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Executive summary 
Screening for new varieties or genotypes for their resistance/tolerance to 
“huanglongbing” (HLB) in citrus was performed in Guadeloupe (France) with the 
evaluation of diploid and triploid limes grafted onto diploid and tetraploid citrumelo 4475 
rootstocks in presence of natural or controlled infection by HLB. Analysis of what append in 
the petiole sieve plate samples showed that pores were much larger in the Persian than in 
the Mexican lime. Scanning electron microscopy (SEM) analyses of petiole samples of 
symptomatic leaves showed important deposition of callose into pores of Mexican and 
Persian limes, whereas biochemical analyses revealed better detoxification in Persian limes 
than in Mexican limes. The investigations at root level in HLB-infected diploid and tetraploid 
citrumelo rootstocks grafted with Mexican and Persian limes showed that secondary roots 
by SEM show callose deposition at the phloem sieve plates. Voltammetry of immobilized 
microparticles (VIMP) in roots for defining electrochemolomic profiles was applied to 
determine the oxidative stress status of root samples. SEM analyses of root samples did 
not allow observation of any callose deposition into sieve pores of diploid and tetraploid 
genotypes. VIMP revealed more limited oxidative stress in tetraploid samples compared to 
diploids. These results were even stronger when rootstocks were grafted with triploid 
Persian lime compared to Mexican lime and were corroborated by stronger polyphenol 
contents. Different varieties described in the literature as tolerant to HLB were introduced 
from the Citrus germplasm of Corsica (Luro et al., 2017) to be evaluated in Guadeloupe 
using different management methods using low-input cultivation practices. The growth 
rates, the mortality rates and the production, depending on the rootstocks and the varieties 
were analyzed. 

The work on lethal yellowing (LY) of coconut palm was carried out in Ghana, Mexico and 
Jamaica. In LY affected farms, there are usually a few survivors who are presumed to have 
either escaped infection or possess resistance (or partial resistance) to the disease. 
Surviving palms were collected at six sites in the Western and Central Regions of Ghana. A 
total of 291 coconut sawdust samples were collected. After DNA extraction, SNP calling 
and quality filtering of the obtained markers, the data of a total of 131 survivor palms and 
119 control palms was used in a case-control genome wide association study. A region on 
the long arm of chromosome 8 was identified by five different statistical models as 
significantly associated to the survival phenotype. A haplotype analysis allowed to identify 
the alleles of four highly linked markers associated with the survival, and 24 individuals 
bearing this allelic combination. In Ghana the growth parameters observed in four 
promising varieties represent potential coconut types that can be used in the breeding 
programme and for rehabilitating the coconut industry in Ghana. In Mexico resistance 
screening trials were conducted in several LY-affected areas. The results provided useful 
information about susceptible and possibly resistant varieties and confirmed that LY-
resistance was occurring within some of the palm populations in Mexico. Hybrids from 
different coconut tall populations have been useful as a basis for replanting programs. A set 
of six hybrids introduced together with six hybrids produced in Mexico was tested for 



 
 

 

    14 

This project has received funding from the European 
Union’s Horizon 2020 research and innovation 
programme under grant agreement No. 727459 

evaluation of productivity but after establishment the coconut palms around and within the 
trial started being affected by LY. Survival rates for some of the hybrids, local and 
introduced were high. The two trials in Chum Copte (Yucatan) show substantial absence of 
LY disease until the fruit bearing (very susceptible) stage while in Caridad del Cobre, where 
susceptible coconut trees were growing, all of them started to die suddenly even though the 
coconut palms in the surrounding areas were not affected suggesting that the disease can 
be still very aggressive in susceptible genotypes. In Jamaica is present the largest 
collection of coconut germplasm in Latin America and the Caribbean. Trials had shown that 
the Malayan Dwarfs and the Maypan hybrid were resistant for two decades to the lethal 
yellowing disease. In a more recent LY outbreak many plants from these two types of palm 
dye; the new Special Malayan Dwarf Yellows used to replace them, showed high resistance 
to the disease. The presence of resistant germplasm for further possible breeding of LY in 
the Caribbean areas is under study now and the Brapan that is one of the newest hybrids. 
Production and release of this hybrid began at Barton Isles, and it is currently being tested 
in trials in comparison with the Maypan hybrid showing similarity in performance. 

Differences in susceptibility to grapevine yellows (GY) among grapevine varieties suggest 
the existence of specific genetic features associated with resistance to the phytoplasmas 
and/or possibly with their insect vectors. A work carried using the cultivar Chardonnay, very 
susceptible, and the cultivar Tocai friulano, more resistant, showed that the comparison of 
the transcriptomic response of the two grapevine varieties highlighted both passive and 
active defense mechanisms against the vector and/or the pathogen in the more resistant 
variety, as well as the repression of a defense reaction against the insect in the susceptible 
variety in the presence of the phytoplasma. Genotyping by sequencing individuals from the 
two F1 populations produced a high-density genetic map based on single nucleotide 
polymorphism (SNP) markers.The preliminary elaboration of genotyping by sequencing 
(GBS) data joint with the RNASeq data allowed to identify two candidate genes putatively 
associated to resistance/susceptibility, having SNPs in the regulatory motifs and being 
DEGs in Tocai and Chardonnay. Genomic assembly and comparison of three Chardonnay 
clones with different susceptibility to GY have been completed and pointed towards some 
genomic traits. Data processing from RNAseq of two of these clones is almost complete, 
and the DEGs will be compared with the genomic differences obtained comparing the three 
genomes. The candidate genes resulting from all these different approaches could be 
confirmed by molecular analysis of the grapevine varieties identified as being very or 
scarcely susceptible. It is possible that the candidate genes related to GY resistance and 
present in Tocai friulano are partially or completely different from those possessed by one 
of the Chardonnay clones or by other scarcely susceptible varieties. In any case, probably 
more than one genetic mechanism could be involved in susceptibility/resistance of 
grapevine to GY. Biological interpretation of the data obtained will help to elucidate the 
genetic traits underlying susceptibility/resistance of grapevine to GY, and to be more 
sustainable in viticulture field management. 
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1. Improved germplasm resistance/tolerance, features and 
performance to “huanglongbing” 

