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Abstract

Huanglongbing (HLB), associated with the bacterial pathogen Candidatus Liberibacter
asiaticus (CLas), is one of the most destructive diseases affecting citrus. Although some
citrus cultivars are tolerant of the disease, no commercially resistant varieties exist to date.
Resistance, however, has been identified in the sexually compatible distant relative, the
Australian desert lime (C. glauca) and its F1 hybrids. In an effort to develop commercial
varieties with resistance to HLB, we produced interspecific hybrid populations between
an HLB-resistant C. glauca × C. maxima F1 hybrid and two mandarins (C. reticulata). The
progenies were evaluated under natural CLas infection conditions in Florida for infec-
tion status, disease symptom severity, and growth to determine whether resistance or
tolerance was manifested. After four years of evaluations, using two cluster analyses
(K-means and hierarchical cluster), three groups were identified: (1) progeny that was
uninfected, had very low infection levels or recovered from infection, and also had low
defoliation and above average growth, (2) progeny that was infected and showed high
defoliation and below average growth, and (3) progeny that was infected with generally
high titters, low defoliation and above average growth. Overall, these results indicate the
interspecific hybrid progeny in the field segregated into apparent resistant, susceptible and
tolerant trees.

Keywords: Citrus glauca; Eremocitrus; huanglongbing; citrus greening; resistance; tolerance

1. Introduction
Huanglongbing (HLB) is a devastating disease affecting the citrus industries of many

countries around the world, including the United States, Brazil, Mexico, and China [1].
In Florida, HLB has had a significant economic impact with citrus-bearing groves declining
by 58% and production volume by 84% between 2002, prior to the arrival of HLB in 2005,
and 2021 [2]. HLB is associated with several phloem-limited alphabacteria species, of which
Candidatus Liberibacter asiaticus Jagoueix et al. (CLas) is present in the United States [3].
Typical symptoms on the foliage include blotchy mottle, vein corking, and defoliation [4].
In addition, HLB-infected trees decline over time, display fruit drop, and the fruit that does
develop is smaller, uneven in color, lobsided, and has an off-taste [4]. Callose accumulation
in the phloem and the overall degeneration of this tissue is also associated with HLB [4,5].
CLas is transmitted in nature by Diaphorina citri Kuwayama, the Asian citrus psyllid (ACP)
and artificially via grafting. All commercial citrus cultivars are susceptible to HLB, although
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the intensity of symptoms can vary between cultivars and citrus types. Mandarin, sweet
orange, tangelo, and grapefruit are severely affected, while sour orange, rough lemon,
citron, the mandarin hybrid ‘Sugar Belle’, Poncirus trifoliata (L.) Raf., C. latipes (Swingle)
Yu.Tanaka, C. australis (Mudie) Planch. (syn. Microcitrus australis), among others, show
tolerance, in that, although infected by CLas, display minimal symptoms and maintain
vigorous growth [4,6–10]. Hence, tolerant types are usually described as having reduced
symptomatology, including fuller canopies, and overall, more vigor than non-tolerant
genotypes [8,11,12]. Resistance to HLB has been found in Citrus glauca (Lindl.) Burkill
(desert lime, syn. Eremocitrus glauca), a xerophytic plant endemic to Australia, and sexually
compatible with commercial cultivars [9]. C. glauca F1 hybrids with Citrus also show
resistance to Clas [13], and since all hybrids studied were resistant, the authors suggested
the trait was dominant. This resistance was manifested in some instances as low, transient,
or localized levels of infection; however, the pathogen could never fully establish infection
in these plants, and the canopy remained with Clas undetected and untransmissible by
either grafting or D. citri in plants grafted onto susceptible, infected rootstock [9,13,14].

Management strategies to mitigate or eliminate HLB are costly and significantly bur-
den profitability [15]. The development of resistant or more tolerant commercial varieties
is considered a long-term solution to combat HLB. In this study we assess the CLas in-
fection status and HLB disease response in two interspecific hybrid populations of an
F1 C. glauca × Citrus maxima (Burm.) Merr. hybrid crossed with two mandarin selections
under natural infection conditions. Based on the phenotypes previously observed in the
F1 hybrids we hypothesize the resistance to CLas observed in C. glauca is dominant and
will express in some of the hybrid progeny. Our aim was to evaluate the viability of using
C. glauca to incorporate resistance or tolerance to HLB traits into commercial citrus selections.

2. Materials and Methods
2.1. Plant Materials

This study was conducted in two segregating interspecific hybrid populations gen-
erated by controlled pollinations of an F1 C. glauca (desert lime) × C. maxima (pum-
melo) hybrid (‘UF 08-76’), previously identified as resistant to CLas, with two mandarin
(C. reticulata Blanco) selections (‘UF 02-53’ and ‘UF 09-13’) produced at the University
of Florida (Gainesville, FL, USA) Citrus Breeding Program. ‘UF 02-53’ was confirmed
as CLas-susceptible, and ‘UF 09-13’ has never been tested for its susceptibility to CLas;
however, it is assumed to be susceptible since there is no known resistance in its pedigree.
The first seed-source segregating population consisted of 28 progeny of ‘UF 02-53’ (female
parent) × ‘UF 08-76’ (male parent) (Family 1, Fam1) planted in 2014 in a field located in
Gainesville, FL (29◦38′02.9′′ N, 82◦21′52.0′′ W). The second seed-source population con-
sisted of 65 progeny of ‘UF 08-76’ (female parent) × ‘UF 09-13’ (male parent) (Family 2,
Fam2) planted in 2017 at the same location. Each seedling (non-grafted, with its own roots)
from both populations was a unique genotype, maintained as a single plant and planted
in a high-density system with 30.5 cm-in row spacing and 4.5 m spacing between rows.
Family 1 and Family 2 progeny were planted in four different rows of the citrus block. Each
family was randomly divided into two groups. Family 1 was planted in two non-adjacent
rows, and Family 2 was planted in two adjacent rows. Both populations were cultivated
according to IFAS recommendations [16] to satisfy the nutrient requirements of citrus trees.
The trees were irrigated as needed, and no insecticidal treatments against D. citri were
applied to control the psyllid, allowing for the natural infection of the progeny with the
bacterium. Twenty trees (5 from Fam1 and 15 from Fam2) died during evaluations. The
results presented are for the 73 surviving trees with complete data points for all evaluations.
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2.2. Parentage Test

Extracted DNA from the two-family progeny and their three parents were also used
to confirm the parentage using PCR indel markers. Twenty-six primer pairs were initially
tested with the parental lines, 22 were based on a previous study that developed species-
specific InDel markers [17] and 4 were developed for this study based on microsatellite
sequences. The following six primer pairs were selected because they gave consistent PCR
amplification in the progenies, differentiated the parental lines and the size differences in
amplification products were easy to visualize: IND 4, IND 151, IND 198, IND 228, and
IND 268 [17]. Microsatellite marker MTF2 was amplified using the primer pair MTF2F:
CGAGCGAACCCAGATACAGA and MTF2R: CTGAAATTGCTGCGAGCGTC with an
annealing temperature of 53 ◦C.

