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Abstract

Huanglongbing (HLB) is a severe disease of citrus caused by the bacterium Candidatus Liberibacter. In America, the most
common species is Candidatus Liberibacter asiaticus (CLas). In a previous study of the Citrus-HLB pathosystem, our group
found differences in CLas multiplication in a population of hybrids obtained by hybridization between Citrus sunki Hort. Ex Tan.
and Poncirus trifoliata (L.) Raf. cv. Rubidoux. The bacterial concentration was higher in C. sunki than in P. trifoliata. Thus, this
study aims to map phenotypic (QTL) and gene expression (eQTL) data associated with host response to CLas in the linkage
groups (LGs) of the previously constructed parental maps of C. sunki and P. trifoliata cv. Rubidoux. For the phenotypic analysis,
we used a population of 79 F1 hybrids (termed citrandarins) between C. sunki and P. trifoliata. CLas and starch were quantified
in the leaves of the plants two years after pathogen inoculation, allowing the classification of hybrids as resistant, tolerant, and
susceptible. The expression of 14 candidate genes was measured in 72 hybrids of the population and used as expression data for
the eQTL mapping. We located nine QTL and 52 eQTL in the C. sunki map and 17 QTL and 40 eQTL in the P. trifoliata map.
The overlap of eQTL of the majority of genes with QTL from the phenotypic data indicates that the genes are related to the
phenotype and are probably related to pathogen infection.
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Introduction

Huanglongbing (HLB) is currently considered the most dev-
astating disease of citrus crops (Morgan et al. 2014; Raiol-
Junior et al. 2017). The severity of the disease is indicated
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by the appearance of symptoms that lead to premature fruit
drop and the absence of fruits in branches that present symp-
toms. Monitoring for the presence of psyllids, spraying with
insecticides, inspecting plants, and eradicating those with
symptoms are still the main methods used to control the dis-
ease and typically incur costs equivalent to 5 to 10% of the
production (Fan et al. 2013; Fundecitrus 2017).

There is no cure for HLB, and its symptoms are responsible
for severe losses in production and fruit quality. Dissemination of
the disease can occur by bacterial transmission from infected
plants to healthy plants through psyllid insect vectors
(Diaphorina citri or Trioza eritraea) and by the propagation of
infected citrus tissues (Bové 2006). A one-year-old orchard in
which 1% of the plants infected with HLB will have a total
production reduction of 26.5% in the eighth year. These data
confirm the difficulty in controlling the disease and the impor-
tance of its eradication (Fundecitrus 2017).

Of the 16 Liberibacter species described, only three fastid-
ious x-Proteobacteria species are associated with HLB in cit-
rus; these are Candidatus Liberibacter asiaticus (CLas),
Candidatus Liberibacter americanus, and Candidatus
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Liberibacter africanus (Wang et al. 2017). The simplest way to
identity CLas infection is a visual inspection of the plants for
symptoms; other, more accurate techniques include serologic
assays, electron microscopy, biological assays, DNA probes,
loop-mediated isothermal amplification, PCR, and real-time
quantitative PCR (qPCR) (Rigano et al. 2014). Real-time
PCR has become the most commonly used method due to
its reliability, identification sensitivity, detection, and useful-
ness in bacterial quantification (Li et al. 2006; Rigano et al.
2014). Equally important, starch quantification has also be-
come routine in the analysis of CLas-infected plants, since
several studies have reported that starch accumulation is
higher in HLB-positive plants than in HLB-negative plants
(Kim et al. 2009; Fan et al. 2010; Koh et al. 2012; Aritua
et al. 2013; Boava et al. 2017).

Yellow shoots, blotchy mottled leaves, upright, hardened
and small leaves, leaves showing zinc deficiency and corky
veins, twig dieback, stunted growth, and tree decline are char-
acteristic symptoms of HLB. These symptoms are considered
a consequence of the cellular, physiological, and molecular
changes that occur in the plant in response to infection
(Boava et al. 2017; Wang et al. 2017). Although no specific
mechanism through which CLas exerts its pathogenicity has
been conclusively identified, the symptoms appears related to
be phloem dysfunction (Machado et al. 2010; Koh et al.
2012). The pathogenic mechanism through which the bacteria
act is associated with the induction of metabolic disturbances
in the host, probably in response to bacterial products, leading
to an imbalance in carbohydrate metabolism. Symptomatic
leaves have been shown to accumulate excessive amounts of
starch. The retention of starch and sucrose in infected citrus
leaves suggests loss of transport capacity for photoassimilates
(Dalio et al. 2017).

The deposition of high amounts of callose and phloem
proteins (PP2) on the phloem sieve plates interferes with the
transport of photoassimilates from their sources in leaves to
the sink organs (Koh et al. 2012; Boava et al. 2017; Wang
et al. 2017), resulting in excessive starch accumulation in leaf
chloroplasts (Wang and Trivedi 2013; Boava et al. 2017).
Starch accumulation causes the disintegration of the chloro-
plast thylakoid system, producing the yellowing leaf mottle
symptom (Etxeberria et al. 2009). CLas has grave conse-
quences for the host plant, producing nutritional deficiencies
and affecting plant growth, fruit ripening, and seed develop-
ment (Kim et al. 2009).

A possible source of tolerance/resistance to HLB is
P. trifoliata. Studies have shown that the trifoliate group has
a higher tolerance of HLB than other citrus groups
(Folimonova et al. 2009; Boscariol-Camargo et al. 2010;
Albrecht and Bowman 2012; Boava et al. 2017, Huang et al.
2018). This species does not present any symptoms or starch
accumulation during bacterial multiplication; starch accumu-
lation remains low or almost non-existent (Boava et al. 2017).

Hybrids called citrandarins, resulted from controlled crosses
between C. sunki (a susceptible phenotype) and P. trifoliata,
show high variability in CLas titer and starch content.
According to Boava et al. (2017), the susceptible group was
HLB-positive and showed a significant difference in starch
accumulation, while the tolerant group was HLB-positive
with no significant difference in starch accumulation, and
the resistant group, was diagnosed as HLB-negative, and pre-
sented no changes in starch levels.

A strategy that can be used to investigate the response
mechanisms of the citrus - HLB pathology system is gene
expression data mapping using expression quantitative trait
loci (eQTL). eQTL are gene regions identified based on the
abundance of specific gene transcripts. The integrated analysis
of genotypic and quantitative transcription data may help in
the identification of genes involved in specific phenotypes
(Wang et al. 2014). Jansen and Nap (2001) proposed genomic
genetics as a technique in which mapping of quantitative loci
and gene expression analysis is used to identify the association
between the allelic status of a genome region and the levels of
gene transcripts. In citrus, a few eQTL mapping studies have
been conducted, including studies of carotenoid metabolism
(Sugiyama et al. 2014) and resistance to Phytophthora
nicotianae Breda de Haan (Phytophthora parasitica Dastur)
in a population of C. sunki and P. trifoliata hybrids (Lima
et al. 2018).

The present work aimed to identify QTL involved in the
citrus - HLB pathosystem interaction using CLas and starch
quantification and to identify eQTL using the gene expression
values in the linkage groups (LGs) of previously constructed
maps of P. trifoliata and C. sunki (Curtolo et al. 2018). CLas
quantification and starch accumulation in hybrids of C. sunki
and P. trifoliata, as well as the expression of candidate genes
analysis related to CLas multiplication by qPCR in the parents
and hybrids, were employed in the experiments.

Materials and methods
Plant material and experimental design

The experiment was conducted in a greenhouse at the Centro
de Citricultura Sylvio Moreira of the Instituto Agronomico
(TAC), Cordeirdpolis/SP, in 2013. The plants used in the ex-
periment are part of an F; hybrids population obtained from a
cross between C. sunki Hort. Ex Tan. and P. trifoliata (L.) Raf.
cv. Rubidoux; C. sunki was used in controlled hybridization as
the female parent (HLB-susceptible), and P. trifoliata, which is
considered HLB tolerant, was used as the male pollen donor.
The experimental block consisted of genotypes of C. sunki,
P. trifoliata, and 79 hybrids that were multiplied by bud
grafting into Rangpur lime (C. limonia Osb.). After six
months, the plants were inoculated with two buds from
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HLB-infected plants; the buds were grafted on opposite sides
of the plant’s primary stem. These infected buds were collect-
ed from HLB-symptomatic branches of Pera sweet orange
(C. sinensis L. Osb.).

