FL, USA. The
potting medium was kept moist until germi-
nation. Seedlings were irrigated as needed using
an automated drip irrigation system (Irritol con-
troller system, Riverside, CA, USA), alternating
between water and a 20–20–20 (N–P2O5–
K2O) water-soluble fertilizer (Peters Pro-
fessional; The Scotts Company, Marysville,
OH, USA), applied with a proportioner at a
rate of 400 mg·L�1 N.

Seedling visual assessment. Seed germina-
tion and seedling survival were assessed for
each rootstock cultivar. After 100 d, visual
assessments were conducted to identify seed-
lings as true-to-type (i.e., morphologically
identical to the clonal source rootstocks) or
off-type. Visual assessments were based on
leaf morphological traits. US-1673, US-1676,
US-1680, US-1672, US-1687, and US-1688
exhibit predominantly unifoliate leaves (Fig. 1),
whereas US-2111, US-2132, and US-2137
exhibit various levels of unifoliate, bifoliate,
and trifoliate leaves (Fig. 2).

Table 1. Rootstock cultivars and parentages.

Rootstock Parentage
US-1673 Citrus maxima ‘Hirado’ � Citrus tachibana
US-1676 C. maxima ‘Hirado’ � C. tachibana
US-1680 C. maxima ‘Hirado’ � C. tachibana
US-1672 C. maxima ‘Hirado’ � Citrus reticulata ‘Cleopatra’
US-1687 C. maxima ‘Hirado’ � C. reticulata ‘Cleopatra’
US-1688 C. maxima ‘Hirado’ � C. reticulata ‘Cleopatra’
US-2111 C. maxima ‘Hirado’ � US-942 [C. reticulata ‘Sunki’ � Poncirus trifoliata

(trifoliate orange) ‘Flying Dragon’]
US-2132 C. maxima ‘Hirado’ � US-942
US-2137 C. maxima ‘Hirado’ � US-942
Sour orange* C. aurantium
Swingle* ‘Duncan’ grapefruit (Citrus �paradisi) � trifoliate orange

Rootstocks marked with (*) were included in the field assessment only.
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DNA extraction. Young leaves were col-
lected from 24 randomly selected seedlings
of each rootstock. In addition, leaves were
collected from the source trees from which
the seeds were obtained and from a represen-
tative, certified plant of each parent clone
(C. maxima ‘Hirado’, C. reticulata ‘Cleopa-
tra’, C. tachibana, and US-942) grown at the
USDA greenhouses (Fort Pierce, FL, USA).
DNA was extracted using the DNeasy Plant
Mini Kit (Qiagen, Valencia, CA, USA) ac-
cording to the manufacturer’s instructions.

SSR marker analysis. Based on pre-
liminary studies (Bisi et al. 2020), 10 SSR
markers were used to determine the genetic
uniformity of the seedlings. The nucleotide
sequences of the primers used to detect these
markers are presented in Table 2. Marker
analyses were performed using the Type-I
Microsatellite polymerase chain reaction
(PCR) kit (Qiagen) according to the manu-
facturer’s instructions. Each reaction contained
1 ng of DNA and 2 mM each of reverse and
forward primers in a total reaction volume of

25 mL. Forward primers were either labeled
with 6-FAM (fluorescein) or with HEX
(hexachloro-fluorescein; Life Technologies
Corporation, Carlsbad, CA, USA) (Table 2).
PCRs were performed using a Bio-Rad T100
Thermal Cycler (Bio-Rad, Hercules, CA,
USA). A first cycle of denaturation at 95 �C for
5 min was followed by 28 cycles at 72 �C
for 30 s (denaturation), 60 to 63 �C (Table 2)
for 90 s (annealing), and 72 �C for 30 s (ex-
tension), followed by a final extension step at
60 �C for 30 min. Amplification of the 10
markers was confirmed for a random subset
of samples by agarose gel electrophoresis in
2% agarose with 1 � Tris-acetate EDTA
buffer. Amplicons were stained with SYBR
Green dye (Thermo Fisher Scientific, Waltham,
MA, USA) and visualized with a gel documenta-
tion system (Alpha Imager HP, Cell Biosciences,
Santa Clara, CA, USA). Gels were run at 80 V
for 45 min.

Fragment analysis. After amplicon confir-
mation, diluted PCR product was mixed with
14 mL Hi-Dye formamide solution (Amresco,

Solon, OH, USA) premixed with the GeneScan
Rox 500 Size Standard (Applied Biosystems,
Inc., Foster City, CA, USA). This mixture was
sent to Keck Biotechnology Resource Labora-
tory (Yale University, New Haven, CT, USA)
for fragment analysis. Results were processed
with GeneMapper 6.0 software (Thermo Fisher
Scientific).