2.3. Evaluation of Disease Severity

Leaf chlorosis (blotchy mottle or asymmetrical patches of green and yellowing in the
leaves, typical of the disease) and canopy defoliation incidence were visually scored using
1 to 5 scales to assess the health of the progeny canopies. The assessments were performed
by dividing each tree canopy into four quadrants to obtain a single overall score. The
same person carried out these evaluations in the Spring (denoted as 1, following the year,
e.g., 2019-1) and Fall (denoted as 2, following the year, e.g., 2019-2) of 2019, 2021, and 2022.
In 2020, data collection was limited to Fall due to the COVID-19 pandemic, resulting in
a total of seven evaluations. Chlorosis was scored as follows: 1 = tree showed no visible
chlorosis; 2 = tree with up to 10% of the canopy leaves showing chlorosis; 3 = tree with
10–40% of the canopy leaves showing chlorosis; 4 = 40–65% of the canopy leaves showing
chlorosis; 5 = more than 65% of the canopy leaves showing chlorosis (Supplementary
Figure S1). The tree canopy defoliation scale was as follows: 1 = full dense canopy; 2 = light
canopy thinning; 3 = moderate canopy thinning; 4 = heavy canopy thinning; 5 = canopy
fully defoliated (Supplementary Figure S1).

2.4. Progeny Growth Measurements

Tree height and trunk diameter were measured in the Springs of 2022 and 2023, while
canopy volume was only measured in Spring 2023. Tree height was determined using a
measuring pole at the tallest living shoot. Trunk diameter (d) was calculated as the average
of east/west and north/south measurements taken with a Vernier caliper 30 cm above
ground. For multi-trunk trees, the total diameters (dT) were calculated by combining all
trunk measurements using the quadratic sum equation [18,19]:

dT =
√

d2
1 + d2

2 + d2
3 + d2

4.

Tree canopy volume was estimated by measuring four width planes: east–west,
north–south, northeast–southwest, and northwest–southeast. Overall canopy volume
was calculated by averaging two canopy volumes, north–south and east–west for vol-
ume 1 and northeast-southwest and northwest-southeast for volume 2. Each canopy
volume was estimated assuming a tree shape of one-half a prolate spheroid [8] using the
following equation:

Tree canopy volume =
4π

6
× Height × Width1 × Width2.

Growth measurement data not following a normal distribution were first transformed
using the Box–Cox transformation and subsequently to allow the growth comparison
between the two families, which were planted in the field with 3 years of difference, were
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standardized by estimating the Z-score per family using JMP® Pro 17 (JMP Statistical
Discovery LLC, Cary, NC, USA).

2.5. DNA Extraction and Real-Time PCR for the Diagnosis of CLas

The tissue samples consisted of six to eight symptomatic young leaves or asymp-
tomatic young leaves when symptomatic ones were absent, collected from all four quad-
rants of each tree. The midribs and petioles of the leaves were cut into 5 mm pieces. Total
DNA was extracted from 200 mg samples of the combined cut midribs/petioles using a
previously described protocol [20].

Real-time PCR (qPCR) reactions for CLas detection using LJ900 [21] and the plant
mitochondrial cytochrome oxidase (COX) gene as endogenous control [20] were performed
using a previously described protocol [21] in a StepOne Plus™ Real-Time PCR System
Thermal Cycling Block instrument (Applied Biosystems, Waltham, MA, USA) using 2 µL
of DNA in a 20 µL final reaction volume. The amplification was performed at 95 ◦C for
20 s, followed by 40 cycles at 95 ◦C for 1 s and 60 ◦C for 20 s. The StepOne V2.3 software
(Applied Biosystems, Waltham, MA, USA) was used to determine the cycle threshold (Ct)
and ∆Ct (LJ900 Ct − COX Ct), which estimated relative abundance. To ensure numerical
values in all samples for the statistical analyses, Ct’s returned as ‘undetermined’ by the
software due to lack of amplification were assigned a value of 40, since this was the total
number of amplification cycles performed and thus the maximum Ct achievable. Trees were
identified as CLas positive when their Ct values were <35. In the quantification method
(∆Ct), values higher than 18.75 were considered not infected. This value was determined
by subtracting 15.25 (COX Ct) from 34 (LJ900 Ct). In previous research in our laboratory,
15.25 was the average Ct for COX.

2.6. Statistical Analysis

Statistical analyses (principal components analysis (PCA), hierarchical cluster analysis
(HCA), k-means clustering analysis, means comparisons, etc.) and the corresponding
graphics comparing the progeny were generated using JMP® Pro 17. The Wald–Wolfowitz
runs test for random distribution was performed using Excel (Microsoft Corporation,
Redmond, WA, USA).

3. Results
In this study, we compared the infection status, disease severity, and tree growth of

progenies in two interspecific hybrid populations, segregating for HLB resistance under
natural infection conditions in a location where CLas and its vector, D. citri, were prevalent.
Fam1, C. reticulata ‘UF 02-53’ × (C. glauca × C. maxima ‘UF 08-76’), had been planted 5
years prior to the start of the evaluations in 2019, and Fam2, (C. glauca × C. maxima ‘UF
08-76’) × C. reticulata ‘UF 09-13’, had been planted in the field 2 years prior. The evaluations
were conducted for 4 years (2019–2022). Under Florida conditions, the duration of this
study is considered enough time for all trees to have been exposed to CLas [8,22]. To ensure
the validity of the dataset, PCR-based molecular markers were used to verify the parentage
of the progeny evaluated. Progeny from both families exhibited a combination of amplicon
sizes corresponding to those of the ‘UF 08-76’ F1 hybrid and their respective mandarin
parents (Supplementary Table S1), congruous with the progeny being offspring resulting
from the specified crosses. Hybrid ‘UF 08-76’ is resistant to CLas (using qPCR, no infection
has been detected after 10 years of field exposure, with the last evaluation performed in
June 2025, Supplementary Table S2); however, because this tree was much older, it was not
included in the evaluations. ‘UF 02-53’ had been planted in the same field and showed CLas
infection (Supplementary Table S2) and typical HLB symptoms; however, the tree died of
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unknown causes before the data collection for this study was completed. Finally, ‘UF 09-53’
was never planted in the experimental field. The objective was to determine how hybrids
beyond the F1 performed under field conditions and whether resistance or tolerance could
be identified in the progeny. Our strategy was to analyze a large, segregating population of
singletons to increase the chances of identifying selections with multiple traits of interest,
i.e., HLB resistance or tolerance, and higher juice and fruit quality (flavor, Brix, acidity,
color, easy peel, firmness, etc.) in an effort to mobilize the resistance present in C. glauca
into commercial citrus germplasm and further incorporate resistant selections into our
breeding program to undergo further hybridization. Only measurements related to HLB
are presented, as not all progeny flowered and produced fruit by the end of the experiment.