1.1. Impact of polyploidy 

1.1.1. Introduction 

Citrus growers in Guadeloupe (French, West Indies), are facing a major crisis since 2012 
due to the emergence of “huanglongbing” (HLB), also called citrus greening) (Cellier et al., 
2014). This disease is associated with the presence of a phloem-restricted α-
proteobacterium (‘Candidatus Liberibacter’ species) (Bové, 2006). Three species of this 
Gram-negative bacterium have been described: ‘Ca. L. asiaticus’ (CLas) (Bové, 2006), 
‘Ca. L. africanus (Jagoueix et al., 1994), and ‘Ca. L. americanus’ (Teixeira et al., 2005). 
The insect vectors of these bacteria are Diaphorina citri and Trioza erytreae that spread 
the disease effectively. Economic losses are important (Santivañez et al., 2013; Neupane 
and Moss, 2016) since HLB lead to a production decrease due to impairments in tree 
development and fruit quality (Dala-Paula et al., 2019; Koh et al., 2020), and eventually 
tree-death. One of the most striking symptoms is observed on the leaves, which show 
asymmetrical yellow mottling on both sides of the midrib (Bové, 2006). The 
symptomatology of HLB is due to physiological disturbances related to the strong 
biosynthesis of callose at the phloem sieve plate, thus preventing the flow of elaborated 
sap (Achor et al., 2010; Koh et al., 2012). As a result, photosynthetic products such as 
starch accumulate in the leaves (Etxeberria et al., 2009; Achor et al., 2010). These foliar 
symptoms, although they are the most visible, would be rather late symptoms because 
they would develop from 6 months or more after those at the root level (Graham et al., 
2013). While many studies focused on the implication of HLB in the canopy, the research 
on the root system are still limited. The study of Johnson et al., (2013) showed that the 
root system was a bacterial reservoir. Indeed, the bacterial quantity seemed more 
important at the root level than at the foliar level. Moreover, a relation between the 
decrease of the bacterial quantity in roots and the appearance of new flushes indicated 
that the roots were a place of multiplication and development for the bacteria in order to be 
able to colonize the rest of the plant. A recent study (Achor et al., 2020) demonstrated that, 
unlike the canopy, no callose deposition could be observed at the phloem sieve plate 
explaining why the roots would be the bacterial reservoir. Finally, HLB-infected plants 
show a strong oxidative stress inducing detoxification mechanisms in order to eliminate the 
reactive oxygen species (ROS) produced in excess (Martinelli et al., 2016). ROS, which 
are free radicals and non-radical molecules, are key components of the network of 
signaling pathways and act as major regulators of plant cell physiology and cellular 
responses to environmental factors (Bhattacharjee, 2012). Likewise, families of molecular 
compounds such as polyphenols are useful in the defense against environmental stress. It 
has been shown that these compounds also have antioxidant effects (Agati et al., 2012; 
Kumar and Pandey, 2013) in order to reduce the cell toxicity of ROS. Therefore, following 
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a stress, the concentration of phenolic compounds increases to fight against it (Sharma et 
al., 2019). 

It has long been considered that there is no genetic resistance to HLB in the genus Citrus. 
However, important variabilities of behavior under HLB constraints have been reported for 
the different species of the genus Citrus (Stover et al., 2015; Miles et al., 2017), which 
should be associated with better adaptation to the bacteria or differential attractiveness to 
the insect vector(s). For the related genus Poncirus, the lower susceptibility of trifoliate 
orange could be related to a lower leaf appetence of Diaphorina citri, which, in turn, would 
limit the possibilities of infection and development of CLas (Westbrook et al., 2011; 
Richardson and Hall, 2013). More recently, the evaluation of HLB symptoms in germplasm 
collections under HLB constraints revealed complete resistance to HLB in related genera 
and particularly in Australian citrus species (Ramadugu et al., 2016; Alves et al., 2021). 
Several HLB-tolerant citrus hybrids and relatives were shown to synthetize antimicrobial 
peptides that can inhibit infections by CLas (Blaustein et al., 2018; Huang et al., 2021).  

Furthermore, studies have shown that polyploid plants are generally more tolerant to 
various biotic and abiotic stresses (reviewed in Ruiz et al., 2020). The effectiveness of 
citrus tetraploid rootstocks has for example been shown against water deficit (Allario et al., 
2013). In a recent work in the frame of this project it was shown that triploid varieties, like 
Persian lime, have better anatomical and physiological properties than diploid species. 
They present a better antioxidant mechanism explaining why triploids behave much better 
on the field regarding the HLB disease (Sivager et al., 2021). Other studies suggested that 
some tetraploid rootstocks could limit the impact of HLB (Grosser and Gmitter, 2011; 
Grosser et al., 2012). However, there are no published studies analyzing specifically the 
impact of rootstocks polyploidy on the answer to HLB.  

The investigations were performed by comparing the behavior of the rootstock Citrumelo 
Swingle 4475 diploid (2x) with its relative tetraploid (4x) form. The diploid Citrumelo Swingle 
4475 resulted from a cross between a pomelo Duncan and Poncirus trifoliata and the 
tetraploid was selected in seedlings of 4475 citrumelo as a result of chromosome 
duplication in nucellar tissue. Thus, it was possible to limit the impact of other 
environmental factors. Additionally, in order to visualize the different anatomical features in 
field conditions as well as possible callose deposit, symptomatic samples were collected 
from trees naturally infected by psyllids in the field. Microscopic analysis, such as scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM) were performed. 
Fluorescence in situ hybridization (FISH) analysis were performed to potentially quantify the 
bacteria in the 2x and 4x roots. Electrochemical analyses allowed to detect changes in the 
composition of secondary metabolites by using in situ analysis of plant material performed 
in air-saturated solutions using conventional cyclic voltammetry. Finally, polyphenols 
associated with an electrochemical activity were studied in order to determine the 
antioxidant power of these two genotypes under HLB stress. Altogether, these findings 
provided insights regarding the determinants associated to a better tolerance to HLB of 4x 
rootstocks. Furthermore, the results achieved underline the strong interaction between 
rootstock and scion, influencing the tolerance to this disease.  
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1.1.2. Materials and methods 

Plant materials 
Diploid (2x, Citrus aurantiifolia) and triploid (3x, Citrus latifolia) limes grafted onto diploid 
and tetraploid citrumelo 4475 (Citrus paradisi × Poncirus trifoliata) rootstocks were 
investigated when naturally infected by HLB in the field or infected in greenhouse under 
controlled conditions. Trees were 3 years-old and the experiments were carried out in 
Guadeloupe. 

HLB monitoring 
HLB monitoring was performed according to Sivager et al. (2021). Briefly, DNA was 
extracted from control asymptomatic leaves (CLas−) and at different disease stages 
(CLas+AS; CLas+S) by using the Qiagen DNAeasy plant mini kit. The molecular 
detection of the bacterium was performed by using quantitative polymerase chain 
reaction (qPCR) regularly performed (almost every 6 months) to characterize the 
infection status. After 18 months, all the trees presented a similar uniform size and were 
all positive for HLB. 

Roots preparation for ultrastructural analysis (SEM and TEM)  
Scanning electron microscopy (SEM). Fresh longitudinal sections of 2x and 4x (Citrumelo 
Swingle 4475) roots of plants grafted with 2x (Mexican lime) or 3x (Persian lime) limes 
were fixed overnight at 4°C in 2.5% glutaraldehyde in a phosphate saline buffer (pH 7.2). 
The sections were then dehydrated in a series of acetone solutions of increasing 
concentration until reaching 100% acetone. Samples were then dried to critical point in 
CO2 and sputter-coated with gold before observation with a FEI Quanta 250 electron 
microscope at 20 kV.  