The plants were arranged in a completely randomized ex-
perimental design, with six biological replicates of each geno-
type (three plants inoculated with infected buds (Inoculated)
and three plants inoculated with healthy buds (Control)). We
collected leaves and petioles 24 months after CLas inoculation
for bacteria and starch quantification. Leaves were also placed
in liquid nitrogen and stored at -80 °C until RNA extraction
for gene expression.

DNA extraction

Leaves of the same age and position were collected from all
four sides of the plant. Eight-leaf petioles were combined, and
200 mg of leaves were ground in the presence of two beads
(3 mm diameter) in 2 ml microtubes at 30 Hz for 120 s using a
TissueLyser II (Qiagen). DNA extraction was performed
using the CTAB method (Murray and Thompson 1980). The
precipitated DNA was dissolved in 50 pL of DNAse-free
water. The quality of the DNA was verified by electrophoresis
on 1% agarose gels. DNA concentrations were determined
using a NanoDrop™ 8000 spectrophotometer (Thermo
Scientific) and adjusted to 100 ng/pL.

ClLas quantification by qPCR

The amplifications were performed in duplicate (Table 1) in
14 pL reactions containing 6.25 pL of 1X TagMan Universal
Master Mix (Applied Biosystem), 216 nM each primer and
135 nM each probe (HLBp) in a thermocycler (ABI Prism
7500 Sequence Detection System, Applied Biosystems) (Li
et al. 2006). GAPDH was used as an endogenous gene with
270 nM each primer and 135 nM each probe (Boava et al.
2015). The reaction volume was brought to 11 uL. with water,
and 3 uL of DNA was added. Each 96-well PCR plate includ-
ed two wells with water as negative PCR controls and two
wells with CLas samples as positive controls. The PCR cycle
conditions were 95 °C for 5 min followed by 40 cycles of 95

°C for 30 s and 58 °C for 45 s. Optimization of reagent con-
centrations, including primers and probes, was performed
using known HLB-positive and HLB-negative DNAs.

A standard curve was used to calculate the bacterial titer. The
target fragment of CLas was amplified using the 16S ribosomal
DNA (DNA) of the bacterium as described by Li et al. (2006).
The expected target fragment was separated by low-melting 2%
agarose gel electrophoresis, isolated in sifu and purified using a
Qiaquick gel extraction kit (Qiagen) according to the manufac-
turer’s instructions. The DNA was eluted and used for ligation
with the pPGEM®-T vector (Promega). The recombinant plasmid
was used to transform competent £. coli DH5« cells. The recom-
binant plasmid was extracted using the Pure Yield™ Plasmid
Miniprep System (Promega) according to the manufacturer’s
instructions, sequenced and aligned using BLASTN. The plas-
mid standard solution was quantified on a NanoDrop™ 8000
spectrophotometer (Thermo Scientific) and serially diluted 10-
fold from the original 10~ 10 target DNA solution; the dilutions
were used to generate a curve (dsSDNA = 6.6 x 10° g mol ' kb~
! according to Wang et al. (2006). The number of copies [CN] of
16S rDNA per pulL was based on the equation CN =M x N) /(L
x D), where M = minimum nucleic acid concentration detected
(g mL™ b, N = Avogadro’s number (6.022 x 10%), L =nucleic
acid length in kpb (total length of insertion plasmid), and D=
conversion factor from 1 kb of nucleic acid to daltons Wang et al.
(20006).

Starch quantification

For starch quantification, the enzymatic method was applied
to 10 mg of dry leaves according to Amaral et al. (2007). To
remove sugars, pigments, phenols, and other soluble sub-
stances, four extractions were performed, each in 500 pL of
80% ethanol at 80 °C for 20 min, yielding 2 mL of ethanolic
extract. The precipitate was dried overnight at room tempera-
ture. Then, 0.5 mL (120 U mL"~ l) of Bacillus licheniformis
thermostable o-amylase (EC 3.3.1.1; Megazyme) diluted in
10 mM MOPS buffer (pH 6.5) was added, and the mixture
was incubated at 75 °C for 30 min; this was repeated once.
The samples were then cooled to 50 °C, 0.5 ml of a solution
containing 30 U mL™ ' of Aspergillus niger amyloglucosidase

Table 1 Primer sequences for CLas quantification

Gene Primer name Sequence 5°- 3’ References

16S rDNA HLBas (Forward) TCGAGCGCGTATGCAATACG Li et al. (2006)
HLBr (Reverse) CTACCTTTTTCTACGGGATAACGC
HLBp (TagMan probe) AGACGGGTGAGTAACGCG

Glyceraldehyde- GAPDH-f (Forward) GGTCAGTGGAAGCACAACGA Fan et al. (2010)

3-phosphate GAPDH-r (Reverse) GAGTACTAAAATGTACCTGAATCCGAAA

dehydrogenase GAPDH-p (TagMan probe) TCCTCTTCGGTGAGAAGCCAGTCGCT
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(EC 3.2.1.3; Megazyme) diluted in 100 mM sodium acetate
buffer (pH 4.5) was added, the mixture was incubated at 50 °C
for 30 min, and the glucosidase treatment was repeated once.
After the incubations, 100 pL of 0.8 M perchloric acid was
added to stop the reaction and precipitate proteins. The sam-
ples were then centrifuged (2 min at 10,000 g), and the glu-
cose released in the hydrolysis process was quantified. A mix-
ture of 20 pL of extract and 300 pL of Liquiform PAP
Glucose Reagent (CENTERLAB) containing glucose oxidase
(~ 11,000 U mL™ "), peroxidase (~700 UmL™ "), 290 pmol L
“Lof 4-aminoantipyrine, and 50 mM phenol (pH 7.5), was
incubated for 15 min at 37 °C, and the absorbance of the
sample at a wavelength of 490 nm was then determined using
a spectrophotometer. A glucose solution (SIGMA) at concen-
trations 0of 0, 2.5, 5.0, 7.5 and 10 pg/mL was used to construct
a standard curve.

Phenotypic data analysis

The Ct value was considered as a continuous variable
varying from 1 to 34. Assuming that Ct value is in-
versely proportional to the amount of bacteria, lower
Ct values would indicate less tolerant genotypes. The
sample was considered positive when Ct value was be-
low 34 (Boava et al. 2015). If the genotype replicates
showed a discrepancy in results, we considered only the
positive replicates.

Two parameters were considered for CLas quantifica-
tion: the Ct values (qPCR result) and the CLas 16S
fragment copy number, which was obtained from the
standard curve of the HLB primers using log (base
10) transformed data. For the starch quantification, two
groups were considered: individuals without CLas inoc-
ulation (Control) and individuals with CLas inoculation
(Inoculated).

The statistical model used in the analysis was y = Xr +
Zg + €, where y =data vector, r=replicate effects vector
(assumed to be fixed) added to the overall mean, g=
vector of the individual genotypic effects (considered as
random), and e = errors or residuals vector (random).
Uppercase characters represent the incidence of matrices
for the outcome mentioned above. Analyses were per-
formed using R software (www.r-project.org), and the
values of the genotypic prediction (BLUPs - Best
Linear Unbiased Prediction) were estimated. The herita-
bility of each trait was measured based on the variance
and the coefficient of variation obtained in the phenotyp-
ic analysis.

The genetic correlations between the traits were obtain-
ed by determining Spearman’s correlation coefficients for
the individual genotypic values. These correlations were
tested assuming a global significance level of 0.01. The
analyses were performed using R statistical software.

RNA extraction and cDNA synthesis

Total RNA was extracted with lithium chloride (LiCl) accord-
ing to the protocol described by Chang et al. (1993) and
adapted by Porto et al. (2010). The extractions were per-
formed in 72 hybrids, P. trifoliata and C. sunki, using three
inoculated biological replicates and three mock-inoculated bi-
ological replicates of each genotype two years after inocula-
tion. Traces of genomic DNA were eliminated using RNAse-
free DNase I (Fermentas Life Sciences). Furthermore, purifi-
cation with phenol-chloroform and precipitation of RNA with
ethanol were performed to remove proteins and free
nucleotides.