SSR marker comparison. Fragment sizes
(alleles) of seedlings were compared against
fragments of the clonal source plants of the
nine rootstock cultivars. Representatives of
each parental species were also included for
comparison. Seedlings were considered true-
to-type when all fragments were identical
to those of the clonal source plant for that
cultivar.

Field performance
Rootstock selection. In addition to the nine

new rootstock cultivars, two commercially
available and widely used rootstocks, stan-
dard sour orange and Swingle, were included
as standards in this trial (Table 1). Rootstocks
were propagated by stem cuttings from
greenhouse-protected disease-free source trees
as previously described (Bowman and Albrecht
2017) and grafted during Spring 2014 using
certified disease-free budwood of ‘Valencia’
sweet orange clone 1-14-19, the most widely
used clone in Florida [Florida Department of
Agriculture and Consumer Services (FDACS)
2023]. Tree propagation occurred in certified
greenhouses under psyllid-free conditions, and
12 CLas-free trees of each grafted rootstock
cultivar were planted at the USDA research
farm in Fort Pierce (St. Lucie County, FL,
USA) in Oct 2014 (lat. 27.437062˚, long.
�80.427313˚) on double-row raised beds at
a spacing of 2.1 m within each row and 7.6 m
between rows. The experimental design was
a randomized complete block design with
12 single-tree replications. Trees were main-
tained using standard production practices
(Bowman et al. 2023). As HLB has been en-
demic in Florida since 2013 (Graham et al.
2020), trees were exposed to natural CLas
disease pressure.

Tree growth and health. In Nov 2022, tree
size (tree height and canopy volume) and scion
and rootstock trunk diameter (5 cm above and
below the graft union) were measured. In addi-
tion, visual ratings of tree health (canopy den-
sity and foliar HLB disease symptoms) were
conducted. Canopy density was rated on a
scale of 1 to 5, where 1 5 very sparse and
5 5 very dense. HLB severity was rated on a
scale of 1 to 5, where 1 5 0% of branches
with HLB symptoms, 2 5 0% to 25% of
branches with HLB symptoms, 3 5 25% to
50% of branches with HLB symptoms, 4 5
50% to 75% of branches with HLB symptoms,
and 5 5 > 75% of branches with HLB symp-
toms. HLB disease symptoms were defined as
irregular blotchy mottling of the leaves typical
for HLB (Gottwald et al. 2007).

CLas detection. Leaves and fibrous roots
were collected in Nov 2022. Six leaves per
tree were randomly collected from different
areas in the canopy. Leaves were collected

Fig. 1. Leaf morphologies of (A) Citrus maxima ‘Hirado’ � Citrus tachibana (US-1673, US-1676, and
US-1680) and (B) C. maxima ‘Hirado’ � Citrus reticulata ‘Cleopatra’ (US-1672, US-1687, and
US-1688) rootstock source clones. Note the unifoliate leaf shape for each clone.
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from the most recent mature flush and stored
at �20 �C until analysis. Twelve leaf punches,
4 mm in diameter, were excised from the mid-
vein of each leaf directly above the petiole.
Punches were pulverized with liquid nitrogen
and shaking for 90 s with a BioSpec Mini-
Beadbeater-96 (Bartlesville, OK, USA). Fi-
brous roots (#1.5 mm in diameter) were col-
lected from different areas under the canopy
of each tree, washed with water, blotted dry,
and stored at �20 �C until analysis. Fibrous
roots were pulverized with liquid nitrogen us-
ing a mortar and pestle. One hundred milli-
grams of ground tissue was used for DNA
extraction using the DNeasy Plant Pro Kit
(Qiagen) and real-time PCR (PCR assays
were performed using primers HLBas/HLBr
and probe HLBp, and normalization with pri-
mers COXf/COXr and probe COXp (Li et al.
2006). Amplifications were performed using
an Applied Biosystems QuantStudio 3 Real-
Time PCR system (Applied Biosystems) and
iTaq Universal Probes Supermix (Bio-Rad)

according to the manufacturer's instructions
over 40 cycles.

Leaf nutrient content. In Jul 2022, mature
leaves from the most recent flush were ran-
domly collected from each tree. Analysis of
macro- and micronutrients was conducted by
Waters Agricultural Laboratories, Inc (Ca-
milla, GA, USA). The combustion method
described by Sweeney (1989) was used to de-
termine the total nitrogen content. The other
nutrients were analyzed by digesting leaves
with nitric acid and hydrogen peroxide and
using inductively coupled argon plasma atomic
emission spectroscopy (Havlin and Soltanpour
1980; Huang and Schulte 1985).