Transmission electron microscopy (TEM). Fresh longitudinal sections of roots were 
prefixed overnight at 4°C in 2.5% glutaraldehyde in a phosphate saline buffer (PBS; pH 
7.2) then for 1 hour under vacuum at room temperature. Samples were then rinsed twice 
in the same buffer for 10 minutes in order to remove aldehyde before fixation of 45 
minutes at room temperature in 1% osmium tetroxide in PBS. Then, samples were rinsed 
three times in distilled water for 5 minutes, and post-fixed with 2% aqueous uranyl acetate 
for one more hour. After three rinses in distilled water, specimens were dehydrated 
through a graded acetone series at room temperature before embedding in LR white 
under vacuum. Thin sections (80 nm) were observed in a Tecnai G20 TEM at 200 kV or 
using STEM mode with a FEI Quanta 250 electron microscope at 20 kV. 

Root and petiole preparation for blue aniline staining  
Fresh cross sections of 2x and 3x roots petioles were fixed in formaldehyde overnight, then 
washed with a phosphate buffer (PBS, pH 7.2) followed by distilled water. The sections were 
dehydrated in a series of acetone solutions of increasing concentration and then incubated 
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overnight in 100% acetone. The sections were analyzed after washing them quickly with 
phosphate buffer and staining for 10 minutes in an aqueous 0.1% blue aniline solution.  

Fluorescence in situ hybridization (FISH) of ‘Ca. L. asiaticus’ in the roots of 2x and 4x 
Citrumelo Swingle 4475 grafted with Mexican or Persian limes.  

For each sample, 330 g of roots were ground in 2 ml solution buffer (Na2HPO4/NaH2PO4 
0.1 M, pH 7.2). The ground samples were fixed in a final solution of 4% paraformaldehyde 
in the same buffer for 4 hours at 4°C on silane-coated glasses placed in a wet chamber. 
Hybridization experiments were as to those described by Brissac et al. (2011).  

Once the slides dried, the Cy3-marked target probe (CLas406: 5’-CATTATCTTCTC 
CGGCG-3’) used in Hilf et al. (2013) was added for an overnight hybridization in a 20% 
formamide solution. After that the slides were counterstained by SYBR Green and mounted 
with Cytomation fluorescent mounting medium (Dakocytomation@, France) before 
visualization under an epifluorescence microscope, Eclipse 80i (Nikon@, France).  

Polyphenols contents 
Roots were fixed with liquid nitrogen and then they were ground. An aliquot of 500 mg of 
ground samples was incubated for 72 hours in 10 ml 100% methanol and then filtered. The 
polyphenolic assays were performed with the Folin Ciocalteau Phenolic Content 
Quantification Assay kit according to the manufacturer’s instructions Bioquochem. A 
standard curve was done to determine the sample phenolic concentrations. 

Electrochemistry 
Electrochemistry was done according to the method described by Palmeira-Mello et al. 
(2021) with a Bio-Logic SP-300 tool. Electrochemical experiments were performed at 298±1 
K in a conventional three-electrode cell using a platinum wire auxiliary electrode and an 
Ag/AgCl (3 M NaCl) reference electrode.  

Measurements were carried out with a Bio-Logic SP-300 equipment using 0.10 M 
potassium phosphate buffer at pH 7.0 as a supporting electrolyte. The working electrode 
was prepared by evaporating 50 µl of methanol of ground roots extract samples under air 
on a glassy carbon electrode (GCE, BAS MF 4012, geometrical area 0.071 cm2). In order to 
mimic the natural environment, no degasification of the electrolyte was performed. 
Measurements were performed from -1.5 V to 1.5 V (reduction/oxidation), 1.5 V to -1.5 V 
(oxidation/reduction) and from 0 to 1.5 V (short oxidation). 

Statistical analysis 
For each given date of the experiment, data were subjected to analyses of variance using a 
one-way analysis of variance (ANOVA) (SigmaPlot version 11, from Systat Software, Inc., 
San Jose California USA; www.systatsoftware.com.). One-way ANOVA followed by Tukey’s 
post hoc test was used to assess significant differences. Statistical significance was set at 
P ≤ 0.05. 
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1.1.3. Results  

Anatomical impact of “huanglongbing” in diploid and tetraploid rootstocks 
In the field, when grafted onto 2x citrumelo, Persian lime trees show higher growth 
compared with Mexican lime trees. When grafted onto 4x citrumelo, Persian lime and 
Mexican lime trees showed a more limited growth compared with tree associations with 2x 
citrumelo. Four years after planting and 2 years after natural HLB infection, tree height onto 
4x rootstock were approximately 20% lower. The photosynthesis activity in CLas- Mexican 
and Persian limes grafted onto 2x and 4x citrumelo were measured: stomatal conductance, 
transpiration and photosynthesis were decreased in 4x rootstocks. In CLas+ asymptomatic 
leaves and symptomatic leaves of Mexican and Persian limes grafted onto 4x citrumelo, 
results were not significantly different from those achieved with grafting onto 2x citrumelo 
(data not shown). Leaf mottling induced by HLB were quite similar in Persian lime leaves 
whatever the rootstock ploidy. However, leaf yellowing in Mexican lime trees, were more 
limited when grafted onto 4x citrumelo compared to 2x citrumelo. SPAD and effective 
quantum yield of PSII values measured in symptomatic leaves of Mexican and Persian 
leaves grafted onto 4x citrumelo compared to the respective 2x citrumelo were higher (data 
not shown). Investigations of phloem cells of CLas+ Mexican and Persian lime grafted onto 
4x citrumelo were performed. In asymptomatic petiole leaves, the presence of callose and 
the plugging of the pores were similar than in Mexican lime grafted onto 2x citrumelo (data 
not shown). The infection by HLB in control and infected trees grown in greenhouse 
conditions were tested by qPCR. As expected, controls were negative, and trees infected 
by HLB were positive (Table 1). 

Table 1: Results of quantitative PCR in roots of citrumelo 2x and 4x and petioles from Mexican and 
Persian limes of the control (CLas-) and infected samples (CLas+). For petiole, asymptomatic leaves 
were selected. Ct results are expressed as mean +SE (n=3).  