The quality of the RNA was verified by electrophoresis
after separation on a formaldehyde agarose gel (denaturant),
and its concentration was determined using a NanoDrop ND-
8000 spectrophotometer (Thermo Scientific). The cDNAs
were synthesized from 1.0 pg of total RNA using
Superscript III (200 U/mL) (Invitrogen) with an oligo (dT)
primer (dT12-18, Invitrogen) according to the manufacturer’s
instructions. Subsequently, the cDNA was diluted 1:25 in
RNAse-free water. The three biological replicates of cDNA
(25 pL each) were mixed to form a gene pool of samples in a
single tube containing 75 pL of diluted cDNA from each
genotype; this DNA was used in the gene expression and
eQTL mapping assays.

qPCR for gene expression

For gene expression analyses, we used 72 hybrids of the pop-
ulation as well as the parent species. The RT-qPCR analysis
evaluated the expression of 14 genes involved in sugar and
carbohydrate metabolism, starch transport and degradation,
and phloem functionality. The FBOX and GAPC2 genes were
used as endogenous controls (Table 2). Our group obtained
some genes involved in sugar and carbohydrate metabolism
from a previous RNA-seq study (data not shown). This study
was based on differential expression of transcripts in a compar-
ison of plants infected with CLas and control plants of
P. trifoliata, C. sunki, and their hybrids. Starch degradation
genes were established based on the work presented by Fan
et al. (2010); these are the main genes involved in the transient
degradation pathway of starch in leaves. The genes involved in
phloem functionality were based on the transcriptome study of
susceptible citrus genotypes conducted by Mafra et al. (2013).

The primers flanking the gene regions were synthesized
using Primer Express 2.0 software (Applied Biosystems)
and checked for specificity using the Primer-BLAST tool in
the NCBI (National Center for Biotechnology Information)
database. The synthesized primers were validated by standard
PCR. Then, gPCR amplifications for the gene expression analy-
sis were performed using 7.5 pL. of GoTaq qPCR Master Mix
(Promega), 3 uL. of cDNA (1:25 dilution) taken from the gene
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pool formed by the three biological replicates of that genotype,
200 nM of each primer and water to a final volume of 15 puL. The
7500 Fast Real-Time PCR System (Applied Biosystems) was
used with the following conditions: 50 °C for 2 min, 95 °C for
10 min, and 40 cycles of 95 °C for 15 s and 60 °C for 1 min. For
each reaction, a dissociation curve was obtained to assess possi-
ble nonspecific contamination and to verify the reactions; only
reactions in which a single peak appeared in the curve were used
in the analysis. In addition, the reactions were performed in du-
plicate using controls without cDNA to detect possible contam-
ination. All plates were pipetted using Eppendorf’s automated
epMotion system to eliminate manual pipetting errors and to
maximize the reproducibility of the assays.

Normalization of qPCR data and gene expression
analyses

The expression stability for each reference gene was assessed
using GenEx v.6 software (De Spiegelaere et al. 2015). Two
treatments were considered in the study: plants inoculated
with CLas (infected group) and mock-inoculated (control
group). Relative amounts, expression levels, fold change
values and the stability of expression of endogenous genes
were determined according to Lima et al. (2018).

The amplification efficiency and Ct data were calculated for
each qPCR reaction using Real-time PCR Miner software (Zhao
and Fernald 2005). For each gene, the average efficiency of all
the PCR reactions was calculated. The mean Ct values of the two
technical replicates of each genotype analyzed were also deter-
mined. Relative quantification was performed using the 222"
method for each different set of gPCR conditions and used as a
parameter in the calculation of the expression levels of each
sample (Livak and Schmittgen 2001).

The expression levels of each genotype were calculated
using the geometric mean of the relative quantities estimated
for the two reference genes as a normalization factor. The
calculation of expression level was performed by taking the
ratio between the value of the relative expression of the target
gene and the normalization factor for the genotype under anal-
ysis for each sample. Finally, the Foldchange values of inoc-
ulated individuals relative to mock-inoculated ones were cal-
culated as the ratio of the expression levels of the infected
group and the control group.

Gene expression data analyses

Four qPCR plates were used for each analyzed gene. Half of
the plate was used for 18 of the genotypes and two parents
from the infected group, while the other half of the plate was
used for the other 18 genotypes and two parents from the
control group. The mixed linear model was used, using the
“nlme” package of the R program (www.r-project.org) to
perform the comparison among the four plates for a gene.

The parents and the plate were considered fixed variables,
and the genotypes were considered random variables. Thus,
genotypic and residual variances and BLUPs for the means of
adjusted expressions were obtained. The heritability for each
trait was estimated based on the variance and the coefficient of
variation determined in the gene expression analysis.

To obtain a gene expression profile comparing the expression
of the 14 candidate genes among the 72 hybrids and the two
parents, C. sunki and P. trifoliata, Log2 Foldchange values were
used as input to the MeV (MultiExperiment Viewer) program v.
4.9 (http://sourceforge.net/projects/mev-tm4/) using hierarchical
clustering (HCL) and the Pearson correlation as metric distance;
the results were visualized as a heatmap.

QTL and eQTL mapping

The pre-built linkage maps of C. sunki and P. trifoliata (Curtolo
et al. 2018) were used in QTL and eQTL mapping. Both maps
were constructed using DArT-seq™ molecular markers in
OneMap Software (Margarido et al. 2007). The grouping was
performed used the likelihood ratio, considering a LOD score =
8 and the maximum recombination fraction of 0.3. We used the
means of the phenotypic data (starch quantification and Ct values)
in the segregating population of 72 hybrids for QTL mapping. In
order to detect QTL involved in starch accumulation, both data
from mock-inoculated and inoculated plants were included in the
analysis. While for CLas QTL mapping only the Ct values from
inoculated plants were considered. Fold change values of the rel-
ative expression in the segregating population adjusted by the
mixed model were used as inputs for the eQTL mapping.

The data were analyzed through composite interval map-
ping (CIM) (Zeng 1993), using the FullsibQTL package of the
R program (Gazaffi et al. 2014). Cofactors were included in
the model to control the QTL and eQTL located outside the
mapping. A maximum of 20 cofactors was used to avoid over-
parameterization of the model. The limit values for evidencing
(LOD score) QTL and eQTL were obtained using a signifi-
cance level of 0.05 and 1,000 permutations (Churchill and
Doerge 1994) according to the modification proposed by
Chen and Storey (2006). The phenotypic variations (R%) ex-
plained by QTL and eQTL were also estimated.

Results
ClLas and starch quantification

Two characteristics, the Ct values and the log of the 16S copy
number, were taken into account in performing CLas quanti-
fication in the samples. The starch quantification was evaluat-
ed in two groups: mock-inoculated individuals (Control
plants) and inoculated individuals. The results of starch quan-
tification were presented as mg glucose/g dry weight. Based
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Table 3 Components of variance,

heritability and adjusted means Characteristics Mean Vg Ve Vp h* (%)  CVg(%)  CVr(%)

for bacterial quantification (Ct

values and log of 16S copies Quant. CLas  Ct 2536 2377 1456 3833 6201  19.22 15.05

number) and starch quantification log 50428 2157 1771 393 5491 29.12 26.39

l()‘;:r’l‘t’;"“ow‘atf’d andinoculated oot Starch  Nom-inoc.  18.03  5.84 3085 3669 1591  13.40 30.81
Tnoc. 4692 82950 15970 98920  83.86 6138 26.93

Vg = genotypic variance; Ve = environmental variance; Vp = phenotypic variance; h*> = heritability coefficient;
CVr = coefficient of variation of the residue; CVg = coefficient of variation for genotypic variance

on these results, it was possible to estimate the genetic param-
eters (heritability, variances, and coefficients of variation) for
the measured variables (bacterial and starch quantification)
two years after inoculation (Table 3)

In the inoculated group, high values of heritability (h?)
were observed both for starch concentration (approximately
84%) and for CLas quantification (62% for Ct and 55% for
log). The starch and bacteria quantification presented signifi-
cant Spearman correlations for all analyzed variables ranging
from 0.44 to 0.48 (p<0.01).

Figure 1 shows the mean’s distribution for the CLas (Ct
values) and starch (inoculated group) quantification. For both
characteristics, one can verify transgressive segregation, once
there are hybrids with upper and lower means comparing to
the parents. It should be noted that the histograms showed a
continuous distribution varying from 21.20 to 34.95, with
average of 25.36 and median 23.73. This provided a slight
positive skewed distribution. The same pattern also happened
for starch (inoculated group). Considering the parents,
P. trifoliata showed a lower starch quantification and a higher
Ct value, while C. sunki had a higher starch concentration and
lower Ct value.