Fruit yield and fruit quality. Fruit yield
was determined in Mar 2023 by counting
fruits on each tree at harvest and determining
the average weight per fruit from a subset of
12 fruits from each tree. Fruit/juice quality
was determined from the same subset of
fruits collected at harvest. Each fruit sample
was weighed and extracted in a POS-1 Fresh

N Squeeze Multi-Fruit-Juicer, model (JBT
FoodTech Citrus Systems, Lakeland, FL,
USA). The weight of the juice was determined
and used to calculate the percent juice. Total
soluble solids (TSS, �Brix) were measured us-
ing a digital refractometer (RX-5000a; Atago
Inc., Bellevue, WA, USA). Titratable acidity
(TA) was determined by automated titration
against NAOH (InMotion Max Autosampler
SD660 and T50 Titrator pump; Mettler-
Toledo, LLC, Columbus, OH, USA). Juice
color was measured using a Color i5 bench-
top spectrophotometer (X-Rite, Grand Rap-
ids, MI, USA).

Statistical analysis
All analyses were conducted using R ver-

sion 4.2 (R Core Team, Vienna, Austria,
2024). Before analysis of variance (ANOVA),
data were tested for the assumptions of nor-
mality and homogeneity of variance. All varia-
bles were analyzed using a one-way ANOVA
with rootstock as fixed factor and block as a
random factor. Where differences were signifi-
cant (P < 0.05), a post hoc comparison of
means was calculated using Tukey’s honestly
significant difference test. Visual ratings of tree
health were analyzed nonparametrically using
an aligned ranks transformation ANOVA.

Results

Nursery characteristics
Fruit length, fruit circumference, and num-

ber of seeds per fruit. There was a significant
difference between rootstock clones for the
fruit length and number of seeds per fruit
(Table 3). Fruit length was largest for US-2132
(8.3 cm) followed by US-1688 (8.0 cm) and
smallest for US-1673, US-1676, US-1687, and
US-2137 (5.9–6.4 cm). Fruit collected from the
different rootstock clones did not differ signifi-
cantly in their circumference. The average seed
number per fruit was largest for US-1688
(54) and smallest for US-1676, US-2132, and
US-2137 (18–24).

Seed germination, seedling survival, seed-
ling visual assessment, and SSR marker anal-
ysis. The germination rate varied from 88%
to 98% (Table 4). US-1676 had the highest
seed germination percentage, while US-2137
had the lowest. Seedling survival ranged
from 94% to 100% with US-1673 exhibiting
the highest percentage and US-2137 the low-
est. US-1672 and US-1676 had the highest
percentage of seedlings (99%) visually re-
sembling the source tree, whereas US-2137
had the lowest percentage (42%). Varying
degrees of genetic conformity were found
among seedling progenies (Table 4). For six
of the rootstocks (US-1672, US-1673, US-
1676, US-1688, US-2132, and US-2137),
none of the seedlings had allelic matches for
all markers, indicating they were derived from
zygotic embryos, and therefore none of the
seedlings were true-to-type. Marker analysis
for the remaining three rootstocks identified
58.3% (US-1680), 50.0% (US-2111), and
25.0% (US-1687) of seedlings as genetically
identical (true-to-type) to the mother plants

Fig. 2. Leaf morphologies of Citrus maxima ‘Hirado’ � US-942 (US-2111, US-2132, and US-2137) root-
stock source clones. Note the varying leaf shapes (unifoliate, bifoliate, or trifoliate) within each clone.
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and therefore derived from nucellar embryos.
Marker patterns of the nine new rootstock
hybrids were each unique, providing finger-
prints that can be used to differentiate among
these new rootstocks (Table 5).

Field performance
Tree growth. Tree height, canopy volume,

scion trunk diameter, and rootstock trunk di-
ameter were significantly influenced by root-
stock (Table 6). US-1688 and sour orange
induced the tallest trees (2.0 m), and US-2137
produced the shortest trees (1.7 m). Similar re-
sults were found for the canopy volume, which
was largest for trees on US-1688 (3.9 m3) and
smallest for trees on US-2132 and US-2137
(2.0 m3 and 2.1 m3, respectively). Scion trunk
circumference was largest in trees on sour
orange (32.1 cm) and smallest in trees on
US-1673, US-1676, US-2132, and US-2137
(24.2–26.0). The rootstock trunk circumfer-
ence was largest (42.5 cm) for Swingle and
smallest for US-1673, US-1680, and US-2127
(29.3–30.0 cm). There was a significant

rootstock effect on the scion/rootstock trunk
circumference ratio (Table 6). Trees on Swin-
gle had the smallest ratio (0.64), significantly
lower than all the other rootstocks. Sour or-
ange exhibited the highest ratio (0.91), fol-
lowed by US-1680 (0.90) and US-1687 (0.89).
The ratios for the other rootstocks ranged from
0.81 to 0.88.

Tree health. There was no rootstock effect
on the HLB disease index, and all trees had
25% to 50% of branches with HLB symp-
toms (Table 7). The rootstock effect was sig-
nificant for the canopy density (Table 7).
Valencia trees grafted on US-1688 had the
highest canopy density index (4.4) followed
by trees on US-1687 (4.0), whereas trees on
US-1680 and US-2132 had the lowest (3.0
and 2.7, respectively).