Rootstock Scion 
CLas- CLas+ 

Root Petiole Root Petiole 

Citrumelo 2x Mexican lime ND ND ND 22.58 ± 0.73 a 

Citrumelo 2x Persian lime ND ND ND 26.51 ± 0.69 b 

Citrumelo 4x Mexican lime ND ND ND 22.85 ± 0.45 a 

Citrumelo 4x Persian lime ND ND ND 27.81 ± 0.30 b 
 

For infected trees, the copy number of the bacterium quantified in citrumelo 2x and 4x roots 
remained non-determined as if the bacterium was not present independently of the ploidy 
level of the scion grafted on it. Investigations of the bacterial load at root level remain 
limited, and in the literature results of CLas qPCR in citrumelo roots were not available to 
compare with these results. CLas was then quantified in roots of sour orange that was 
previously shown to have high titer (Park et al., 2018). In that case, CLas titer was high, as 
into petiole, Ct being close to 18. The unexpected results obtained in citrumelo 2x and 4x 



 
 

 

    20 

This project has received funding from the European 
Union’s Horizon 2020 research and innovation 
programme under grant agreement No. 727459 

may be explained by an absence of the bacterium or an inhibition of the qPCR. This last 
hypothesis is supported by FISH analysis using a probe targeted against CLas on the same 
amount of grounded root material. Interestingly, fluorescence in root of 2x citrumelo grafted 
with Persian lime was much higher than in root of 2x citrumelo grafted with Mexican lime 
(data not shown). When grafted onto citrumelo 4x, the observed fluorescence was more 
limited (data not shown). For CLas+ asymptomatic (AS) petiole leaves, the titer of the 
bacterium quantified in Persian lime trees was much higher than in Mexican lime trees (Ct 
28 versus 23; Table 1). Nevertheless, the use of 4x rootstock did not affect the titer of the 
bacterium in petiole.  

Investigations were also performed at microscopic, and biochemical levels on trees grown 
in greenhouse conditions. Macroscopic pictures of secondary roots of CLas- and CLas+ 
roots showed a browning of the root color in the infected samples (Figure 1). 

 
Figure 1: Macroscopic pictures of 2x and 4x citrumelo secondary roots in control and HLB infected 
trees.  Bars = 1 cm. 

Tetraploid citrumelo secondary roots are thicker than 2x citrumelo with more limited 
numbers of very fines roots. Infection induced a degradation of fines roots in 2x citrumelo 
(Figure 1, E and G versus C and A), whereas limited changes were observed in citrumelo 
4x (Figure 1, F and H versus D and B). To decipher the impact of the disease in the 
phloem, scanning microscopy analyses were performed in the leaf petioles of the different 
genotypes. The roots diameter and area were greater in citrumelo 2x than in citrumelo 4x 
(Figure 2, Table 2). 
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Table 2: Anatomical characterization of diploid (2x) or tetraploid (4x) Citrumelo Swingle 4475 roots 
grafted with Mexican lime (2x) or Tahiti lime (3), infected (CLas+) or not (CLas-) by ‘Ca. L. asiaticus. 
Results are express as the mean ± SE (n=8 to 25). Anova tests were performed to determine if HLB 
led to significant differences. 

 
CLas- CLas+ 

Mexican lime Persian  lime Mexican lime Persian lime 
Cit 2x Cit 4x Cit 2x Cit 4x Cit 2x Cit 4x Cit 2x Cit 4x 

Roots diameter 
(mm ± SE) 

2.0 ± 0.3 
b 

3.2 ± 0.2 
c 

2.1 ± 0.2 
b 

3.6 ± 0.2 
c 

1.3 ± 0.1 
a 

3.7 ± 0.2 
c 

1.9 ± 0.2 
b 

3.5 ± 0.1 
c 

Roots area 
(µm2 ± SE) 

1844228 
± 137256 

b 

4061130 
± 5525 c 

2282794 
± 650487 

b 

4418763 
± 387606 

c 

1245116 
± 169565 

a 

4456783 
± 512842 

c 

1730391 
± 187135 

ab 

43188613 
±430822 

c 

Cortex area 
(µm2 ± SE) 

1638197 
± 117490 

b 

3493397 
± 155576 

d 

2000482 
± 572185 

bc 

3847399 
± 246901 

d 

1007908 
± 147775 

a 

4460485 
± 314249 

d 

1912855 
± 49466 

c 

3712759 
± 350772 

d 

Phloem area 
(µm2 ± SE) 

50117 ± 
7018 ab 

168679 ± 
48079 d 

66560 ± 
16565 b 

100230 ± 
6637 c 

42938 ± 
3384 a 

240533 ± 
33692 d 

72616 ± 
2909 b 

163728 ± 
20463 d 

Phloem cell 
area (µm2 ± SE) 

444 ± 43 
a 

637 ± 59 
b 

458 ± 18 
a 

705 ± 62 
b 

890 ± 
103 b 

804 ± 64 
b 

839 ± 97 
b 

877 ± 106 
b 

Pores of the 
phloem cells 
area (µm2 ± SE) 

1.1 ± 0.2 
a 

2.1 ± 0.1 
b 

1.4 ± 0.1 
a 

2.2 ± 0.2 
b 

1.5 ± 0.1 
a 

2.2 ± 0.1 
b 

1.2 ± 0.1 
a 

2.3 ± 0.1 
b 

Xylem area 
(µm2 ± SE) 

65404 ± 
3574 a 

260109 ± 
61723 c 

126557 ± 
19918 b 

294223 ± 
60531 c 

67196 ± 
2474 a 

393654 ± 
58604 c 

111796 ± 
5548 b 

316340 ± 
57269 c 

Central cylinder 
area (µm2 ± 
SE) 

164687 ± 
17597 a 

404791 ± 
80462 b 

167617 ± 
22661 a 

387409 ± 
24934 b 

132275 ± 
6643 a 

494866 ± 
66518 b 

218919 ± 
12855 a 

429525 ± 
31188 b 

 
Figure 2: Longitudinal sections observed under SEM of diploid (2x) and tetraploid (4x) root phloem 
cells of trees grafted with 2x or 3x limes infected or not by ‘Ca. L. asiaticus’ (Las). White arrows 
indicate the pores in the phloem cell wall. Bars = 15 µm. 
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In CLas- and CLas+ samples, the cortex, the phloem area, the xylem area, and the 
central cylinder were also greater in citrumelo 4x compared with citrumelo 2x. 
Interestingly, the infection caused a tissue and vessel collapse in 2x secondary roots of 
the Mexican lime/citrumelo 2x association tree but not in 2x secondary roots of the 
Persian lime /citrumelo 2x association (Table 2). Transversal sections observed under 
SEM of diploid and tetraploid citrumelo secondary roots did not allow to see the pores 
inside the walls of phloem cells (data not shown). Longitudinal sections observed under 
SEM were thus performed in CLas- and CLas+ secondary roots of diploid and tetraploid 
citrumelo (Figure 3). 

 
Figure 3: Longitudinal sections observed under SEM of diploid (2x) and tetraploid (4x) root phloem 
cells of trees grafted with 2x or 3x limes infected or not by ‘Ca. L. asiaticus’ (Las). White arrows 
indicate the pores in the phloem cell wall. Bars = 15 µm. 

For the CLas- and CLas+ secondary roots, citrumelo 2x presented phloem cells and 
pores between cells that were smaller than in citrumelo 4x (Table 2; Figure 3). No callose 
deposition and starch grains was observed in CLas+ samples. Aniline blue staining in the 
same samples confirmed the absence of specific staining in the phloem and thus callose 
deposition in infected 2x and 4x secondary roots (data not shown). 