Figure 2 shows the hybrids plotted for the CLas (Ct values)
and starch (inoculated group) quantification. Based on this
analysis, the 79 hybrids were classified into three groups tak-
ing into account their CLas and starch concentrations after

Fig. 1 Histograms of means for

CLas inoculation. The resistant group (R) presents high Ct
values that are inversely proportional to the number of bacteria
in the plant. The samples of hybrids with Ct values higher than
32 were considerate resistant (group R). The tolerant group
(T) comprised the plants with CLas, but they are starch-free or
contain only low concentrations of starch compared to inocu-
lated and mock-inoculated plants, as well P. trifoliata (report-
ed as tolerant to the pathogen). The hybrids with less than
50 mg glucose / g dry weight of starch were considered as
tolerant (group T). The susceptible group (S) was composed
of the hybrids with high CLas and starch quantification, and
the C. sunki (reported previously as susceptible). Individuals
149 and 279 were not grouped.

Gene expression

High values of heritability (h?) ranging from 0.50 to 0.99 were
observed (Table 4). Most genes, with the exception of
NRAMP (h*=50.01%), EREB (h” = 68.63%), and PP2B15
(h? = 64.83%), showed high heritability values (h%>90%).

A heatmap was constructed using hierarchical clustering
(HCL) of the log2Foldchange values of 14 target genes in the
74 selected genotypes (72 hybrids and parents) (Fig. 3). Using
Pearson’s correlation as the metric distance, the best possible
intra- and intervariable groupings with similar gene expression
profiles were obtained. The Log2Foldchange data ranged from

A P trifoliata

the CLas (Ct values) and starch — S A C. sunki
(inoculated group) quantification. o
On the right starch quantification ™
data in the inoculated group (mg o
glucose / g dry weight); on the Q -
left, CLas quantification (Ct . -
values) are shown. The female 2w — 2
. R o ~ o o
parent (C. sunki) is shown in red, 2 R
and the male parent (P. trifoliata) & £
is shown in green 21
6 -
w
o - & A o A L
Zb 4IO 6|0 8I0 1 (I)O 26 2]5 3I0 3I5

Starch quantification (Inoculated)
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Fig. 2 Phenotypic data scatter
plot. The starch quantification
data in the inoculated group is
presented in mg glucose / g dry
weight on the y-axis. On the x-
axis, the CLas quantification
presented in Ct values. Colored
by the group resistant (R),
susceptible (S), and Tolerant (T)
determined using the threshold of
32 Ctand 50 mg glucose / g dry
weight. The parentals are
highlighted with red arrows. The
hybrids H149 and H279 were not
grouped

Starch quantification (Inoculated)
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—6.27 to 7.39. The genotypes were divided into four secondary
clusters distributed in two main clusters, while the genes in the
four secondary clusters were arranged in three main clusters.

QTL mapping

Using the genetic maps previously constructed for each parent
of the hybrid progeny (Curtolo et al. 2018) and phenotypic
data from Ct values and starch quantification, QTL associated

Table 4  Estimates of genotypic and phenotypic variances, heritability
and coefficients of variation for gene expression

Genes Vg \%3 W (%) CVr(%) CVg (%)
UDP 0.93 0.96 96.62  17.08 91.36
T6PP 1.64 1.69 9732 1487 89.60
CARBOX  1.69 1.70 9946 736 99.66
PAE 6.41 6.47 99.04  17.08 173.52
GLUC 0.66 0.71 9377  21.08 81.77
GALAC 1.20 1.22 9823  9.90 73.86
BAM3 434 4.41 9841 941 73.94
MEXI1 0.88 0.91 96.19  16.66 83.66
BAC2 1.97 1.98 99.07  7.65 79.12
NRAMP 479 9.57 5001 13139 13141
EREB 1.41 2.06 68.63 4593 67.93
NAC2 2.77 2.78 99.66  5.63 95.71
PP2B15 1101.50  1699.00  64.83  180.26 244.76
PP2B10 1.10 1.13 9756 16.64 105.23

Vg =genotypic variance; Vf=phenotypic variance; h2 = heritability;
CVr = coefficient of variation of the residue; CVg = coefficient of varia-
tion for genotypic variance

28
Clas quantification (Ct)

with CLas and starch quantification in the citrus - HLB
pathosystem were detected.

In the P. trifoliata map, eight QTL were found for CLas
multiplication (Ct values), three were found for starch concen-
tration in the control group, and six were found in the inocu-
lated group (Table 5; Fig. 4). In the C. sunki map, four QTL
were found for starch concentration in the control group, two
were found in the inoculated group, and three were found
based on the Ct values (Table 6; Fig. 5).

For starch quantification, the QTL detected in the
control group (non inoculated) were related to different
genotypes of the progeny, and they were not related to
CLas infection. They are different from the QTL obtain-
ed from the analysis of the inoculated group. The dif-
ference can be justified based on the greater variability
in starch levels in hybrids infected with CLas.

The consistent QTL had LOD scores above the critical LOD
score calculated using the permutation test for each mapped trait.
For the P. trifoliata map, the critical LOD score ranged from 2.44
to 2.60, while for the C. sunki map, it ranged from 2.66 to 2.99.
The confidence interval for determination of the presence of
QTL was 95%. In the P. trifoliata map, the QTL LOD score
ranged from 2.70 to 11.16. The phenotypic variation (R?) ex-
plained by the markers ranged from 1.19-15.69% (Table 5). In
the C. sunki map, the LOD score ranged from 3.54 to 11.18, and
the R? values ranged from 0.46-11.62% (Table 6).

Eight QTL for CLas quantification (Ct values), located in
LGs: 1(56.11 cM), 2 (120.08 cM), 4 (257.93 cM), 6 (160.72
cM), 7 (137.28 cM), 8 (2.92 cM), 9 (39.58 cM), and 10
(215.88 c¢cM), were found in the P. trifoliata map. They ex-
plained 55.01% of the observed phenotypic variation. For the
starch quantification, three QTL were found using the data of
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Fig. 3 Heatmap of the gene
expression profile by clustering
analysis between 14 evaluated
target genes with 74 selected
genotypes (72 hybrids with the
parents: P. trifoliata and

C. sunki). The heatmap using
Log,Foldchange values in the
MeV (MultiExperiment Viewer)
program v. 4.9. Names of genes
and gene hierarchical cluster are
shown in the top of the figure.
Log2Fold change expression
values representation ranges from
yellow (highest expression) to
blue (lowest expression). Sample
names (74 selected genotypes) are
shown on the right side of the
figure, and the sample
hierarchical cluster is shown on
the left side
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the control group in LGs 2 (267.25 cM), 6 (28.95 cM), and 7 with R? of 41.49% when analyzed together (Table 5). In LG 2
(177.00 cM), explaining a total of 11.38% of the phenotypic ~ and LG 6, there were overlaps of QTL for CLas multiplication
variation. Using the data of the inoculated group, six QTL  (Ct values) and starch quantification.

were detected in LGs 1 (122.00 cM), 2 (149.59 cM), 3 In the C. sunki map, three QTL were found for CLas quan-
(85.61 cM), 5 (381.53), 6 (209.35 cM), and 10 (95.30 cM), tification (Ct values); these were located in LGs 5 (412.07

Table 5 QTL identified from the
starch quantification in the control
group (Cont.), inoculated group
(Inoc.) and the CLas
quantification (Ct values) in
Poncirus trifoliata map