CLas detection. CLas titers are expressed
as the cycle threshold (Ct)-value; high Ct-val-
ues indicate a low CLas titer, and low Ct-values
indicate a high CLas titer. The leaf and fibrous
roots analysis indicated 100% of trees were in-
fected with CLas (Table 7). Ct-values varied
from 20.2 to 21.4 in the leaves, and from 27.6
to 33.7 in the fibrous roots, but there was no
significant rootstock effect for either organ.

Leaf nutrient content. A significant root-
stock effect was measured for N, Mg, Ca, S,

B, Mn, and Cu (Table 8). The leaf N content
was significantly higher for trees on Swingle
(3.1%) compared with trees on sour orange,
US-1672, US-1673, US-1680, US-1687,
and US-1688 (2.7%–2.8%). The leaf Mg
content was significantly higher in trees on
US-1688 (0.29%) compared with trees on
US-1673, US-1676, US-2111, and US-2132
(0.19%�0.20%). Leaf Ca ranged from 3.3%
to 3.8%, but the mean separation was not
significant. The leaf S content was signifi-
cantly higher in trees on US-1680 (0.34%)
and US-2132 (0.33%) compared with trees
on US-1673 (0.28%). The leaf B content
was highest for trees on US-1672, US-1676,
and US-2137 (114–123 ppm), and lowest
for trees on US-1688 and sour orange (84 ppm
and 76 ppm, respectively). The leaf Mn
content was highest for trees on Swingle
(66 ppm), and lowest for trees on US-1673
(73 ppm). The leaf Cu content ranged from
96 to 151 ppm, but the mean separation
was not significant.

Fruit yield and fruit/juice quality. Root-
stock effects on yield were significant (Table 9).
The yield per tree was largest for trees on
US-1688 (34.2 kg) followed by US-1672
(31.4 kg) and lowest for trees on US-2132
(22.1 kg) and US-1680 (20.4 kg). The rootstock
effect was also significant for fruit weight, TSS,
TA, and the TSS/TA ratio. US-2111 induced
the highest weight per fruit (132 g), followed
by US-1676, US-1680, US-1687, and US-1688
(124–130 g), and US-2132 induced the low-
est (102 g). US-2132 induced the largest
amount of TSS (8.5), followed by US-2111
(7.7), and sour orange induced the smallest
(6.6). The TA was highest for trees on US-
2132 (1.03%) followed by US-2111 (0.96%)
and US-1673 (0.94%), and lowest for trees
on sour orange (0.74%). There was no signif-
icant rootstock effect on the juice percentage,
the juice color, or the TSS/TA ratio.

Discussion

Nursery characteristics and seedling
propagation

High seed germination and seedling sur-
vival rates were observed across all nine novel
rootstock cultivars, indicating their potential for
easy nursery propagation. However, molecular
marker analysis identified only three of the
nine rootstock cultivars (US-1680, US-1687,

Table 2. Forward and reverse primer sequences, forward primer labels, and specific annealing temper-
atures for 10 single sequence repeat (SSR) markers used to identify zygotic and nucellar seedlings
from nine rootstocks.

SSR marker Primer sequence Primer label Annealing temp. (oC)
M165 F: CATCAAGGCATTGGTCTAGCTC FAM 63

R: TTGGGTGGCAGAATTAGCTG
M172 F: TGTAAGGCCGTTACCCCTCCA HEX 63

R: TACCATCTCCCCATGTAACGCT
M13 F: CCCTTGTTTTACGCCACTAG FAM 63

R: CTGATCCAGATCCAACTTACG
M156 F: CCAAGAGAATATCCGGTGGAC FAM 63

R: AAAGTACCCTTCATGATCACCC
M21 F: TTCTTCAGGGTGTAATCCAG FAM 60

R: AGCAAGAGTTCTAGTGTTAGC
M50 F: GCGGTCGCTTAGTGAACTGT HEX 60

R: TTGAATCCCGACCTTCTACC
M112 F: GCAAACCACACAGTTATATCCG HEX 60

R: CTTCGATACCGACATCAGCA
M126 F: TACGGACATCTTCTAAACCGACC FAM 60

R: GTCTGGACTCATTTGACTTGCAC
M157 F: GGGTTCTTTCATCTGCCGAATG FAM 61

R: CGAGGAATCCCCAAAGCTGAAG
M163 F: TCACGACTCTATCCCATGTC FAM 61

R: ACAATCCGCACTACTAATCC

Primer sequences are based on Bisi et al. (2020). FAM 5 fluorescein; HEX 5 hexachloro-fluorescein.

Table 3. Fruit characteristics of rootstock seed
source trees.