3.1. CLas Infection Incidence, Titter and Severity of HLB Symptoms in the Hybrid Progeny

In the first CLas evaluation, 69.9% of the progeny was found infected with CLas
(∆Ct < 18.75) and had a mean ∆Ct value of 13.01, as shown in Table 1. The CLas incidence
fluctuated throughout the 4 years of evaluations and was highest in Fall 2020 at 87.7% and
mean ∆Ct of 6.79. In the final analysis, 78.1% of the progeny was infected and had a mean
∆Ct of 9.62. This fluctuation in infection indicated CLas was not permanently established
in some trees. Thus, two groups were observed, one in which CLas was able to establish a
stable infection and another in which CLas colonization was prevented or limited.

Table 1. CLas incidence and disease severity in the progeny under natural infection conditions.

2019-1 2019-2 2020-2 2021-1 2021-2 2022-1 2022-2

∆Ct < 18.75 (%) w 69.9 78.1 87.7 86.3 83.6 76.7 78.1
∆Ct > 18.75 (%) w 30.1 21.9 12.3 13.7 16.4 23.3 21.9
∆Ct Mean ± SE x 13.01 ± 1.01 9.60 ± 1.00 6.79 ± 0.73 8.63 ± 0.81 8.18 ± 0.85 9.57 ± 0.95 9.62 ± 0.90

Defoliation 1–3 (%) y 83.6 79.5 83.6 50.7 68.5 89.0 67.1
Defoliation 4–5 (%) y 16.4 20.5 16.4 49.3 31.5 11.0 32.9

Defoliation Mean ± SE x 2.49 ± 0.12 2.67 ± 0.12 2.48 ± 0.12 3.45 ± 0.12 2.93 ± 0.13 2.4 ± 0.13 2.97 ± 0.12
Chlorosis 1–3 (%) z 97.3 98.6 97.3 100.0 100.0 100.0 100.0
Chlorosis 4–5 (%) z 2.7 1.4 2.7 0.0 0.0 0.0 0.0

Chlorosis Mean ± SE x 1.82 ± 0.10 1.88 ± 0.09 1.84 ± 0.1 1.38 ± 0.07 1.53 ± 0.08 1.59 ± 0.09 1.36 ± 0.07
w CLas incidence, percentage of infected (∆Ct <18.75) and uninfected (∆Ct >18.75) trees. x Mean and standard
error (SE) of all trees in the specified timepoint. y Percentage of trees with low (1–3) and high (4–5) defoliation.
z Percentage of trees with low (1–3) and high (4–5) chlorosis.

To examine whether field position of the trees influenced infection, a Wald–Wolfowitz
runs test was used to assess random distribution of CLas infection (as mean ∆Ct) within
each of the four different rows (blocks) the hybrid trees were planted. Fam1, block 1
consisted of seven trees, which were too small to conduct the test. The other three blocks,
Fam1 block 2, Fam2 block 1, and Fam2 block 2, contained 16, 13 and 37 trees, respectively.
Infected trees for these three blocks were found to be randomly distributed at an alpha
of 0.05 (Supplementary Table S3).

Visual assessments of disease severity conducted simultaneously revealed notice-
able differences in the canopy health of the trees among the progeny. Some trees had
dense canopies with no chlorosis symptoms, while others were heavily defoliated and/or
displayed the chlorosis typically caused by the disease (blotchy mottle). Canopy defoliation
was the most prevalent symptom evaluated among the progeny, with 11.0% to 49.3% of
trees recording severity scores of 4 to 5 during the seven evaluations (Table 1). In contrast,
chlorosis scores 4 to 5 ranged from 0.0% to 2.7% (Table 1). Based on symptom severity,
there were two groups in the progeny: one exhibiting high susceptibility to CLas infection,
and another showing no or low adverse effects on tree health. To improve the interpreta-
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tion of the HLB response in the progeny, additional statistical analyses were conducted,
incorporating growth measurements into the dataset.

3.2. Principal Components Analysis (PCA)

PCA was performed to examine the relationships between CLas infection (∆Ct), dis-
ease development (defoliation and chlorosis), and growth variables (trunk diameter, tree
height and canopy volume) measured in the segregating progeny. Twenty-six components
were used in the analysis. The first two principal components (PC) explained 61.9% of
the variance, 36.5% by PC1 and 25.4% by PC2 (Table 2). Component 3 increased the ex-
planation of the variance by 6%, bringing the cumulative variance to 67.9%. The biplot
indicated that ∆Ct (higher ∆Ct, lower bacterial load) and growth variables were positively
correlated with PC1, while defoliation and chlorosis were negatively correlated, except for
defoliation in 2021-1 (Figure 1). In early 2021, prior to the scoring of the population for HLB
symptoms, there was a flooding event in a sector of the experimental plots, which affected
the trees unevenly and probably explains the observed results. For this reason, this variable
was omitted in subsequent analyses. In both PC1 and PC2, defoliation (except, as men-
tioned, 2021-1) and growth variables had inverse correlations, suggesting defoliation had a
strong effect on the overall growth of the trees (Figure 1, Supplementary Table S4). Also,
growth variables (trunk diameter, tree height and canopy volume) in 2022 and 2023 had
almost overlapping vectors (Figure 1); therefore, one measurement at the end of the study
was probably sufficient, or longer time interval between measurements could have been
more informative.

Table 2. Eigenvalue, percentage, and cumulative total percentage of the variation accounted for by
each principal component (PC).