@ Springer

Character Flanking Markers LG cM LOD score p R? (%)
Starch (Cont.) 10004623 1[F|0 2 267.25 4.54 -0.29 2.92
Starch (Cont.) 10004103 8|F|0 6 28.95 5.80 0.25 1.63
Starch (Cont.) 100063185|F|0-100033220[F|0 7 177.00 4.93 -0.23 6.83
Starch (Inoc.) 100032204|F|0-100035034[F|0 1 122.00 5.09 2.12 1.19
Starch (Inoc.) 100043207|F|0 2 149.59 8.94 -10.82 8.34
Starch (Inoc.) 100068766|F|0 3 85.61 5.78 9.92 10.30
Starch (Inoc.) 100066277|F|0 5 381.53 3.25 7.25 2.93
Starch (Inoc.) 100043581|F|0 6 209.35 11.16 -12.82 15.69
Starch (Inoc.) 100048556|F|0 10 95.30 2.70 6.28 3.04
CLas (Ct) 100036184[F|0 1 56.11 3.61 -0.92 1.25
CLas (Ct) 100079987|F|0 2 120.08 4.78 1.31 10.39
CLas (Ct) 100034430|F|0 4 257.93 4.13 -1.20 6.77
CLas (Ct) 100043664|F|0 6 160.72 5.00 -1.06 1.73
CLas (Ct) 100048658|F|0 7 137.28 7.12 1.41 7.60
CLas (Ct) 100125184[F|0 8 2.92 8.71 1.79 13.41
CLas (Ct) 100035369|F|0 9 39.58 4.47 -1.15 431
CLas (Ct) 100034525|F|0 10 215.88 8.27 -1.50 9.55

LG =linkage group, cM = start position in centiMorgans of identified QTL, p = effect of QTL on P. trifoliata
parent, R? = phenotypic variation explained by QTL in percentage (%)
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Fig. 4 Detection of QTL related to CLas and starch quantification in the
Poncirus trifoliata linkage map. QTL associated with CLas quantification
(Ct values) are shown in blue. QTL associated with starch quantification
are shown in red for the inoculated group and in black for the control
group. Y-axis: LOD values; X-axis: distance in centiMorgans. The
horizontal lines are the critical LOD scores defined by the permutation
test with significance of 5%

cM), 6 (13.48 cM), and 7 (105.12 cM) and together explained
23.45% of the phenotypic variation. For the starch quantifica-
tion, four QTL were found in LGs 5 (323.29 cM), 6 (171.36
cM), 7 (171.44 cM), and 8 (34.00 cM) in the control group,
explaining a total of 23.69% of the phenotypic variation. In
the inoculated group, two QTL were detected in LGs 3
(127.39 ¢cM) and 4 (0.84 cM), with a total R* of 14.91%
(Table 6).

eQTL mapping

A total of 92 eQTL were detected, comprising 40 for the
P. trifoliata map, with approximately three eQTL per gene,

and 52 for the C. sunki map, with approximately four eQTL
per gene. Only the NRAMP gene in the P. trifoliata
map and the PAE gene in the C. sunki map did not
present eQTL (Figs. 6 and 7).

Tables 7 and 8 present the results of eQTL mapping for the
two parental maps. For the eQTL found on the P. trifoliata
map, the critical LOD score ranged from 2.65 to 4.35, while
the LOD scores for the detected eQTL ranged from 3.01 to
17.61, with the amount of variation in the phenotype (R?)
explained by the eQTL ranging from 0.01-18.85% (Table 7,
Fig. 6). For the C. sunki map, the critical LOD score ranged
from 2.35 to 4.82, while the LOD scores varied from 2.55 to
16.65, showing consistent regions, with R* values varying
from 0.25-25.41% (Table 8; Fig. 7).

In the present study, a total of eleven hotspots were
identified in the P. trifoliata map, and twelve were
identified in the C. sunki map, representing approxi-
mately one hotspot per LG for both maps (Table 9).
We have identified overlaps between eQTL and QTL
(Table 10). In the P. trifoliata map, two overlaps were
observed between QTL related to starch quantification
in LGs 1 and 5 and eQTL, and four overlaps were
observed between QTL related to CLas quantification
(Ct values) in LGs 4, 7, 8b and 9 and eQTL. In the
C. sunki map, three overlaps of QTL related to CLas
quantification with eQTL were found in LGs 5, 6, and
7; only one QTL related to starch quantification in LG
3 overlapped with eQTL.

Discussion

Estimates of the genetic variance among the progeny
individuals were higher than the environmental vari-
ances for the characteristics under study. The observed
high heritability and genotypic variability indicate that
selection for resistance in the progeny can be

Table 6 QTL identified through

starch quantification in the control Character Flanking markers LG cM LOD score q R? (%)

group (Cont.), inoculated group

(Inoc.) and CLas quantification Starch (Cont.) 100033230[F|0 5 323.29 6.79 -0.28 4.44

(Ct values) in the Citrus sunki Starch (Cont.) 100173875|F|0 6 171.36 6.51 0.25 0.46

map Starch (Cont.) 100009568|F|0 7 171.44 9.16 0.52 11.62
Starch (Cont.) 100197417/F|0 8 34.00 11.18 0.37 717
Starch (Inoc.) 100014756|F|0 3 127.39 3.54 -8.22 5.06
Starch (Inoc.) 100009269|F|0 4 0.84 3.88 -8.50 9.85
CLas (Ct) 100019677/F|0 5 412.07 4.65 1.21 797
CLas (Ct) 100047667|F|0 6 13.48 5.06 0.98 5.39
CLas (Ct) 100010739|F|0 7 105.12 8.73 -1.72 10.09

LG = linkage group, cM = start position in centiMorgans of identified QTL, p = effect of QTL on Citrus sunki

parent, R? = phenotypic variation explained by QTL in percentage (%)
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Fig. 5 Detection of QTL related with CLas and starch quantification in
the Citrus sunki linkage map. In blue, QTL associated with CLas
quantification (Ct values). In red, QTL associated with starch
quantification in the inoculated group, and in black in the control
group. Y-axis: LOD values; X-axis: distance in centiMorgans. The
horizontal lines are the critical LOD scores defined by the permutation
test with significance of 5%

successfully performed; in other words, the hybrids
present adequate genetic variability for selection. These
results indicate that a large portion of the phenotypic
variation in both starch concentration and CLas level
observed is due to genetic factors. For starch levels, a
low h? value, 15.91, was found in the mock-inoculated
samples, indicating that in the absence of disease the
genotypic variability in starch accumulation is low.

The CLas titer was higher in C. sunki than in P. trifoliata.
Considerable variation in the CLas titer was observed among
the 79 different hybrids (Fig. 1). The results are consistent
with those of other studies in which it was shown that
P. trifoliata and some hybrids are tolerant/resistant to CLas
infection (Folimonova et al. 2009; Boscariol-Camargo et al.
2010; Albrecht and Bowman 2012; Boava et al. 2015; 2017,
Huang et al. 2018). This also indicates that genetic factors of
the P. trifoliata parent may play a role in the different re-
sponses to CLas infection observed among the progeny geno-
type in the present work.

Boava et al. (2017) conducted a study of 13 hybrids of the
same population used in the present study 18 months after
bacterial inoculation and classified them into three similar
groups with respect to bacterial and starch quantification.
Two years after CLas inoculation, hybrid H31 was resistant,
confirming the findings of the previous work, while two other
hybrids (H90 and H118) that were resistant 18 months after
inoculation became tolerant. Hybrids H35 and H66 remained
tolerant, while H102 was classified in the present work as
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resistant, being previously identified as tolerant in Boava
et al. (2017). This can be explained in two possible ways:
either the plant is responding to the pathogen or the bacterium
has not been detected due to its irregular distribution in the
plant (Teixeira et al. 2008).

Boava et al. (2015) previously studied these hybrids under
field conditions and observed differences in CLas multiplication
in both parents and progeny. However, the evidence obtained in
that study could not be used to distinguish whether the response
of P. trifoliata and the hybrids was related to the CLas infection
or to a non-preference of psyllids for P. trifoliata; some studies
have shown that psyllids have low preference for P. trifoliata
(Richardson and Hall 2014; Hall et al. 2015).

The high levels of starch found in the leaves of the infected
plants suggest that phloem function in the susceptible geno-
types was affected by the CLas infection, confirming data
obtained by other authors (Kim et al. 2009; Etxeberria et al.
2009; Fan et al. 2010; Koh et al. 2012; Aritua et al. 2013;
Boava et al. 2015; Boava et al. 2017).

Considering the gene expression results, the high values of h?
indicate that the expression levels of almost all of the genes
evaluated in the progeny were related to the CLas infection re-
sponse. Characteristics with greater genetic control have higher
heritability values than those that are highly influenced by the
environment (Lynch and Walsh 1998; Visscher et al. 2008).