Fruit
length
(cm)

Fruit
circumference

(cm)

Seeds
per
fruit

Rootstock cultivar
US-1672 7.6 abc 2.9 28 bc
US-1673 6.3 d 2.4 38 b
US-1676 5.9 d 2.1 18 c
US-1680 6.6 cd 2.4 25 bc
US-1687 6.1 d 2.7 37 b
US-1688 8.0 ab 3.0 54 a
US-2111 7.1 bcd 2.7 26 bc
US-2132 8.3 a 3.0 24 c
US-2137 6.4 d 5.1 23 c
P value <0.0001 0.4656 <0.0001

Different letters within columns indicate signifi-
cant differences according to Tukey’s honestly
significant difference test. Letters are not shown
when P > 0.05.

Table 4. Seed germination frequency and percentage of seedlings identified as identical/true-to-type
based on visual assessment and single sequence repeat (SSR) marker analysis.

Rootstock cultivar
Seed

germination (%)
Seedling

survival (%)
Visual

assessment (%)
SSR marker
analysis (%)

US-1672 96 97 99 0.0
US-1673 98 100 95 0.0
US-1676 91 96 99 0.0
US-1680 91 97 92 58.3
US-1687 91 96 94 25.0
US-1688 91 96 89 0.0
US-2111 96 97 56 50.0
US-2132 95 97 63 0.0
US-2137 88 94 42 0.0

For the visual assessment, 50 seedlings from each rootstock cultivar were used. For the SSR marker
analysis, 24 seedlings from each rootstock cultivar were used.
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and US-2111) as producing some degree
(25%–58%) of genetically identical (true-
to-type) seedling progeny. The other six
rootstocks produced exclusively zygotic (off-
type) seedlings and would therefore need to
be propagated by alternative propagation
methods, such as stem cuttings or tissue
culture (Albrecht et al. 2017; Bowman and
Albrecht 2017). Although a moderate number
of true-to-type seedlings was identified using
the SSR markers, the visual assessments of
seedlings from US-1680 and US-1687 was
inadequate for correct identification, as all
progeny exhibited a nondistinctive unifoliate
leaf morphology. More training would be re-
quired to accurately distinguish between off-
types and true-to-type progeny, which may limit
the suitability of these two cultivars for com-
mercial nursery propagation. This contrasts with
the relative ease of identifying nucellar seedlings
of many first-generation hybrids of Poncirus
trifoliata with Citrus spp., where nucellar
seedlings often display a distinctive uniform
trifoliate leaf trait, whereas zygotic seedlings
usually display unifoliate, bifoliate, or vari-
able-shape trifoliate leaves (Bisi et al. 2020;

Chen et al. 2008; Soost and Roose 1996). The
second-generation trifoliate hybrids US-2111,
US-2132, and US-2137 exhibited a diverse leaf
morphology, with different proportions of unifo-
liate, bifoliate, and trifoliate leaves on the same
plant. For the hybrid US-2111, which had half
of its seedlings determined true-to-type by SSR
markers, nucellar seedlings could be accurately
identified by visual appearance by the experi-
enced breeder, but special training would proba-
bly be necessary for reliable rogueing in the
commercial nursery.

The ability to produce true-to-type seedlings
relies on polyembryony, a well-documented
phenomenon in citrus, where multiple embryos
can develop from maternal tissue, forming
genetically identical (true-to-type) seedlings
through apomixis (Garc�ıa et al. 1999; Koltunow
and Grossniklaus 2003). Historically, breeding
programs have incorporated polyembryony
as a key trait for commercially used citrus
rootstocks as it allows their easy clonal
propagation (Bowman and Joubert 2020;
Wang et al. 2017). The SuperSour strategy
was developed to avoid the need for poly-
embryony by using vegetative propagation

and consequently allow the expansion of the
usable gene pool of citrus rootstocks, includ-
ing incorporating C. maxima and C. reticu-
lata, the parental species of sour orange,
along with P. trifoliata and other species
(Bowman et al. 2021). This expanded ge-
netic diversity introduces new traits that may
improve tolerance to HLB and other biotic and
abiotic stresses and eliminates CTV-related tree
decline while maintaining desirable field perfor-
mance traits. This approach eliminates the reli-
ance on polyembryony as a mandatory trait,
thereby increasing the likelihood of genetic var-
iability among seedling progeny and necessitat-
ing alternative propagation methods such as
cuttings or tissue culture to maintain genetic fi-
delity (Bowman et al. 2021). Although most
Florida citrus growers prefer trees with seed-
propagated rootstocks, tissue culture has
been adopted to some extent for specific,
high-in-demand rootstocks. For example, in
the 2019–20 season of 3.94 million propaga-
tions, 772,391 (20%) were from tissue cul-
ture, with most of these for a single rootstock
(Rosson 2021).