Principal Component (PC) Eigenvalue Percent Cumulative Percent

1 9.4815 36.47 36.47
2 6.6207 25.46 61.93
3 1.5556 5.98 67.91
4 1.4039 5.40 73.31
5 1.1356 4.37 77.68
6 0.9873 3.80 81.48
7 0.7772 2.99 84.47
8 0.6934 2.67 87.14
9 0.5139 1.98 89.11

10 0.4782 1.84 90.95
11 0.3554 1.37 92.32
12 0.3196 1.23 93.55
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Figure 1. Vector plot (biplot) showing the correlations between the variables used and the two first
principal components. (A) Biplot including all variables measured. (B) Biplot after eliminating the
defoliation 2021-1 variable. Vector length indicates the magnitude of the variable’s contribution to
the principal component. Vector direction indicates the correlation of the variable with the principal
component. Vectors pointing in the same direction as a principal component are positively correlated,
while vectors pointing in the opposite direction are negatively correlated. The percentages of the
variance explained by each component are indicated in the axes.

3.3. K-Means Clustering Analysis Identified Three Groups in the Hybrid Progeny

K-means clustering analysis was performed to identify whether the multiyear phe-
notypic data separated the progeny into groups. We tested dividing the data into two to
six clusters. Subsequently, a statistic was used to determine the best-fitting number of
clusters. The results showed that grouping the progeny into three clusters had the best fit
(Figure 2). Using this clustering arrangement, cluster 1 (means: ∆Ct 14.5 to 22.4, defoliation
1.95 to 2.95, chlorosis 1.00 to 1.24, trunk diameter Z-score 0.16 to 0.20, tree height Z-score
0.55 to 0.61 and canopy volume Z-score 0.34, Table 3 and Supplementary Table S5) consisted
of 21 progeny, 1 from Fam1 and 20 from Fam2. Cluster 2 (means: ∆Ct 3.15 to 9.32, defolia-
tion: 3.45 to 4.05, chlorosis 1.45 to 2.10, trunk diameter Z-scores −1.10 to −1.07, tree height
−1.04 to −1.01 and canopy volume Z-score −1.09) consisted of 20 progeny, 9 from Fam1
and 11 from Fam2. Finally, cluster 3 (means: ∆Ct 3.85 to 9.19, defoliation 1.97 to 2.53,
chlorosis 1.53 to 2.28, tree diameter Z-score 0.55 to 0.57, tree height Z-score 0.25 to 0.27,
canopy volume Z-score 0.46) contained 32 progeny, 13 from Fam1 and 19 from Fam2.

Table 3. Variable means by cluster of the three best fitting K-means cluster analysis.

Variable Cluster 1 Cluster 2 Cluster 3

∆Ct 2019-1 22.35 9.32 9.19
∆Ct 2019-2 18.77 7.18 5.09
∆Ct 2020-2 14.53 3.15 3.99
∆Ct 2021-1 17.80 4.58 5.14
∆Ct 2021-2 17.89 4.93 3.85
∆Ct 2022-1 19.18 6.46 5.21
∆Ct 2022-2 18.90 5.49 6.12
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Table 3. Cont.

Variable Cluster 1 Cluster 2 Cluster 3

Trunk Diameter 2022 (Z-score) 0.16 −1.07 0.57
Trunk Diameter 2023 (Z-score) 0.20 −1.10 0.55

Tree Height 2022 (Z-score) 0.61 −1.04 0.25
Tree Height 2023 (Z-score) 0.55 −1.01 0.27

Canopy Volume 2023 (Z-score) 0.34 −1.09 0.46
Defoliation 2019-1 1.95 3.60 2.16
Defoliation 2019-2 2.24 3.75 2.28
Defoliation 2020-2 1.95 3.60 2.19
Defoliation 2021-2 2.48 4.05 2.53
Defoliation 2022-1 2.05 3.45 1.97
Defoliation 2022-2 2.95 3.75 2.50
Chlorosis 2019-1 1.00 2.10 2.19
Chlorosis 2019-2 1.24 1.90 2.28
Chlorosis 2020-2 1.05 2.10 2.19
Chlorosis 2021-1 1.00 1.55 1.53
Chlorosis 2021-2 1.10 1.55 1.81
Chlorosis 2022-1 1.00 1.85 1.81
Chlorosis 2022-2 1.00 1.45 1.53

 

Figure 2. K-means biplot showing the three clusters identified as the best fit. Colors identifying the
clusters are shown at the top right of the plot and the number of members (n) in each is also shown.
The cluster comparison report appears on the bottom right of the plot. The number of clusters with
the highest Cubic Clustering Criterion (CCC), highlighted with an asterisk, denotes the best fit. PC,
principal component.

3.4. Grouping of the Hybrid Offspring Using Hierarchical Cluster Analysis (HCA) Also Identifies
Three Major Groups

HCA was performed for a more systematic comparison of the offspring according to
their CLas infection status, symptom severity, and growth. This method builds hierarchies
by grouping sets of samples together based on similar patterns among various measure-
ments and differs from K-means in that the number of clusters is not pre-determined.
A heatmap, which transformed the data values to a color scale combined with a dendro-
gram of the clusters is presented in Figure 3.
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The distance graph from the HCA indicated that three clusters were also likely
to represent a natural grouping, as the distance leveled off when additional clusters
were added beyond 3 (Figure 3). Cluster 1 comprised 21 progeny, including 1 from
Fam1 and 20 from Fam2. This cluster was identical to cluster 1 obtained with k-means
(Table 3 and Supplementary Table S5). Cluster 1 progeny were characterized by high
∆Ct values (undetectable or very low CLas levels) in all or most seven evaluations.
Two individuals (Fam2-14 and Fam2-53) were considered as CLas-negative (∆Ct > 18.75)
in all evaluations (Figure 3 and Supplementary Table S5), while others were CLas-
negative in most evaluations (e.g., Fam2-05, -22, -27, and -51). A few individuals in this
cluster (group) showed a decrease in CLas titter over time after infection (e.g., Fam1-20,
Fam2-32, and Fam2-65). It needs to be pointed out that CLas has an uneven distribution
within the tree [20,23,24]; therefore, during collection of the samples, care was taken to
sample all quadrants of the tree to minimize false negatives. In addition, the progeny
in this cluster had low or no chlorosis (scores ≤ 2) in five or more evaluations while
defoliation and growth scores varied, although they were generally low and above the
mean, respectively (Table 4).