In the cluster analysis shown in the first heatmap (Fig. 3),
the genes PP2B15, EREB, and BAM3 were predominantly
upregulated in the study population. Therefore, these genes
may contribute more strongly than other genes to resistance
to CLas infection. On the other hand, the genes PP2B10,
UDP, and GLUC were predominantly downregulated, in-
dicating that they did not contribute to the defense re-
sponse of the different phenotypes to CLas infection.
Taking into account the genotypes, P. trifoliata formed
a group with hybrids H20, H35, H90 and H179, which
are considered tolerant, as well as with hybrids 31 and
126, which are considered resistant. These hybrids are
promising materials for study of the basis of resistance
to CLas and can be used in future research related to
HLB disease. Some hybrids considered susceptible
(H19, H94, H105, H109, H119, H137, and H148) were
in the same group as the C. sunki parent.

Regarding the genes (Fig. 3), the MEX1 gene formed a
single group. It is involved in starch degradation and it is also
relevant to maltose transport (Ferro et al. 2003). According to
Fan et al. (2010), the abundance of MEX1 transcripts is lower
in infected leaves than in uninfected leaves. Equally impor-
tant, with the reduction in maltose levels, it is suggested that
the impairment in starch degradation may contribute to the
accumulation of starch in the infected leaves. The EREB and
T6PP genes were grouped; the former encodes an enzyme that
is putatively involved in trehalose biosynthesis (Aryal et al.
2017), and the latter encodes a transcription factor associated
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Fig. 6 Distribution of eQTL in
the Poncirus trifoliata map
related to expression of 14 target
genes. Y-axis: LOD values; X-
axis: distance in centiMorgans.
The horizontal lines with different
colors are the critical LOD scores
for each target gene defined by
the permutation test with
significance of 5%
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with the ethylene response (Asamizu et al. 2008). The
GALAC, BAM3, GLUC, and PP2B10 genes formed another
group. The first three of these are related to the metabolism of
carbohydrates (Ishikawa et al. 2007; Gantulga et al. 2008;
Zhang et al. 2011), while the latter is involved with phloem
functionality (Mafra et al. 2013).

The CARBOX, PAE, and NRAMP genes also were
grouped; the former is involved in hydrolase activity
(McLennan 2006). The PAE gene plays a role in control-
ling the mechanical properties of the cell wall (Philippe
et al. 2017). It may contribute to the control of plant-
pathogen interactions in response to a variety of biotic
stresses, including penetration of the plant by biotrophic
fungi and necrotrophs, and thereby play a significant role
in plant defense (Philippe et al. 2017). The NRAMP gene
is related to metal ion transport (Cellier et al. 1995). The
last group was formed by the genes UDP, NAC2, BAC2
and PP2B15. The UDP gene is related to glucose meta-
bolic processes (Burchell et al. 1991). NAC2 (Ernst et al.
2004), BAC2 (Saurin et al. 1999), and PP2B15 (Mafra
et al. 2013) are transcription factors for transmembrane
transport, and PP2B15 is involved in phloem functionality
(Mafra et al. 2013).

In a study of differentially expressed genes in trees infected
by CLas (Wang et al. 2016), it was observed that 686 genes
were differentially expressed (DE) between HLB-tolerant and
HLB-susceptible citrus trees. Among these genes, only the
genes encoding UDP-glucosyl transferase and beta-
glucosidase were included among our studied genes. In our
study, UDP-glucosyl transferase and beta-glucosidase were
upregulated, and they were more highly expressed in the
susceptible genotype.

QTL mapping procedure used in this study was presented
in Gazaffi et al. (2014) and it was applied in Curtolo et al.
(2018). This model was a powerful approach for QTL map-
ping allowing composite interval mapping based on different
segregation patterns modeled by mixture models under nor-
mality. In our knowledge, QTL mapping developed in a non-
normality assumption is not available for this scenario.
Figure 1 may indicates CLas quantification and starch content
as a non-normality traits. The skewed pattern may also indi-
cate a mixture of two normal distributions, which is desirable
for the used QTL mapping approach. This can be clearly il-
lustrated with an eye inspection in CLas quantification histo-
gram where two peaks are visible, a major one at Ct 22 and 24
and another one above Ct 30. Some other drawbacks could be
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Fig. 7 Distribution of eQTL in 15
the Citrus sunki map related to
expression of 14 target genes. Y-
axis: LOD values; X-axis:
distance in centiMorgans. The
horizontal lines with different
colors are the critical LOD scores
for each target gene defined by
the permutation test with
significance of 5%
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also stressed, such as bias during hypothesis test. For QTL
mapping this was reduced by using permutation test, once
threshold by an empirical distribution obtained by this
dataset. Li et al. (2006) have developed a QTL mapping meth-
od based on inbred lines for dealing with ordinal traits. This
model provides similar results then and standard QTL
mapping methodology when more than five categories were
observed. Earlier, Rebai (1997) has compared two approaches
for non-normality trait. First the non-parametric approach
which tend to perform in a similar way for data with exponen-
tial or others continuous distribution especially when sample
size increases. The major disadvantage was the loss of QTL
effect. The second one was the logistic regression for categor-
ical traits which was slight superior than regression interval
mapping but this difference reduces as the sample size in-
creases and the distribution is symmetric. The sample size
used in this work is consistent with the literature (Lima et al.
2018), especially dealing with a perennial crop. Considering
the aspects present by Rebai (1997) and Li et al. (2006), we
chose to assume normality as a starting point for revealing
information about related traits to HBL disease, once results
are not frequent in literature. In this context, probably
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moderate and lower QTLs would not be detected, but the
mapped QTL can provide insights for further gene discovery
studies.

Regarding the QTL mapping (Figs. 4 and 5), most of the
QTL detected in the C. sunki and P. trifoliata maps had small
effects, and a few had moderate R* values. QTL with small
effect are generally identified in polygenic inheritance studies;
they are responsible for less than 10% of the phenotypic var-
iation (Anderson et al. 2007; Marengo, 2009), while QTL
with moderate effects are those with R? values ranging from
10-30% (Asins et al. 2004). QTL with great effects are re-
sponsible for more than 45% of the observed phenotypic var-
iation (Budahn et al. 2009). According to Anderson et al.
(2007), many QTL mapping studies detect few loci with mod-
erate R? values, while several other loci with small effects are
found, similar to the findings of the present study. Lima et al.
(2018) mapped QTL associated with resistance to
P. parasitica, the causative agent of citrus gummosis, in the
same population of citrandarins and also found few loci with
moderate R? values and many with small effects.

Differences in the number of QTL detected were observed
when comparing this work with the first report on
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Table7 ¢QTL identified from the

expression values for each target Gene LG Flanking markers cM LOD score q R (%)

gene in the Poncirus trifoliata

map UDP 1 100035177|F|0 203.34 7.03 -0.45 16.48
UDP 3 100093859|F|0 122.92 3.57 -0.34 5.11
UDP 4 100053681|F|0 23524 5.01 -0.38 7.89
uUDP 5 100021313|F|0 389.57 5.03 0.32 591
UDP 8a 100050766|F|0 4531 3.35 0.29 491
UDP 9 100038391|F|0 35.97 3.19 0.30 232
T6PP 3 100020866|F|0 122.19 4.50 0.35 6.15
T6PP 5 100031383|F|0 221.64 477 0.33 4.76
T6PP 7 100028454|F|0 55.31 3.33 0.27 1.90
CARBOX 2 100036881[F|0-100027763|F|0 136.00 3.30 -0.23 0.02
CARBOX 5 100044221|F|0 298.14 3.60 -0.52 18.85
CARBOX 7 100015910|F|0 142.39 9.77 0.44 0.08
CARBOX 8b 100035369|F|0 39.58 6.87 0.44 4.74
PAE 3 100057532|F|0 26.36 8.25 -0.55 2.81
PAE 4 100161318|F|0-100051462|F|0 243.00 5.25 -0.41 2.08
PAE 9 100058156|F|0 224.34 4.69 0.40 1.78
GLUC 5 100089610[F|0 439.67 3.99 0.18 5.49
GLUC 7 100049762|F|0 1.11 8.43 0.38 18.16
GALAC 8a 100056835|F|0 37.63 4.69 -0.35 4.06
BAM3 3 100029311|F|0-100036111[F|0 37.00 3.47 -0.42 0.10
BAM3 5 100046237|F|0 142.38 7.45 -0.64 0.19
BAM3 6 100076894|F|0-100039672|F|0 124.00 5.23 0.45 2.94
MEX1 2 100051584|F|0 56.37 5.25 -0.24 0.10
BAC2 2 100178691|F|0 282.10 5.66 0.53 8.36
BAC2 5 100033599|F|0 440.40 7.34 0.50 6.71
BAC2 6 100084313|F|0 186.33 498 -0.34 6.06
BAC2 9 100069113|F|0 301.90 17.61 0.74 12.59
EREB 2 100026276|F|0-100042757|F|0 250.00 3.01 0.19 1.36
EREB 4 100025526|F|0 213.62 4.40 -0.26 2.19
EREB 5 100045322(F|0 34347 5.48 0.29 4.65
EREB 6 100032182|F|0 0.00 4.04 -0.29 1.55
EREB 7 100057022|F|0 108.45 6.91 0.39 5.76
NAC2 5 100183597|F|0 9.38 3.90 0.36 3.11
NAC2 7 100196998|F|0 1.11 3.44 -0.45 5.58
NAC2 9 100061705|F|0 43.66 3.59 -0.38 5.75
PP2B15 5 100080169|F|0 405.31 3.55 2.76 1.02
PP2B10 1 100056564|F|0 83.90 5.70 -0.31 7.36
PP2B10 5 100068714|F|0 385.75 5.96 -0.30 3.30
PP2B10 7 100044511|F|0 151.17 9.33 -0.31 4.62
PP2B10 9 100043903|F|0 42.56 425 0.20 2.16