The SSR markers used in this study were
previously used to distinguish between off-
types and true-to-type seedlings (Bisi et al.
2020). The results presented here confirm
their effectiveness for accurately identifying
the propensity for nucellar embryony in novel
hybrid rootstocks. Unlike RAPD and AFLP
markers, which are dominant and cannot eas-
ily distinguish between heterozygous and ho-
mozygous individuals (Nageswara Rao et al.
2008; Ruiz et al. 2000), SSR markers offer a
high number of polymorphic loci and numer-
ous alleles (Karhu et al. 1996; White and
Powell 1997). These characteristics make
SSR markers a reliable and precise tool for
identifying zygotic and nucellar seedlings
in citrus breeding programs (Russell et al.
1997). Advances in molecular marker technol-
ogies, such as SNP markers, have further re-
fined the ability to identify polyembryonic
traits and zygotic variability in citrus (Nakano
et al. 2012; Navarro-Garc�ıa et al. 2019). Inte-
grating these tools into breeding programs en-
sures the precise identification of true-to-type

Table 5. Fragment size of single sequence repeat (SSR) markers for parental rootstock cultivars and hybrid cultivars (source trees).

Rootstock cultivar

Parental cultivars

M165 M172 M13 M156 M21 M50 M112 M126 M157 M163
Citrus maxima ‘Hirado’ 206, 220 247, 252 131, 143 182 362, 364 143, 149 247 170 233 247, 250
Citrus reticulata ‘Cleopatra’ 214 263, 272 133, 143 188, 191 373 149, 155 250 177, 185 242 241, 250
Citrus tachibana 214, 217 257, 272 133 188, 191 373 149 250 177 242 241
US-942 214, 226 252, 272 143, 145 182, 188 361, 373 149, 154 248, 250 170, 185 233, 242 232, 250

Hybrid cultivars

US-1673 214, 220 247, 258 131, 133, 143 182, 188 362, 374 149 247, 251 170, 177 233, 242 241, 250
US-1676 214, 220 252, 263 131, 133, 143 182, 188 361, 374 143, 150 248, 251 171, 177 233, 242 241, 247
US-1680 206, 220 247, 272 131, 133, 143 182, 191 364, 374 143, 149 247, 251 170, 177 233, 242 241, 250
US-1672 214, 220 247, 263 131, 133, 143 182, 191 364, 374 149 247, 251 170, 177 233, 242 247, 250
US-1687 214, 220 252, 263 131, 141, 143 182, 191 361, 373 143, 150 248, 251 171, 177 233, 242 247, 250
US-1688 214, 220 247, 272 131, 141, 143 182, 191 364, 374 150, 156 248, 251 171, 186 233, 242 250
US-2111 214, 220 252, 255 131, 143, 145 182, 185 361, 364 143, 149 247, 250 170, 185 233, 242 232, 250
US-2132 214, 220 252, 255 131, 143 170, 182 361, 364 143, 149 247, 250 170, 185 233, 242 247, 250
US-2137 214, 220 249, 252 131, 143, 145 182, 185 361, 373 143, 149 247, 250 170, 185 233, 242 232, 250

Table 6. Tree height, canopy volume, and scion and rootstock trunk diameter of ‘Valencia’ trees, 8
years after planting, on different rootstocks at a field site in St. Lucie County, FL, USA.

Height
(m)

Canopy
volume (m3)

Scion trunk
circumference (cm)

Rootstock trunk
circumference (cm)

Scion/rootstock
circumference

Rootstock cultivar
Sour orange 2.0 a 3.7 ab 32.1 a 35.1 bc 0.91 a
Swingle 1.9 ab 3.1 abc 27.0 cd 42.5 a 0.64 d
US-1672 1.9 ab 3.3 ab 28.0 bcd 32.4 bcd 0.86 abc
US-1673 1.8 ab 2.6 bc 25.7 d 29.8 d 0.86 abc
US-1676 1.9 ab 2.6 bc 25.4 d 29.7 cd 0.86 abc
US-1680 1.9 ab 2.6 bc 26.4 cd 29.3 d 0.90 ab
US-1687 1.9 ab 3.4 ab 30.3 abc 33.9 bcd 0.89 ab
US-1688 2.0 a 3.9 a 31.3 ab 36.6 b 0.86 abc
US-2111 1.9 ab 2.8 abc 27.8 bcd 31.6 cd 0.88 abc
US-2132 1.8 ab 2.0 c 26.0 d 33.3 bcd 0.78 c
US-2137 1.7 b 2.1 c 24.2 d 30.0 d 0.81 bc
P value 0.0014 <0.0001 <0.0001 <0.0001 <0.0001

Block
P value 1.0000 0.0335 0.0793 0.1999 0.3406

Block � Rootstock cultivar
P value 1.0000 1.0000 1.0000 1.0000 1.0000

Different letters within columns indicate significant differences according to Tukey’s honestly signifi-
cant difference test. Letters are not shown when P > 0.05.
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seedlings, crucial for nursery propagation. Un-
fortunately, none of these marker systems is
likely to be cost-effective to separate nucellar
from zygotic seedlings in a commercial nurs-
ery. So, new rootstocks that have low- to mod-
erate-levels of nucellar embryony but lacking
visible morphological markers that readily dis-
tinguish nucellar seedlings will probably need to
be propagated by alternative methods of cuttings
or micropropagation in the commercial nursery.