Cluster 2 contained 29 progeny, 13 from Fam1 and 16 from Fam2. This cluster
comprised offspring that were infected with CLas in most evaluation periods (five or
more), displayed the highest defoliation of all groups, moderate chlorosis, and below
the family mean growth (negative Z-scores). This cluster was similar to k-means cluster
2, with both clusters sharing 20 members and HCA cluster 2 having an additional nine
members (Fam1-02, 14, 15, 23, Fam2-10, 18, 21, 34 and 38, Table 4 and Supplementary
Table S5). Lastly, cluster 3, which included 23 progeny—9 from Fam1 and 14 from
Fam2—also included progeny that were infected with CLas in all evaluations (except
for Fam2-46, which was negative in 2019-1) but showed low to moderate defoliation,
low to moderate chlorosis, and growth values above the family mean (positive Z-scores).
Therefore, clusters 2 and 3 contained all the infected offspring but differed in defoli-
ation severity and growth. Accordingly, HCA cluster 3 had nine less members than
k-means cluster 3. The excluded members had lower growth measurements and more
severe defoliation than the progeny in HCA cluster 3, a characteristic of HCA cluster 2
(Supplementary Table S5).
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Figure 3. Hierarchical cluster heatmap (see legend for color values of each variable) and dendrogram
based on CLas infection (∆Ct), growth variables (trunk diameter, tree height and canopy volume,
as Z-scores), and disease development (defoliation and chlorosis), measured in the segregating
progenies of Family 1 (Fam1) and Family 2 (Fam2). The distance graph is shown in the lower
right corner, indicating how the distance criterion changes with each branch of the hierarchy. The
horizontal coordinates represent the numbers of clusters, which decrease from left to right. The
vertical coordinate is the distance between the clusters that were joined at the given step. The black
vertical line marks the distance for the three main clusters. This distance levels off at this point,
and the addition of more clusters, indicate that three is likely a natural grouping. Numbers on the
dendrogram identify these three main clusters.



Agronomy 2025, 15, 2407 11 of 20

Table 4. Summary of CLas tree infection (∆Ct), disease severity (defoliation, chlorosis), growth variables (trunk diameter, tree height and tree canopy), and cluster
grouping using hierarchical cluster analysis (HCA) and k-means clustering.

Tree ID Mean ∆Ct y ∆Ct
Min–Max y

Median
Defoliation z

Defoliation
Min–Max z

Median
Chlorosis y

Trunk Diameter 2023
(Z-Score by Family)

Tree Height 2023
(Z-Score by Family)

Canopy Volume 2023
(Z-Score by Family)

Hierarchical
Clusters

K-Means
Clusters

Fam2-53 23.4 19.5–25.3 2.0 1–2 1 0.206 0.591 0.144 1 1
Fam2-01 22.6 17.5–26.3 4.0 3–4 1 −1.433 −1.283 −1.065 1 1
Fam2-44 21.7 17.4–25.4 2.0 1–3 1 −0.243 0.868 −0.460 1 1
Fam2-14 21.7 18.8–24.7 3.0 2–3 1 0.387 0.302 0.344 1 1
Fam2-28 21.5 16.1–26.4 3.0 2–4 1 −1.199 −0.768 −1.082 1 1
Fam2-16 21.5 16.6–25.6 3.0 2–4 1 0.075 0.419 0.370 1 1
Fam2-45 21.4 15.7–25.3 2.0 2–2 1 0.491 0.673 0.871 1 1
Fam2-52 20.9 8.3–26.5 1.0 1–3 1 1.694 2.028 1.726 1 1
Fam2-23 19.8 8.6–26.8 2.0 2–4 1 0.480 0.236 0.194 1 1
Fam2-27 19.6 4.8–26.6 2.0 1–3 1 0.110 −0.045 0.632 1 1
Fam2-05 19.0 8.5–24.5 2.0 2–3 1 0.088 0.475 0.801 1 1
Fam2-22 18.6 7.9–26.1 2.0 1–4 1 0.169 0.797 −0.019 1 1
Fam2-51 18.2 9.5–25.0 2.5 1–4 1 0.499 0.838 −0.375 1 1
Fam2-57 17.6 7.7–25.0 2.5 2–3 1 −0.277 0.255 0.136 1 1
Fam2-60 17.5 6.8–25.7 3.0 3–4 1 −0.396 0.611 −0.947 1 1
Fam2-61 17.1 4.5–24.8 2.0 2–2 1 −0.376 0.392 0.376 1 1
Fam2-07 15.6 6.0–25.4 2.5 1–4 1 −0.769 −0.260 0.357 1 1
Fam2-32 15.2 5.8–26.3 1.0 1–4 1 0.819 0.710 0.919 1 1
Fam2-62 14.7 4.7–25.1 1.0 1–1 1 2.089 1.909 1.909 1 1
Fam2-65 10.9 4.5–21.2 1.5 1–3 1 1.054 1.181 1.291 1 1
Fam1-20 9.8 2.7–17.5 2.0 1–3 1 0.767 1.629 1.004 1 1
Fam2-35 15.7 4.2–26.1 3.0 3–4 1 −1.571 −1.801 −1.702 2 2
Fam2-21 11.4 4.5–22.8 3.0 3–3 1 −0.452 −0.063 −0.111 2 3
Fam2-10 10.3 3.7–26.4 2.0 2–3 1 −0.186 −1.099 0.187 2 3
Fam2-42 9.9 4.7–26.2 3.0 3–3 1 −0.746 −1.328 −1.119 2 2
Fam2-33 8.9 3.1–26.5 4.5 4–5 1 −2.125 −1.638 −1.346 2 2
Fam2-39 8.5 5.7–11.3 4.0 2–5 1 −1.700 −1.754 −1.930 2 2
Fam2-03 8.4 2.7–23.9 3.5 3–5 2 −1.532 −0.253 −1.237 2 2
Fam2-34 8.3 3.4–16.1 2.5 2–3 1 −0.416 −0.516 −0.355 2 3
Fam2-26 8.3 4.8–15.3 4.0 3–5 1 −1.360 −0.790 −0.963 2 2
Fam2-09 7.8 5.3–12.7 3.0 3–4 1 −0.525 −1.328 −0.839 2 2
Fam2-59 6.0 1.9–24.0 3.0 3–3 1 −0.386 −0.559 −0.782 2 2
Fam2-24 6.0 1.7–26.0 4.0 3–5 2 −1.441 −1.722 −1.736 2 2
Fam2-18 5.9 3.6–11.6 2.0 2–3 1 −0.321 −0.347 −0.428 2 3
Fam1-01 5.5 2.9–15.4 4.0 3–4 2 −0.496 0.395 −0.399 2 2
Fam2-38 4.9 2.5–7.5 2.0 1–4 1 −0.302 −1.180 −0.854 2 3
Fam1-14 4.5 0.5–16.6 3.0 3–4 2 0.350 0.756 0.666 2 3
Fam1-15 4.5 −0.8–10.8 3.0 2–3 2 −0.639 −0.865 −0.753 2 3
Fam2-63 4.5 1.7–7.5 4.0 3–5 1 −0.929 −1.398 −0.687 2 2
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Table 4. Cont.