Electrochemical analysis of 2x and 4x secondary citrumelo roots infected by 
“huanglongbing” 
Cyclic voltammograms (CV) of roots of 2x and 4x citrumelo immersed in air-saturated 
aqueous phosphate buffer at pH 7.0 were studied. Figure 4 compares the CV of glassy 
carbon electrode (GCE) in 2x (Figures 4A and -B) or 4x (Figures 4C and -D) citrumelo roots 
grafted with Mexican lime (Figures 4A and -C) or Persian lime (Figures 4B and -D) infected 
or not by HLB. For the analysis of grafted citrumelo reaction to the infection, the study was 
focused on the scanning of the potential in the negative direction (Figure 4). 
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Figure 4: CV profiles of diploid (2x) or tetraploid (4x) roots of Citrumelo 4475 rootstocks grafted with 
Mexican lime (2x) or Persian lime (3x) infected (Las+, red curves) or not (Las-, green curves) by ‘Ca. 
L. asiaticus’. A. Citrumelo 4475 (2x) / Mexican lime (2x); B. Citrumelo 4475 (2x) / Persian lime (3x); 
C. Citrumelo 4475 (4x) / Mexican lime (2x); D. Citrumelo 4475 (4x) / Persian lime (3x). Potential scan 
initiated at 0.0 V in the negative direction; potential scan rate 10 mV s−1. 

In the case of 2x citrumelo grafted with Mexican lime, healthy roots (Figure 4A, green 
curve) displayed a cathodic signal at about −1.0 V (C1) and a weak anodic wave (A1) at 
about 0.7 V preceding a rising current at about 1.4 V corresponding to the second anodic 
signal (A2) superimposed to the oxygen evolution reaction (OER). The cathodic signal C1 is 
superimposed to the reduction of dissolved oxygen (Cox), as denoted by blank experiments 
at unmodified GCE. In the case of cathodic scan of infected roots (Figure 4B, red curve), a 
similar reduction signal in the same region of potentials than C1 was detected with clearly 
lower intensity while the anodic wave A1 becomes also lowered. Similar reduction signals 
were detected in the case of 2x citrumelo grafted with Persian lime (Figure 4B). This signal, 
however, is dramatically depleted in the CLas+ roots. Figure 4C presents the cyclic 
voltammograms recorded at GCEs modified with films of 4x citrumelo secondary roots 
grafted with Mexican lime (2x). Upon scanning the potential in the negative direction, 
healthy roots present two cathodic signals at about −0.8 (C2) and −1.35 (C3) V. These 
signals appear at potential clearly different that the signal C1 recorded with the 2x citrumelo 
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CVs. The voltammograms of the infected roots show a decrease in the intensity of the peak 
C2 and the disappearance of the peak C3, which is apparently substituted by a cathodic 
signal at −1.45 V (C4). Finally, a cyclic voltammograms was recorded at GCEs modified 
with films of roots of 4x citrumelo grafted with Persian lime (Figure 4D). Cathodic signals at 
about −0.8 (C2) and −1.35 (C2) V were again recorded. In CLas+ trees, a new signal at 
about −0.95 V (C5) appeared replacing the signals of healthy sample (C2 and C3). The 
signal C4 appearing at 4x citrumelo grafted with Mexican lime (Figure 4C) was entirely 
absent here whereas the strong A2 + OER signal was considerably decreased as occurring 
in 2x citrumelo grafted with Persian lime (Figure 4B). Interestingly, the C5 peak is 
essentially coincident with the peak C1 recorded for 2x forms (Figure 4). 

Polyphenol content and tissue structure in 2x and 4x secondary citrumelo roots 
infected by “huanglongbing”  
Polyphenol contents were estimated in 2x and 4x citrumelo roots infected or not by HLB. 
Methanol extracts were applied to microparticulate films on glassy carbon electrodes in 
contact with aqueous buffer to obtain information on selected chemical main components 
associated with the disease. In CLas- the polyphenol contents were limited (<30 µg/ml) but 
were all the time higher in 4x roots compared to 2x (Figure 5). 

 
Figure 5: Polyphenols content in diploid (2x) and tetraploid (4x) roots of Citrumelo grafted with 
Mexican lime (2x) and Persian lime (3x) infected (Las+) or not (Las-) by ‘Ca. L. asiaticus’. Cit2x and 
Cit4x mean respectively citrumelo 2x and citrumelo 4x. Data with a different letter are statistically 
different. Vertical bars indicate the mean value ± SE. 

Interestingly, trees grafted with Persian lime presented greater polyphenol contents in roots 
than when grafted with Mexican lime. In CLas+ root samples, polyphenols contents were 
dramatically increased. Tetraploid roots displayed a greater increase compared to 2x. The 
scion also influenced the polyphenols contents in CLas+ 2x and 4x citrumelo roots: a two-
fold increase of the polyphenol root contents were measured when grafted with Persian 
lime compared to Mexican lime whatever the ploidy level of the rootstock (Figure 5).  
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Investigation were performed by TEM in order to visualize the presence of CLas and its 
possible implication at the cellular level. Cross sections of phloem cells in CLas- samples 
allowed to see the presence of the pores allowing the transfer of the sap between cells 
(Figures 6A-F). In 4x root samples cell walls were thicker as expected with a mean 
thickness of 1104 ± 65 µm compared to 654± 39 µm for 2x roots (Figures 6A-D). In CLas+ 
samples, CLas was clearly visible whatever the ploidy status of the rootstock (Figures 6E-
F). CLas was present close to the pores and the cell walls. Degradation of cell walls was 
not obvious in 2x roots when compared to 4x. 

 
Figure 6: Transmission electron microscopy pictures of diploid (2x) and tetraploid (4x) roots of 
Citrumelo grafted with Mexican lime (2x) and Persian lime (3x) infected by ‘Ca. L. asiaticus’. Cit2x 
and Cit4x mean respectively citrumelo 2x and citrumelo 4x. 

1.1.4. Discussion 

Anatomical differentiation between Mexican lime and Persian lime trees grafted on 
citrumelo 2x and 4x 
In the field, when grafted onto citrumelo 2x, infected Persian lime (3x) scion showed higher 
growth compared with infected Mexican lime (2x) scion (Sivager et al., 2021). Such 
phenotypic differentiation associated with polyploidy has been reported in numerous studies 
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(reviewed by Ruiz et al., 2020). Among them, one may quote to greater sizes cell, organ 
sizes and higher leaf greenness (Mouhaya et al., 2010; Allario et al., 2011; Sivager et al., 
2021). When grafted onto citrumelo 4x, the height of Mexican lime and Persian lime scions 
were smaller than when grafted onto the respective 2x citrumelo as previously observed 
(Hussain et al., 2012). The investigation performed in this project showed that 4x citrumelo 
induced more limited values of the photosynthesis activity in Mexican and Persian limes 
(data not shown). Previous investigations showed that the polyploidy in roots and canopies 
has an antagonist effect on photosynthetic and respiratory function. The photosynthetic 
activities of 4x seedlings (Allario et al., 2011) and 2x sweet orange grafted on 4x rootstocks 
(Allario et al., 2013) were shown to be reduced compared to plants with diploid root 
systems. This reduction was associated with higher constitutive ABA biosynthesis in 
tetraploid roots (Allario et al., 2013). In the field, it was also showed that the tree size 
reduction in clementine scion was related to the use of 4x rootstocks, and it was indeed 
related a more limited activity of the photosynthesis (Hussain et al., 2012).  