The identification of mostly zygotic seed-
lings among the progeny of the tested root-
stocks emphasizes the advantages for adoption
of alternative propagation methods. Vegetative
propagation techniques, such as cuttings or tis-
sue culture, offer a reliable solution to maintain
genetic fidelity and ensure consistent perfor-
mance in the field. Previous studies (Albrecht
et al. 2020; Pokhrel et al. 2021) have investi-
gated concerns about the impact of vegetative

propagation on root system development. The
results suggested that vegetative propagation
does not negatively affect tree growth or root
health under current Florida growing condi-
tions. These findings support the use of breed-
ing strategies that omit polyembryony as a key
trait for the development of new rootstocks.

Field performance and tree growth
Trees on US-1688 (‘US SuperSour 4’)

were among the best performers in terms of
canopy size and fruit productivity, making
this rootstock a promising candidate for
commercial cultivation, particularly in HLB-
endemic areas. These findings align with the
results reported by Bowman (2023), which
described the release of ‘US SuperSour 4’ as
a hybrid rootstock consistently outperforming
other rootstocks. The genetic composition of

US-1688, closely mirroring the parentage of
standard sour orange (C. maxima � C. reticu-
lata), likely underpins its excellent perfor-
mance in terms of growth and productivity.
US-1672 and US-1687, which have the same
parentage as US-1688, also performed well
but did not reach the productivity of the lat-
ter. Conversely, rootstocks like US-2132,
while promoting a considerably higher TSS
content, were less effective in supporting
healthy tree growth or yield. This trade-off
underscores the importance of aligning root-
stock selection with specific production goals,
prioritizing yield, fruit quality traits, or resil-
ience to particular stresses, based on growers’
needs. Usually, one rootstock will not be the
best for every situation.

The scion/rootstock circumference ratio rep-
resents the relative difference in growth be-
tween the scion and rootstock and has long
been considered an indicator of scion-rootstock
compatibility in tree crops (Kallsen and
Parfitt 2011). Ratios approaching 1.0 are
most desirable and indicate a higher com-
patibility, whereas a smaller or larger ratio
reflects an overgrowth of one of the grafting
partners. However, this does not necessarily
limit trunk health or tree physiology (Bowman
and Joubert 2020). In this study, except for
US-2132, all novel rootstocks exhibited ratios
of 0.8 to 0.9, similar to sour orange, indicating
good compatibility with the scion.

Despite the severe HLB pressure at the
trial location, no significant differences were
observed in the HLB foliar disease symptom
expression or CLas titers in leaves and fi-
brous roots among the rootstocks. These results
suggest that although these novel rootstocks in-
fluence growth and yield, their role in mitigat-
ing HLB is through tolerance rather than
genetic resistance. Similar findings have been
reported in other field studies conducted under
HLB-endemic conditions, where specific root-
stocks improved tree performance but had lim-
ited influence on CLas titers in the grafted
scion (Bowman and Albrecht 2020; Kunwar
et al. 2021). The limited correlation between
rootstock influence and tree bacterial titers
highlights the complex interaction between

Table 7. Tree health indices, and cycle threshold (Ct) values after polymerase chain reaction detection
of Candidatus Liberibacter asiaticus (CLas) in ‘Valencia’ trees, 8 years after planting, on different
rootstocks at a field site in St. Lucie County, FL, USA.

HLB disease
indexi

Canopy
density indexii Leaf CtCLas

Fibrous
roots CtCLas

Rootstock cultivar
Sour orange 2.8 3.9 abc 20.2 27.7
Swingle 2.7 3.9 abc 21.2 29.1
US-1672 3.0 3.7 bcd 21.1 28.8
US-1673 3.0 3.5 bcde 21.1 30.3
US-1676 3.1 3.3 cdef 21.2 33.7
US-1680 3.1 3.0 ef 21.1 31.0
US-1687 3.0 4.0 ab 20.9 27.6
US-1688 2.9 4.4 a 21.3 29.2
US-2111 3.2 3.3 cdef 21.3 31.9
US-2132 3.1 2.7 f 21.4 31.9
US-2137 3.0 3.1 def 20.9 30.6
P value 0.2260 <0.0001 0.9512 0.5205

Block
P value NA NA 0.9003 1.0000

Block � Rootstock cultivar
P value NA NA 0.3873 0.0733

i Trees were rated on a scale of 1 to 5, with 1 indicating the fewest foliar Huanglongbing (HLB)
symptoms and 5 indicating the most.
ii Trees were rated on a scale of 1 to 5, with 1 indicating the least dense canopy and 5 indicating the
densest canopy.
Different letters within columns indicate significant differences according to Tukey’s honestly signifi-
cant difference test. Letters are not shown when P > 0.05.
NA 5 not applicable.