Tree ID Mean ∆Ct y ∆Ct
Min-Max y

Median
Defoliation z

Defoliation
Min-Max z

Median
Chlorosis y

Trunk Diameter 2023
(Z-Score by Family)

Tree Height 2023
(Z-Score by Family)

Canopy Volume 2023
(Z-Score by Family)

Hierarchical
Clusters

K-Means
Clusters

Fam2-64 4.3 1.4–8.6 3.0 3–4 2 −1.303 −1.592 −1.809 2 2
Fam1-26 3.9 2.3–5.5 3.5 3–4 2 −0.264 0.265 0.125 2 2
Fam1-09 3.7 2.4–4.9 5.0 4–5 3 −0.935 −0.285 −0.994 2 2
Fam1-12 3.5 2.0–5.9 3.0 3–3 2 −0.670 −0.534 −0.392 2 2
Fam1-16 3.2 0.6–5.1 4.0 3–4 2 −0.957 −1.076 −0.836 2 2
Fam1-28 3.1 1.9–4.9 4.0 4–5 3 −0.800 −1.662 −1.479 2 2
Fam1-23 3.1 1.3–4.8 3.0 2–3 2 0.015 −1.153 −0.272 2 3
Fam1-21 2.5 0.7–5.0 3.0 3–4 2 −0.854 −0.811 −0.520 2 2
Fam1-02 2.5 1.9–3.5 3.0 2–4 3 0.486 −0.576 0.104 2 3
Fam1-10 2.4 −0.7–4.4 5.0 5–5 2 −2.285 −1.922 −2.233 2 2
Fam1-18 1.4 0.0–2.5 3.5 2–4 2 −1.095 −0.349 −0.853 2 2
Fam1-07 9.3 6.7–14.7 2.5 2–4 2 0.297 0.531 0.558 3 3
Fam2-46 8.5 4.8–24.9 2.0 2–3 1 0.426 1.203 0.324 3 3
Fam2-56 8.1 4.4–16.4 2.0 1–2 2 1.079 1.313 1.643 3 3
Fam2-36 7.1 2.3–14.0 3.0 3–4 2 0.075 0.511 −0.247 3 3
Fam2-02 6.8 3.8–9.3 1.0 1–2 2 1.380 0.403 0.500 3 3
Fam2-06 6.7 3.8–9.2 2.0 1–2 2 1.054 0.103 0.703 3 3
Fam1-24 6.0 3.4–9.9 2.5 2–3 1 0.911 0.870 0.968 3 3
Fam2-40 6.0 4.0–8.1 2.0 1–2 2 0.853 0.531 0.564 3 3
Fam2-20 6.0 3.9–8.1 2.0 1–2 2 1.836 1.146 1.630 3 3
Fam2-49 5.9 0.2–14.8 2.0 2–3 2 1.148 0.880 0.928 3 3
Fam2-37 5.6 3.9–7.7 3.0 1–4 2 1.222 −0.242 0.512 3 3
Fam2-29 5.4 3.6–7.6 2.0 1–3 1 0.562 0.066 0.187 3 3
Fam2-43 4.7 2.7–7.5 2.0 2–3 2 0.324 1.425 1.048 3 3
Fam2-08 4.7 2.7–9.0 1.0 1–1 1 1.567 0.776 1.279 3 3
Fam1-08 4.6 1.5–9.6 2.5 1–3 2 2.188 1.733 2.299 3 3
Fam1-19 4.1 2.3–6.6 1.5 1–2 2 −0.131 −0.520 −0.239 3 3
Fam1-06 4.1 2.9–6.2 2.0 2–4 2 1.016 0.723 0.479 3 3
Fam1-05 3.9 1.9–8.6 3.0 2–4 3 1.193 0.902 0.336 3 3
Fam2-04 3.3 1.9–4.5 2.0 1–2 2 0.227 −0.081 1.259 3 3
Fam1-27 3.2 1.2–6.8 2.0 1–3 2 1.057 0.707 1.389 3 3
Fam1-22 2.8 1.1–4.4 3.0 3–4 2 −0.146 1.101 0.132 3 3
Fam1-04 2.5 0.9–5.1 1.0 1–1 3 0.993 0.142 0.909 3 3
Fam2-30 2.3 0.2–6.6 2.0 2–4 3 0.075 −0.595 −0.740 3 3

y, years 2019–2022. z, years 2019, 2020, 2021-2, 2022.
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3.5. Comparison of the Three Clusters from the Hierarchical Cluster Analysis (HCA) over Time

When examining mean ∆Ct values, cluster 1 consistently had the highest mean
∆Ct values across all evaluations, an indication of no or very low infection compared
to clusters 2 and 3 (Figure 4A). The 2020-2 timepoint had the lowest mean ∆Ct (highest
infection) for all three clusters. Cluster 1 also showed a steady increase in mean ∆Ct,
indicating a decrease in CLas infection over time. In contrast, clusters 2 and 3 continued to
show low mean ∆Ct values, reflecting persistently high infection levels.

Figure 4. Means of the three clusters generated using Hierarchical cluster analysis (HCA). (A) ∆Ct,
(B) defoliation, (C) chlorosis and (D) growth parameters (as Z-scores). Values are means ± standard
error (SE), represented as vertical lines. Letters show significant mean differences using the Steel-
Dwass method (a–c) or Tukey’s honestly significant difference (HSD) test (D). Means with the same
letter are not significantly different.