LG =linkage group, cM = start position in centiMorgans of identified QTL, p = effect of eQTL on P. trifoliata
parent, R? = phenotypic variation explained by QTL in percentage (%)

identification of QTL related to HLB disease and tolerance  tolerant and susceptible parental maps, indicating that sweet
(Huang et al. 2018), however both reports showed many re-  orange can also show genetic factors in order to improve HLB
gions associated with HLB tolerance, revealing citrus toler-  tolerance. Nevertheless, some divergences in QTL results
ance to HLB is likely polygenic. As reported by Huang etal. ~ were observed between the two works, probably because the
(2018), QTL for foliar symptoms were identified both in  phenotypic analysis followed different methodologies. In

@ Springer



640 Trop. plant pathol. (2020) 45:626-645
Table 8 eQTL identified from the expression values for each target gene in the Citrus sunki map

Gene LG Flanking markers cM LOD score q R? (%)
UDP 2 100016633|F|0 296.76 6.54 -0.37 10.72
UDP 3 100021476|F|0-100048216|F|0 217.00 391 -0.24 3.79
UDP 6 100197254(F|0 79.37 16.65 -0.59 20.34
UDP 9 100010814(F|0 24435 3.04 0.23 3.71
T6PP 3 100011342|F|0 230.51 8.65 0.42 7.91
T6PP 5 100029469|F|0 135.55 4.69 -0.27 6.45
T6PP 8 100019860|F|0-100126693|F|0 174.00 10.01 0.39 5.09
T6PP 9 100063546|F|0 103.59 3.33 0.19 0.25
CARBOX 2 100005257|F|0 40.62 538 -0.43 6.92
CARBOX 3 100013218|F|0 227.02 5.34 -0.42 5.70
CARBOX 4 100005540|F|0 266.50 3.17 0.29 342
CARBOX 6 100034742|F|0-100046449|F|0 146.00 6.65 0.52 5.13
CARBOX 7 100026011[F|0 72.83 6.19 -0.43 9.38
CARBOX 9 100035814(F|0 191.91 3.47 -0.32 5.10
CARBOX 10 100201189|F|0-100137691|F|0 3.00 9.67 0.61 20.31
GLUC 1 100043790|F|0 266.68 6.58 0.21 5.41
GLUC 3 100043261(F|0 147.27 12.36 0.33 11.31
GLUC 4 100037909|F|0 205.99 3.98 -0.20 422
GLUC 6 100036283|F|0 243.14 4.03 0.17 7.52
GLUC 7 100013734(F|0 82.56 6.11 -0.19 7.63
GLUC 10 100202826|F|0 18.28 423 0.23 6.44
GALAC 2 100037187|F|0 56.77 4.46 -0.37 6.69
GALAC 3 100053032|F|0 172.53 7.12 0.57 13.10
GALAC 4 100031971[F|0-100043688|F|0 88.00 8.70 -0.47 5.32
GALAC 6 100181892|F|0 0.00 3.66 -0.27 4.61
GALAC 10 100171869|F|0 25.47 12.58 0.71 25.41
BAM3 1 100058307|F|0-100061132|F|0 74.00 2.90 -0.40 1.10
BAM3 2 100028862|F|0 206.52 3.53 -0.40 1.12
BAM3 7 100012855[F|0 49.01 3.88 -0.77 10.89
BAM3 8 100047420|F|0 208.85 3.12 0.53 343
BAM3 10 100156188|F|0 6.58 5.86 0.96 8.03
MEXI1 6 100047667|F|0 13.48 10.11 -0.26 5.81
MEX1 9 100048503|F|0 160.22 4.85 0.17 2.32
BAC2 2 100022861|F|0 6.80 8.64 -0.45 8.00
BAC2 3 100026361(F|0 17.54 3.79 -0.30 2.65
BAC2 7 100040736|F|0 8.51 3.16 -0.24 2.04
NRAMP 6 100030612|F|0 18.09 4.85 -0.20 4.84
EREB 1 100186532|F|0 13.02 426 -0.28 9.19
EREB 2 100201571|F|0 370.59 3.46 -0.25 7.18
EREB 5 100188422|F|0 31.33 433 -0.26 6.77
EREB 7 100055682|F|0 102.13 5.02 -0.26 7.80
NAC2 2 100028817|F|0 42.76 6.89 -0.44 7.13
NAC2 3 100002208|F|0-100027934|F|0 2.00 6.00 -0.54 3.90
NAC2 5 100048739|F|0 420.98 3.01 -0.41 3.19
NAC2 8 100029816|F|0 170.12 4.71 0.37 2.89
PP2B15 1 100072566|F|0 288.66 322 -2.34 1.10
PP2B15 4 100063037|F|0 3.42 2.55 -3.53 1.43
PP2B10 2 100201571|F|0 370.59 8.17 0.36 6.17
PP2B10 3 100040067|F|0 138.01 6.99 0.37 4.84
PP2B10 4 100050457|F|0 25733 6.44 -0.33 395
PP2B10 6 100030612|F|0 18.09 4.81 -0.38 13.66
PP2B10 10 100163575|F|0-100163311|F|0 28.00 6.09 0.32 7.43

LG =linkage group, ¢cM =start position in centiMorgans of identified QTL, p = effect of eQTL on Citrus sunki parent, R> = phenotypic variation

explained by eQTL in percentage (%)

present word, the phenotypic data for QTL analysis was based
on CLas quantification and starch accumulation caused by
inoculation by CLas in a greenhouse. In Huang et al. (2018),
the phenotypic data for QTL analysis was based the evaluation
of HLB symptoms assessed on a 6-point scale of foliar symptom
and canopy damage in field trial carried out by visual evaluation.

@ Springer

The high heritability values (h?>60%) found both for
starch accumulation in the inoculated group and CLas quan-
tification (Ct values) are consistent with the detection of sev-
eral QTL associated with CLas multiplication in the present
study, mainly in the map of the tolerant parent P. trifoliata.
The location of QTL and the magnitude of their genetic effects
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Table 9 Relationship of genes

that presented overlapping and LG C. sunki map P. trifoliata map
localized eQTL in hotspots for
each linkage group (LG) in the 1 GLUC and PP2B15 -
two genetic maps constructed for CARBOX, GALAC, BAC2 and NAC2 BAC2 and EREB
each parent UDP, EREB and PP2B10
3 UDP, T6PP and CARBOX UDP and T6PP
GLUC, GALAC and PP2B10 PAE and BAM3
BAC2 and NAC2
4 CARBOX, GLUC and PP2B10 UDP, PAE and EREB
5 - UDP, GLUC, EREB, PP2B15 and PP2B10
T6PP and CARBOX
GALAC, MEX1, NRAMP and PP2B10 BAM3 and BAC2
CARBOX, GLUC, BAM3 and EREB CARBOX and PP2B10
GLUC and NAC2
T6PP and NAC2 UDP and GALAC
CARBOX and MEX1 NAC?2 and PP2B10
10 CARBOX, GLUC, GALAC, BAM3 and PP2B10 -

contribute to the detection and selection of possible loci re-
sponsible for the variation in evaluated phenotypic character-
istics (Grattapaglia 2004).