Table 8. Leaf macronutrient content of ‘Valencia’ trees grafted on different rootstocks at a field site in St. Lucie County, FL, USA, and measured 8 years
after planting.

N (%) P (%) K (%) Mg (%) Ca (%) S (%) B (ppm) Zn (ppm) Mn (ppm) Fe (ppm) Cu (ppm)
Rootstock cultivar

Sour orange 2.8 b 0.18 1.7 0.22 bc 3.6 a 0.32 abc 76 c 42 46 bc 81 ab 105 a
Swingle 3.1 a 0.19 1.6 0.23 abc 3.3 a 0.32 abc 109 ab 52 66 a 77 ab 132 a
US-1672 2.8 b 0.18 1.6 0.25 abc 3.8 a 0.29 bc 116 a 46 49 bc 82 ab 128 a
US-1673 2.7 b 0.19 1.9 0.20 c 3.6 a 0.28 c 106 ab 46 39 c 73 b 124 a
US-1676 2.8 ab 0.19 1.7 0.20 c 3.8 a 0.31 abc 123 a 49 48 bc 78 ab 144 a
US-1680 2.8 b 0.20 1.7 0.21 bc 3.8 a 0.34 a 110 ab 48 46 bc 80 ab 130 a
US-1687 2.8 b 0.20 1.8 0.27 ab 3.6 a 0.31 abc 95 bc 43 42 bc 76 ab 97 a
US-1688 2.8 b 0.18 1.8 0.29 a 3.6 a 0.32 abc 84 c 45 47 bc 78 ab 96 a
US-2111 2.9 ab 0.19 1.8 0.20 c 3.3 a 0.32 abc 106 ab 48 53 ab 85 ab 145 a
US-2132 2.9 ab 0.20 1.5 0.19 c 3.5 a 0.33 ab 106 ab 51 51 bc 90 a 151 a
US-2137 2.8 ab 0.18 1.7 0.22 bc 3.4 a 0.32 abc 114 a 47 41 bc 80 ab 150 a
P value 0.001 0.6985 0.0626 <0.0001 0.0332 0.0032 <0.0001 0.1144 <0.0001 0.0626 0.0068

Block
P value <0.0001 <0.0001 0.0019 <0.0001 0.0005 <0.0001 <0.0001 0.003 0.0026 0.0042 0.0004

Block � Rootstock cultivar
P value 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

Different letters within columns indicate significant differences according to Tukey’s honestly significant difference test. Letters are not shown when P > 0.05.
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rootstocks and scions in HLB-affected trees.
For instance, although fibrous root loss has
been suggested as one of the first consequences
of CLas infection (Johnson et al. 2014), CLas
titers in fibrous roots generally tend to be consid-
erably lower than in leaves (Tardivo et al. 2023).

The significant rootstock effect on leaf nu-
trient content, particularly nitrogen, magne-
sium, and boron, underscores their influence
on tree physiology. It is well-established that
rootstocks differ in their capacity to take up
nutrients from the soil and distribute them
through the scion (Ghimire et al. 2023; Mat-
tos et al. 2006; Toplu et al. 2012; Wutscher
1973). More data are required to assess
whether differences in the content of specific
nutrients may be associated with rootstock ef-
fects on the grafted tree tolerance to HLB.
Overall, nutrients were within the optimal or
high ranges for citrus (Kadyampakeni and
Morgan 2020; Koo et al. 1984).

Conclusion

This study underscores the critical role of
superior rootstocks in sustaining citrus produc-
tion under HLB pressure. The continued good
performance of US-1688 (‘US SuperSour 4’)
supports the use of breeding strategies that in-
corporate novel genetic traits without focusing
on polyembryony as a required trait to acceler-
ate the development of resilient rootstocks.
However, such a strategy requires a careful as-
sessment of the propagation potential of these
rootstocks. Although a trifoliate leaf morphol-
ogy can serve as a reliable visual marker in
measuring the frequency of nucellar seedlings,
the seed propagation potential of rootstocks
with predominant unifoliate traits must be de-
termined with the help of genetic markers. The
SSR markers used in this study identified three
rootstocks producing some percentage of true-
to-type seedling progeny, suggesting that seed
propagation may be feasible for these cultivars
with certain conditions. The other rootstocks
produced only zygotic seedlings, rendering

them unsuitable for seed propagation. Ad-
vancements in vegetative propagation, es-
pecially tissue culture, now allow the rapid
and uniform clonal propagation of cultivars
when seed propagation is not an option.
The findings from this study provide valu-
able information for breeders, nursery own-
ers, and growers.
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Juice
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Block � Rootstock cultivar
P value 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

Different letters within columns indicate significant differences according to Tukey’s honestly signifi-
cant difference test. Letters are not shown when P > 0.05.
TA 5 titratable acidity; TSS 5 total soluble solids.
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