The mean defoliation scores of clusters 1 and 3 were consistently greater than 1 unit
below the mean of cluster 2 from 2019 to 2021 (Figure 4B), indicating that the progeny in
cluster 2 experienced severe defoliation. In terms of mean chlorosis, cluster 1 had the lowest
average across the seven evaluations, with mean values ranging from 1 to 1.3. In contrast,
the mean chlorosis of clusters 2 and 3 ranged from 1.5 to 2.4. Although cluster 3 had higher
means than cluster 2, the differences were not statistically significant (Figure 4C). On the
other hand, the means for trunk diameter, tree height, and canopy volume in 2022 and 2023,
of clusters 1 and 3 were above the family mean (positive Z-scores) and significantly higher
than the means in cluster 2 (Figure 4D). For tree height and canopy volume, the Z-score
means of clusters 1 and 3 were not significantly different; however, for trunk diameter, the
Z-score means for cluster 3 were significantly higher than those in cluster 1 (both positive
Z-scores) and, as mentioned, both were significantly higher than cluster 2 (negative Z-score).
In short, the progeny in clusters 1 and 3 exhibited significantly higher growth than those in
cluster 2. Examples of progeny representing the different clusters are shown in Figure 5.
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Figure 5. The segregating progeny photographed in April 2025. (A) Family 1 (Fam1) hierarchical
cluster analysis (HCA) cluster 1 trees: Fam1-20, HCA cluster 2 trees: Fam1-16, 18, 21, 23, 26 and
28, and HCA cluster 3 trees: Fam1-19, 22, 24, and 27. Fam1-23 was included in cluster 3 using
k-means clustering, all other trees had the same classification. (B) Family 2 (Fam2) trees Fam2-62
(HCA cluster 1) and Fam2-63 (HCA cluster 2) showing trunk differences. (C) Fam2 HCA cluster 1
trees: Fam1-44, Fam2-45, HCA cluster 2: Fam2-42, HCA cluster 3: Fam2-43 and Fam2-46. (D) Fam2
cluster 1 trees Fam2-52 and 53. (E) Canopy of Fam2-8 (HCA Cluster 3) and Fam2-10 (HCA cluster 2).
The white vertical bar on the left of each panel = 1 m. Blue numbers indicate trees in HCA cluster 1,
white numbers HCA cluster 2, and black numbers HCA cluster 3.

4. Discussion
HLB has disrupted the citrus industry in areas where it is found [15,25–28]. This is

due to the lack of resistance in commercial citrus types and the absence of permanent and
cost-effective curative treatments. Thus, there is an urgent need to develop new resistant
varieties to HLB. Breeding perennial fruit crops such as citrus require multi-year evaluations
of multiple traits. This practice is time-consuming and demands resources such as planting
space, crop maintenance, and evaluation costs. Therefore, designing an optimal method
for selecting elite genotypes is essential for ensuring short- and long-term genetic gains
in such breeding programs. With this in mind, we set out to evaluate and analyze two
segregating hybrid populations for their infection status and bacterial titters with CLas,
the bacteria associated with HLB, and its impact on disease development and tree growth.
Because of the slow colonization of this pathogen and delay in symptom development of
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visual symptoms [24,29,30], the populations were evaluated for four years, starting after
at least two years of exposure to natural infection. Additionally, two statistical methods
(k-means and HCA clustering) were used to facilitate the identification of groups with
similar phenotypes. Both methods grouped the two families into three main clusters.

Cluster-1 members were consistent in the two statistical clustering methods used.
This group was characterized by offspring that remained uninfected throughout all or
most of the evaluations and when infected, showed low titters or recovered (∆Ct increased
over time) after infection. Accordingly, trees in cluster 1 presented low chlorosis, low
defoliation, and growth above the mean of the two-family progeny. We interpreted these
results as suggestive of resistance, namely traits in an organism that prevent or reduce
infection of a pathogen [31]. C. glauca and its hybrids have been previously found to
support limited spatial and temporal infection of CLas, however the pathogen is unable to
establish permanent infection of the tree [9,13] and is thus considered resistant. As men-
tioned, different expressions in the reduction in CLas titters were observed in this group.
Two offspring (Fam2-14 and Fam2-53) were never found infected and could represent com-
pletely resistant progeny. Others showed a progressive reduction in CLas titter, reaching
undetectable levels by the end of the study. These variations suggest that CLas infection
in these two families was regulated quantitatively, with several loci involved. Notably,
the variability in resistance expression observed in a segregating population has not been
previously documented.

Clusters 2 and 3 differed in nine individuals, depending on the grouping method
used; however, in either case they included the progeny infected with high titters during
all or most evaluations, indicating progeny in these two groups was susceptible to CLas.
Nonetheless, the two clusters exhibited notable differences in disease severity and growth.
Progeny in cluster 3 presented low defoliation and chlorosis, and above average growth,
similar to the performance of the progeny in cluster 1. Therefore, this progeny was con-
sidered tolerant, as they alleviated the negative effects of CLas infection [31]. Conversely,
progeny in cluster 2 were considered susceptible and lacking tolerance to HLB since CLas
infection caused high defoliation and chlorosis, and significantly impaired tree growth.
Previous studies have shown HLB negatively affects tree growth in susceptible types, re-
sulting in reduced tree size and branch dieback. For instance, in Cleopatra mandarin, which
is susceptible to HLB, seedlings inoculated with CLas showed decreased trunk diameter
compared to uninfected seedlings [32]. In contrast, hybrid seedlings of P. trifoliata, which
are considered tolerant to HLB, showed fewer adverse effects in growth when infected
with CLas [33,34].

One notable result was the difference in the number of cluster-1 (putatively resistant)
progeny between the two families. Fam1 had a total of 28 individuals, and only 1 was
grouped in cluster 1. This may be the product of a random event due to small family
size. Another possibility is parent-of-origin effect. In this case, a maternal effect—perhaps
a cytoplasmic requirement, imprinting, or else—is necessary for the expression of resis-
tance [35,36]. To elucidate whether this is the case, further crosses with C. glauca and its
hybrids as paternal parent will be required. The other possibility is that the resistance
is multi-locus, and the two mandarin parents used in the crosses contributed different
alleles to the phenotypes observed. As mentioned above, the observed variations in the
infection patterns of some trees in this group throughout the study suggest that this was
the case. Resistance in the hybrid progeny did not manifest as an all-or-nothing trait, with
some cluster-1 trees showing recovery after infection, others showing low infection levels,
and two never detected as infected. This contrasts with the C. glauca F1 hybrids so far
described, which have been reported as resistant with no detectable CLas infection in their
canopies [13,14], and the ‘UF 08-76’ parental tree, which tested negative for HLB. This
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hypothesis requires further genetic studies with larger populations and replicates combined
with quantitative trait locus (QTL) analysis to be validated.