The investigation of secondary roots of citrumelo 2x and 4x showed the 4x were ticker and 
less numerous than in 2x (Figures 1 and 2, Table 2) as previously mentioned (Allario et al., 
2011; Oliveira et al., 2017). Such phenotype has been associated to better tolerance to 
abiotic stress such as water deficit (Allario et al., 2013). 

Anatomical characterization at scion and secondary roots levels in citrumelo 2x and 
4x grafted with Mexican and Persian lime cultivars grown under HLB stress 
Previous observations in the field showed that the Persian lime trees were much less 
affected by HLB than Mexican lime trees, which fits other observations (Gómez et al., 2008; 
Kumar et al., 2018; Deng et al., 2019; Sivager et al., 2021). This tolerance was associated 
with the maintenance of vigorous growth and fruit yield. In greenhouse conditions, when 
grafted onto 2x citrumelo, infected Mexican lime leaves were much more yellow than 
Persian lime leaves (Sivager et al., 2021). Interestingly, Mexican lime leaf yellowing and 
leaf mottling were more limited when grafted onto 4x citrumelo rootstock suggesting a 
benefic impact regarding HLB of the rootstock on the scion. The greater values of SPAD 
and effective quantum yield of PSII measured in symptomatic leaves of Mexican and 
Persian leaves grafted onto 4x citrumelo compared to the respective 2x citrumelo are in 
agreement with this hypothesis. Koh et al. (2012) showed that HLB leads to increased 
callose synthesis in the phloem tubes, resulting in clogging the pores at the sieve plate 
between cells (Achor et al., 2010; Sivager et al, 2021). The specific phenology of the 
Persian lime, with a slower plugging of phloem cell pores and a better phloem regeneration 
(Deng et al., 2019), is in agreement with a longer leaf lifetime of that genotype in 
comparison to the Mexican lime genotype (Sivager et al., 2021). Investigation by SEM of 
CLas+ petiole asymptomatic phloem cells of Mexican and Persian lime grafted onto 4x 
citrumelo did not allow to show a more limited clogging of the pores compared to the same 
scions grafted onto 2x citrumelo (data not shown) suggesting that the callose deposition 
was not influenced by the rootstock status. The impact of HLB was then investigated at the 
root level. Interestingly, HLB induced a browning of the root color, with a degradation of 
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fines roots in 2x citrumelo that was much more important than in 4x citrumelo (Figure 1). To 
verify whether the tetraploidy in the root may favor a better adaption to HLB due to more 
limited intercellular sieve pore plugging, SEM investigations were performed. Cross 
sections did not allow to visualize the pores in the secondary root phloem cells because of 
their longer size and the limited chance to cut at the right place when preparing the 
samples. Indeed, the lengths of phloem cells were most of the time > 150 µm favoring in 
turn long distance transport of the sap without cell walls to cross. Longitudinal SEM 
observations of secondary roots allowed to confirm that phloem cells and sieve plate pores 
of citrumelo 4x were larger than those of citrumelo 2x. In HLB-infected secondary roots the 
phloem cell sieve pores were found not to be obstructed by callose deposition, whatever 
the ploidy status of the rootstock, as previously reported (Achor et al., 2020). According to 
these authors the maintaining phloem sap flux due to a non callose deposition at the sieve 
plate of the phloem cells explain why the roots would be the bacterial reservoir. Thus, roots 
degradation would be more likely related to a direct impact of the bacterium than to 
perturbation of sieve flux. Also better phloem regeneration proposed by Deng et al. (2019) 
in tolerant genotypes, may also occur in 4x roots and favor the adaptation to HLB.   

Differential response to oxidative stress in the Mexican and Persian limes 
Oxidative stress genes coding antioxidant enzymes were shown to be upregulated in HLB-
susceptible citrus compared with tolerant citrus (Tang and Vashisth, 2020), which induces 
mature-fruit drop in HLB-infected citrus trees. Previous results showed that in Persian lime, 
detoxification processes favored the maintaining of the phloemic flow in the plant and, thus, 
resulted in a better HLB-tolerance (Sivager et al., 2021). In Persian lime leaves, greater 
MDA contents and stronger APX and CAT activities were measured compared to Mexican 
lime. The voltammetry of immobilized microparticles (VIMP) is a solid state electrochemical 
technique (Scholz and Meyer, 1998) capable of providing analytical information on a variety 
of sparingly soluble solids (Doménech-Carbó et al., 2013).The use of VIMP was previously 
described for defining electrochemolomic profiles  at the taxonomic level (Doménech-Carbó 
et al., 2015a) and for monitoring plant defense responses to external stress (Doménech-
Carbó et al., 2015b). The voltammetric response was evaluated in 2x and 4x citrumelo 
roots of infected and control trees in order to decipher the induced oxidative stress. On 
figure 4A, the voltammetric response can be interpreted in terms of the reduction (C1) and 
oxidation (A1) of electroactive components of Citrumelo 2x grafted with Mexican lime that 
become total or partially inactivated upon infection so that the C1 wave is abruptly lowered. 
In 2x citrumelo grafted with Persian lime (Figure 4B), the dramatic decrease of the signal in 
the CLas+ roots suggests that i) antioxidant components oxidizable at high potentials are 
promoted in Citrumelo 2x/Persian lime relative to those in Citrumelo 2x/Mexican lime; ii) 
such antioxidant components are quite sensitive to the infection. Cyclic voltammograms in 
roots of 4x citrumelo grafted with Mexican lime showed signals at potential clearly different 
that the signal C1 recorded with the diploid citrumelo CVs (Figure 4C). Accordingly, these 
signals can be attributed to two the reduction of different natural products. The 
voltammograms of the infected roots show a decrease in the intensity of the peak C2 and 
the disappearance of the peak C3, which is apparently substituted by a cathodic signal at 
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−1.45 V (C4). These results are an agreement with a higher tolerance to HLB of 4x 
citrumelo compared with 2x rootstocks. In this case, the A2 plus OER signal is high but, in 
contrast with in citrumelo 2x/Persian lime, the infection does not decrease its intensity 
(Figure 5C). Since these are reduction peaks, the compound(s) responsible for the signals 
C1, C2, C3, are not antioxidants (they should be easily oxidized); these compounds would 
be antireductants. In 4x citrumelo grafted with Persian lime, the cyclic voltammograms 
recorded at GCEs modified with films of roots of tetraploid citrumelo (Figure 4D) showed 
that the cathodic region of the voltammograms of 4x citrumelo forms clearly differ from that 
of the diploid forms. This cathodic region was much more sensitive to the infection by HLBs 
than the corresponding region of the 2x ones. Thus, this strong modification confirms the 
higher reactivity of 4x citrumelo against the infection. To end the anodic region of the 
infected grafted forms (both 2x and 4x) experiences sharp differences with the anodic 
region of the corresponding pristine forms. 