According to Shi et al. (2007), eQTL may have high detection
power even in small and medium-sized populations.
Furthermore, since the methodology established by the software
for QTL mapping is similar to that for eQTL mapping, a popu-
lation size greater than 50 is sufficient to provide high resolution
in mapping and detecting QTL/eQTL with small effects. The
larger the population size, the saturation of the genetic linkage
map and the heritability of the phenotypic character, the greater is
the genomic information related to the mapping (Young 1994;
Yan et al. 2009).

Eleven genes (UDP, T6PP, CARBOX, PAE, GLUC,
GALAC, BAM3, MEXI, BAC2, NAC2, and PP2B10) with
heritability values greater than 90% (Table 4) were found in the
present work. Except for the PAE gene, all of these genes pre-
sented at least one eQTL related to CLas infection; genes such as

UDP, CARBOX, and PP2B10 were present in the genetic maps
of both parents (Figs. 6 and 7). On the other hand, of the three
genes (NRAMP, EREB, and PP2B15) with heritability values
less than 90%, the only gene that presented more than one eQTL
associated with CLas multiplication was the EREB gene found
in the two parental maps; the other two genes were only slightly
enriched for eQTL (Tables 7 and 8). These results show that gene
heritability is not a perfect predictor of €QTL detection. For gene
expression values, as well as for other measurable variables, the
power for detection of eQTL is largely but not exclusively deter-
mined by the gene’s heritability value in a specific population
(Visscher et al. 2008; Vifiuela et al. 2012).

It was expected that a large number of eQTL would be found
in the gene expression profiles for each candidate gene because
we observed high heritability of the phenotypic characteristics
and high saturation of the maps for each parent according to
Curtolo et al. (2018); in addition, the population of hybrids se-
lected for eQTL mapping consisted of 72 individuals. We found

Table 10  Relationship of genes that presented eQTL overlapped to QTL in regulatory networks for each linkage group (LG) in the two genetic maps

constructed for each parent

LG C. sunki map P. trifoliata map

1 - PP2B10 (84) and Starch (122)

3 GLUC (147), GALAC (173), PP2B10 (138) and Starch (127) -

4 - UDP (235), PAE (243), EREB (214) and CLas (258)

5 NAC?2 (420) and CLas (412) UDP (390), GLUC (440), EREB (343), PP2B15 (405),
PP2B10 (386) and Starch (382)

6 GALAC (0), MEX1 (13), NRAMP (18) and PP2B10 (18) and CLas (13) -

7 CARBOX (72), GLUC (82), BAM3 (49), EREB (102) and CLas (105) CARBOX (142), PP2B10 (151) and CLas (137)

8b - CARBOX (40) and CLas (40)

9 - PAE (224) and CLas (215)

In parentheses is the position from the beginning in cM
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a higher number of eQTL per gene for C. sunki (six) than for
P. trifoliata (four), consistent with the results of Lima et al.
(2018). The UDP gene presented the highest number of eQTL
(six) on the map of the P. trifoliata genitor, while in the C. sunki
map, a greater number, seven eQTL, were found for the
CARBOX gene. These two genes therefore present a greater
number of chromosomal regions that affect their transcription
levels in response to CLas infection in the two-parent maps.
On the other hand, the genes that presented only one eQTL in
the P. trifoliata map were GALAC, MEX1 and PP2B15, while
in the C. sunki map the NRAMP gene displayed only one eQTL.
Moreover, the NRAMP gene did not have eQTL in the
P. trifoliata map, nor did the PAE gene in the C. sunki map.
The NRAMP gene may not participate greatly in the defense
response of hybrids against CLas infection.

In the present study, many eQTL are composed of loci with
low effects (R2 less than 10%), and a few are associated with
marker regions with moderate effects (10 to 30%), equivalent
to the R? values in other eQTL mapping studies (Anderson
et al. 2007; Lima et al. 2018).

Studies of eQTL enable the identification of chromosomal
regions that affect the expression of multiple genes; in these
locations, so-called hotspots, many nearby, closely linked loci
control the production of various gene transcripts. Such a phe-
nomenon is indicated by the presence of a series of eQTL that
overlap in the LGs of genetic maps, and it can be attributed to
the presence of genome regions rich in intimately linked
genes, identifying nearby eQTL, or to a single genomic region
that regulates the transcription of a large number of genes,
from the detection of distant eQTL (West et al. 2007; Lima
etal. 2018). However, it has been reported in the literature that
many hotspots control the expression of genes encoding en-
zymes involved in numerous metabolic pathways and that
some hotspots may even regulate the pathway as a whole
(Kirst et al. 2005; Rosa 2007; Lima et al. 2018).

Lima et al. (2018) used a strategy similar to that used in the
present study to detect eQTL related to resistance to P. parasitica
and also found a greater number of hotspots in the C. sunki map,
in addition to detecting a higher mean number of hotspots per LG
for the same parent. A large number of candidate genes were
evaluated in this mapping study focusing on the Phytophthora-
citrus pathosystem. The number of genes that had overlapping
and localized eQTL in hotspots ranged from two to five on the
genetic maps in our study (Table 9). Lima et al. (2018) identified
two to eight genes in the genetic maps that had overlapping and
localized eQTL in a single hotspot.

Comparing the eQTL obtained based on the relative expres-
sion data of the target genes and the QTL of the starch quantifi-
cation in the inoculated group and CLas quantification (Ct
values), it was expected that some eQTL would contribute to
the phenotypes. This was evidenced by the finding of overlaps
between eQTL and QTL, indicating the existence of complex
regulatory networks for both gene expression and phenotype

@ Springer

(Sugiyama et al. 2014; Lima et al. 2018). It was observed that
the positions in cM from the beginning of the overlapping
eQTL/QTL were fairly close, with some exceptions showing a
relatively large distance; QTL usually cover large regions of the
genome (at least 20 cM) (Gion et al. 2000; Brown et al. 2003;
Lima et al. 2018).

An overlap was observed between a CARBOX gene eQTL
and a starch accumulation QTL (Table 10). The network is lo-
cated exactly at marker 100035369|F|0 in LG 8b of the
P. trifoliata map, approximately 40 cM from the beginning, in-
dicating the presence of a complex network that actively regu-
lates both gene expression and phenotype. The carboxylesterase
(CARBOX) gene was studied in Arabidopsis infected with
Xanthomonas campestris pv vesicatoria, and it was observed
that CARBOX drastically affects the ability of the plant to con-
trol bacterial growth (Cunnac et al. 2007).

Some genes, such as the PP2B10 gene, had more than one
phenotype-related eQTL. The PP2B10 presented two associated
eQTL in the C. sunki map, one related to starch quantification in
LG 3 and the other related to CLas quantification (Ct values) in
LG 6. In the P. trifoliata map, the same gene had three
phenotype-related eQTL, two related to starch quantification in
LG 1 and LG 5 and one related to CLas quantification (Ct values)
in LG 7. In transcriptome studies, this gene was found to be
highly induced in HLB-susceptible citrus genotypes upon inoc-
ulation with CLas (Mafra et al. 2013; Zhong et al. 2015; Fu et al.
2016), whereas in the present study this gene was predominantly
repressed; we observed its expression using the RT-qPCR tech-
nique in the segregating population of citrandarins. In addition to
their involvement in vascular tissue differentiation, the phloem-
protein (PP2) genes have several functions, including cell differ-
entiation of sieved elements and host defense responses such as
pore plugging of the screened element to prevent colonization by
insects and pathogens, interaction with mesophyll plasmodesma-
ta to increase the exclusion limit size, and control of cell-to-cell
traffic (Dinant et al. 2003).

The co-localization of eQTL and QTL represents the associ-
ation between the allelic state of genomic regions with the quan-
tification of gene transcripts within QTL involved in the variation
of phenotypic characteristics (Sugiyama et al. 2014; Lima et al.
2018). With the exception of the TOPP and BAC2 genes, all of
the genes presented eQTL co-located with QTL, independent of
the map and the phenotypic characteristics (CLas or starch quan-
tification). This demonstrates that these genes are responsive to
the pathogen and that they are related to CLas multiplication.
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