The genetic and physiological mechanisms responsible for the apparent resistance
and tolerance observed in the hybrid progeny were not studied and remain unknown.
Although we did not estimate the populations of D. citri in the experimental trees, we
did observe their presence. While resistance to the transmission of CLas by D. citri is a
possibility, given the observed response of some trees (infected with very low titters and/or
recovery from infection), we postulate that these observations were a response to CLas
and not D. citri. Other studies also indicate C. glauca is resistant to the bacteria but not to
its psyllid vector [13]. The location of R-gene homologous sequences in three Australian
limes (C. glauca, C. inodora F. M. Bailey, and C. australasica F. Muell.) were previously
mapped in order to gain insight into the possible genes mediating pathogen-specific
defense responses [37]. The findings revealed that leucine-rich repeat-containing protein 4
(LRR4) domains were more abundant in Australian limes compared to C. clementina and
C. sinensis (L.) Osbeck, two susceptible commercially cultivated citrus species. The authors
postulated this abundance may enhance the Australian limes’ ability to regulate responses
to pathogenic attacks. However, none of the R-genes identified in the study were directly
linked to resistance against CLas. Additionally, significant similarities were found in the
genomic structure of the R-genes between the Australian limes and the two cultivated
species, suggesting that the mechanism behind HLB resistance in Australian limes may
involve factors beyond just R-genes [37]. In agreement with the previous statement, in
another study, transcriptomic analysis of the Citrus-resistant relatives Murraya paniculata
Jack and Bergera koenigii L. did not initiate the canonical defense gene reprogramming
associated with PAMP-triggered immunity (PTI) or effector-triggered immunity (ETI) upon
CLas inoculation via ACP, although a transcriptomic response was initiated. This was
also the case in susceptible C. sinensis [38]. However, other biological processes such as a
reduction in the expression of photosynthesis-associated genes and a reduction in genes
associated with the biosynthesis of sulfur-containing amino acids observed in the resistant
species may be preventing CLas multiplication [38]. The lack of a susceptibility (S) gene
has also been proposed as a mechanism of resistance to CLas, in particular an insertion
in the promoter of a plant U-box (PUB)-type E3 ligase gene (PUB21) was associated with
reduced gene expression in more tolerant and resistance species after CLas infection, while
ectopic expression of this gene rendered them more susceptible [39].

Research into the different mechanisms underlying HLB tolerance has also identified
multiple potential mechanisms conferring tolerance. For instance, the mandarin cultivar
‘LB8-9’ Sugar Belle was found to differentiate additional phloem during CLas infection
compared to non-tolerant types, and this was postulated as a compensatory mechanism to
overcome the phloem impairment caused by bacterial infection [10]. Another potential HLB
tolerance mechanism involves the mitigation of oxidative stress resulting from reactive
oxygen species (ROS) generated during CLas infection [40,41]. Additionally, studies have
shown the upregulation of genes that help maintain or restore phloem transport activity in
rough lemon [42], as well as the upregulation of genes related to cell wall and secondary
metabolism in kaffir lime [43]. Furthermore, QTLs associated with tolerance to HLB in
citrus have been identified [11,12].

C. glauca has several potentially desirable traits in addition to its resistance to HLB.
One notable characteristic is its cold tolerance, enabling trees to endure temperatures as
low as −24 ◦C during dormancy without sustaining damage [44]. Furthermore, mature
hybrids between Citrus and C. glauca have fewer thorns than hybrids with C. australasica
(Syn. Microcitrus australasica), another species sexually compatible with Citrus that is also
being used to breed resistance into commercial varieties [45]. Fewer thorns reduce fruit
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abrasion and peel blemishes, fruit drop from punctures and ease harvesting. Furthermore,
C. glauca fruits have a relatively short development period [44] potentially serving as
a source of genes for the breeding of early-ripening citrus cultivars. These attributes
make C. glauca an enticing option for developing new citrus varieties. However, other
traits such as small fruit size, low fruit quality, relatively low vigor, long juvenility and
graft incompatibility are considered undesirable and will require several generations
of backcrosses to produce commercial citrus types. While this research sheds light on
the HLB resistance present in C. glauca, further investigations with larger populations
and replicates, both in numbers and locations, are necessary to fully comprehend the
mechanisms of resistance and tolerance. The progeny was also evaluated under natural
infection conditions; ultimately artificial inoculations need to be performed to irrefutably
demonstrate resistance to CLas.

5. Conclusions
Based on the results of our research, we propose the classification of the progeny into

three groups. Cluster 1 is composed of progeny with no or low infection, and, in some
cases, recovery as estimated by qPCR. These trees generally exhibited low defoliation and
positive Z-scores in growth parameters (above the mean), indicating resistance to CLas
under field conditions. However, in most trees, this resistance did not manifest as complete
immunity, unlike what was previously observed in F1 progeny. Two trees remained CLas-
free during the entire evaluation, which concluded after 6 years of exposure to ACP and
CLas. Although it is unlikely these two trees were never exposed to CLas in the 6 years
they were evaluated, the possibility still exists; therefore, these results need confirmation
with artificial inoculations. Progeny in cluster 3 was considered HLB-tolerant. Cluster 3
included trees infected with CLas from the start of the evaluations (except for one tree) with
consistently high titters; however, they showed low defoliation and growth values higher
than the mean. Cluster 2, on the other hand, was identified as the susceptible group. This
group was characterized by trees that were also consistently infected with CLas. These trees
experienced significant defoliation and chlorosis as well as substantial growth impairment.
Taken together, these results show Citrus types with resistance (no or low CLas infection
levels in the tree canopy or recovery from infection) and tolerance (CLas-infected trees
with low disease severity and above average growth) can be obtained from hybridizing
CLas-resistant C. glauca with susceptible Citrus types beyond the F1 generation. The results
presented also suggest that resistance in C. glauca hybrids is controlled by multiple loci,
although this requires validation.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/agronomy15102407/s1: Figure S1: Evaluation of disease severity
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primer pairs; Table S2: qPCR performed in 2019 and 2025 of two of the three parentals, F1 C. glauca ×
C. maxima ‘UF 08-76’ and ‘UF 02-53’, showing no detectable levels of amplification (undetermined)
i.e. uninfected. COX is the endogenous control; Table S3: Wald-Wolfowitz runs tests for random
distribution; Table S4: Correlation coefficients summarizing the strength of the linear relationships
between each pair of variables; Table S5: ∆Ct, defoliation, chlorosis, growth values (as z-scores) and
cluster position of the two interspecific hybrid Fam1 and Fam2 progeny.
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CLas Candidatus Liberibacter asiaticus
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COX Mitochondrial cytochrome oxidase
LJ900 Intragenic tandem-repeats of the CLas prophage hyvI/hyvII genes
Ct Cycle threshold
∆Ct Delta Ct, used for relative quantification of CLas (LJ900 Ct − COX Ct)
PCA Principal components analysis
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