Polyphenol contents analysis in 2x and 4x citrumelo roots were very contrasting (Figure 5). 
VIMP method has been applied to test antioxidant properties of fruits and vegetables 
(Komorsky-Lovrić and Novak, 2011), to screen impurities in herbal remedies (Doménech-
Carbó et al., 2013), and to test the reactivity of plant compounds with reactive oxygen 
species (Doménech-Carbó et al., 2015c). If in CLas- root samples, contents were quite low, 
4x presented all the time higher contents than in 2x whatever the scion. Those results 
would be in agreement with pre-adaptation to stress by limiting oxidative stress as 
previously proposed for polyploid genotypes (Allario et al., 2013; Sanwal et al., 2010; Kong 
et al., 2017). Interestingly, HLB infection by HLB led to a 10-fold increase of the polyphenol 
contents that was stronger in 4x roots compared to 2x. Since polyphenols play a crucial role 
in plant–environmental adaptation because their role in biotic (Cheynier et al., 2013) and 
abiotic stress (Cheruiyot et al., 2007; Šamec et al., 2021; Tuladhar et al., 2021) defense, 
which is commonly attributed to their antioxidant activity (Martinelli et al., 2016), polyphenol 
may contribute to the better adaptation of polypoid to HLB. The increase was even stronger 
when 4x rootstock were grafted with triploid Persian lime, underlining the importance of the 
polyploid rootstock-scion interactions as a tool to limit the oxidative stress induced by HLB. 
Finally, thanks to the TEM investigations performed in the root phloem cells, the presence 
of CLas in infected 2x and 4x citrumelo secondary roots was clearly demonstrated. 
However, this method was not adaptable to quantify the bacterium within the tissues and 
did not allow to link cell wall degradation and membrane perturbation to detoxification 
processes as observed in the 4x root (Figure 6). 

1.1.5. Conclusions  

In the field, the 3x Persian grafted onto diploid citrumelo showed to be much more tolerant 
to HLB when compared to the 2x Mexican lime (Sivager et al., 2021). The same scion-
varieties grafted onto 2x and 4x citrumelo was studied and investigation was directed at the 
root compartment. Anatomical, physiological, and biochemical differentiations due to ploidy 
variation explain a large part of the better behavior citrumelo 4x / 2x and 3x associations 
(Figure 7). Indeed, if the pores of 2x and 4x phloem root cells were not plugged by callose 
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in CLas+ samples, oxidative stress in 2x roots was much more effective and was 
associated to lower polyphenols contents which may in turn explain the greater root 
degradation observed in citrumelo 2x / 2x and 3x associations. Interestingly, these findings 
demonstrate that the scion strongly impact the tolerance to HLB, which is even improved 
when associated to 4x rootstock. Thus, further investigations are required to decipher the 
molecular determinants of the better HLB-tolerance of polyploid rootstocks and scions as 
well as the polyploid rootstock / scion interactions.  

 
Figure 7: Impact of polyploidy at the rootstock and scion levels regarding different phenotypic traits 
modified by HLB. Rootstock-scion associations are evaluated in control (Las-) and HLB infected 
trees (Las+). AS, asymptomatic leaf and S, symptomatic leaf. Data in the diploid and triploid scions 
grafted with diploid rootstock are extracted from Sivager et al. (2021). 
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1.2. Guadeloupe: test and comparison of new varieties and cultivars 
more tolerant to HLB 

1.2.1. Introduction 

The level of HLB infection is very high and the control of the insect vector seems to be 
impossible in the Guadeloupean context due to the strong presence of host species of the 
Asian psyllid (different citrus trees: lemons, mandarins, murrayas) in private homes 
(gardens, hotels) and in the wild (abandoned orchards). The impacts on growers are 
strong, with many deaths and drops in production, which greatly complicates the 
conventional cultivation of oranges and mandarins susceptible to HLB. Trials comparing 
low-input cultivation practices (AB and IPM) carried out within the framework of the 
TROPICSAFE project have identified and confirmed that citrus cultivation under HLB 
constraints requires a high degree of technicity to limit the tree mortality. To support the 
revival of these very important citrus crops in the local landscape for economic and 
heritage reasons, new varieties more tolerant to HLB have been evaluated for 5 years 
(2017-2021). The varieties were selected because they were described in the literature to 
present lower CLas bacterial load and thus being less susceptible to HLB. Several 
indicators were monitored and compared between varieties during the experiment like 
mortality and growth. 

1.2.2. Material and methods 

Trials and plant material 
The trial was set up to compare the varietal characteristics of grafts and rootstocks under 
HLB stress. Two categories according to the varieties were established: the oranges trial 
named OR and the small citrus trial named PA. For each trials plant material 
(diploid/tetraploid rootstocks with diploïd varieties) and practices (BIO – IPM) were tested 
together. 

For oranges trial (OR) there were 162 trees with a mix of six varieties: Cara Navel, Fisher 
Navel, Navelate, Navelina, Valencia Rode Red (Citrus sinensis) and the tangor variety 
Tangor Ellendale (C. reticulata × C. sinensis). Three rootstocks were used: diploid citrumelo 
4475 (C. paradisi × Poncirus trifoliata); Volkamer lemon (C. volkameriana) and Flhorag1 
(allotetraploid somatic hybrid P. trifoliata + C. deliciosa Ten.). 

For small citrus trial (PA) there were 90 trees with a mix of 5 varieties [Jackson & Triumph 
orangelos (C. sinensis x C. paradisi), Tangelo Nova (C. reticulata x C. paradisi), Temple 
Tangor (C. reticulata × C. sinensis), Falglo mandarin (C. reticulata)] potentially tolerant to 
HLB. An orange genotype, Rhode Red Sweet orange (C. sinensis), was selected a 
susceptible genotype. All the scion varieties were evaluated in association with three 
rootstocks (diploid and tetraploid citrumelo 4475 (C. paradisi × P. trifoliata) as well as 
Flhorag 1 (allotetraploid somatic hybrid P. trifoliata + C. deliciosa Ten.). The characteristics 
of each orchard are summarized in Table 3. 
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Table 3: Summary table of the main characteristics of the experiments. 

 OR BIO OR IPM PA BIO PA IPM 

Plantation July 2015 May 2016 August 2015 July 2015 

Number of trees 162 162 90 90 

Varieties 5 oranges,  
1 tangor 

5 oranges,  
1 tangor 

2 orangelos,  
1 tangor,  

1 mandarin,  
1 tangelo 

2 orangelos,  
1 tangor,  

1 mandarin,  
1 tangelo 

Density 4 x 5 4 x 4 4 x 5 4 x 5 

% of tetraploids trees 33% 33% 66% 66% 

Number of repetitions 3 3 3 3 

Device 3 block system 3 block system 3 block system 3 block system 

Type of soil Alluvial sol Andosol Alluvial sol Ferraltic sol 

Type of climate Dry Wet Dry Wet 

Altitude 50m 400m 50m 306 m 

Topography 
Flat -

mechanizable 
dish 

Sloping – non 
mechanizable 

slope 

Flat - 
mechanizable 

dish 

Flat - 
mechanizable 

dish 

HLB pressure +++ ++ +++ +++ 

Cropping practices  
The management of the citrus orchards was different between those that followed the 
organic management (BIO) and Integrated Pest Management (IPM). 

Localizations of the plots 
Four plots were selected for this experimentation. Each trial of PA and OR was replicated in 
two locations to verify the impact of pedoclimatic conditions on the growth of the trees.  

Measurements 
Monitoring was set up on the four plots at different frequencies between 2017 and 2021. 
The COVID-19 pandemic had very bad impact on data collection planned for 2020 and 
2021. 

Regular measurements. During three years monitoring (2017-2019), the tree growth was 
determined by measuring trunk diameter once a year since planting. These data were 
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collected with a caliper. The rootstock diameter (PG) was measured 10 cm above the 
grafting point and the scion diameter (G) 10 cm above. The tree growth was related to the 
management method. The mortality rate was also determined annually by recording dead 
trees in the four experimental plots from 2017 to 2021. 

Punctual measurements: the presence of HLB symptoms was noted during the 
epidemiological monitoring. On the leaf, the presence of HLB is characterized by 
asymmetric mottling. If the mottling is not very pronounced, the recognition of the symptoms 
can be complex and uncertain since they can easily be confused with deficiencies. During 
the monitoring, the development stage of the trees was also recorded: flush, flowering, 
fruiting and vegetative.  

The general condition of the trees was observed and a score of 0 to 2 was assigned. A 
score of 0 was given for trees that were stunted, dry, deficient and not interesting from an 
agronomic point of view, a score of 1 for trees in intermediate condition and a score of 2 for 
large, deciduous trees considered interesting by the producers. The elements observed 
were the foliage (color, density), the general port of the tree, the presence of symptoms, the 
proportion of desiccation. The yield of each PG/G pair was determined by harvesting the 
fruit and weighing it. In addition, a taste analysis was performed via a questionnaire filled 
out by ASSO members or market customers. A qualitative analysis was also done by 
evaluating the aspect of the fruit, the quantity of juice, the BRIX degree. The COVID-19 
pandemic did not allow to correctly harvest the fruits and to this analysis in the last project 
years. 

1.2.3. Results and discussion 

Trees growth depending on management methods 
Annual growth monitoring was carried out between 2017 and 2019 on the four plots by 
measuring the circumference of the trunks at the level of the rootstock and the scion. The 
measurement at the rootstock level shows the tree's growth potential. Monitoring data on 
trunk growth of 2019 were analyzed to determine the most vigorous rootstock that perform 
well under HLB stress depending on management practices (IPM-AB). For both trials the 
IPM management linked to better nutrition allow better growth of the trees than the AB ones 
(Figure 8). The management method has a significant impact on the growth of the 
rootstock. 

Oranges: comparison of trees growth depending on rootstocks 
For oranges plots, data processing in 2019 revealed significant difference between two 
management systems. As shown above the IPM system is more efficient. In terms of 
rootstocks, any significant differences was noted. However, statistics show in the OR AB 
trial that the Citrumelo 2x and Volkameriana 2x rootstocks seem to have a better growth 
than the Fhlor AG1. The trends seem to be equivalent whatever the management with 
Citrumelo 2x>Volkameriana 2x>Fhlor AG1 (Figure 9).  
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Figure 8: Comparison of grow rates of the trials depending on the management (left: OR, right: PA). 

 
Figure 9: Grow rates of rootstocks on OR plots 2020 (left: AB, right: IPM). 
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Figure 10: Grow rates of rootstocks on PA plots 2020 (left: AB, right: IPM). 

Mortality of trees 
The experimental plots, except for the CIRAD plot (PA-IPM), suffered significant losses. 
The evolution of the mortality is shown in the Figure 11. 

 
Figure 11: Mortality trends on the citrus plots. 
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In the PA IPM trial, very few trees died, while 30 died in the PA AB trial in 2021. Indeed, this 
plot is subjected to very few stresses other than HLB, the hydric stress is notably limited to 
the maximum contrary to the AB plots which underwent many stresses (irrigation problems, 
repeated water cuts, breakage on the network). The mortality rate is high in the orange IPM 
plot because a part located at the bottom of the slope has suffered hard cryptogamic attack 
(Figure 12). To compensate for the losses the producer decided to plant banana in the 
citrus inter-rows and to replace the dead trees by other species in 2020. 

  
Figure 12: Fungus damages on OR IPM plot 2020 (left: bottom of the plot, right: dryness caused 
by fungus). 

Orange trial: mortality rate depending on the rootstocks  
In 2020 a rootstock effect on mortality was observed (Figure 13). In the IPM trial, no 
significant difference in mortality rate between the three rootstocks was found. However, it 
was observed that the rootstock FlhorAG1 (4x) (PG1) had a higher mortality rate (39%) 
than the other two and in particular Volkameriana 2x (PG4) which had the lowest rate 
(24%). In the AB trial, a significant difference between FlhorAG1 and the other two 
rootstocks was found. The mortality rate of trees grafted on FlhorAG1 was significantly 
higher (63%) than on Citrumelo 2x (PG2) (22%) and Volkameriana (22%). In spite of a 
different production management, it was observed in both trials that the FlhorAG1 rootstock 
has a higher mortality rate in the tested conditions.  

   
Figure 13: Mortality rates of rootstocks in OR plots 2020 (left: IPM, right: AB). 
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Orange trial: mortality rate depending on the varieties 
The varietal effect of scion on tree mortality was also analyzed (Figure 14). In the IPM trial, 
the variety Tangor Ellandale (TaEl) had a significantly lower mortality rate (11%) than the 
varieties Navelina (Nina) (47%), Navelate (NaTe) and Cara Navel (Ca²N). The mortality rate 
between the other varieties was not significantly different. Navelina would therefore be the 
most susceptible variety in this trial and Tangor Ellandale the most tolerant. In the AB trial, 
no significant differences were found between all varieties with mortality rates ranging from 
26% to 41%. The contrary was observed in the IPM trial, in which the variety Tangor 
Ellandale did not differ from the others and had a mortality rate of 37%. However, it can be 
observed that the variety Fisher Navel (FiNa) seems to be the less susceptible, contrary to 
Navelina and Cara Navel. This experiment shows that varieties react differently depending 
on the site where they are planted.  

   
Figure 14: Mortality rates of scions in OR plots 2020 (left: IPM, right: AB). 

Small citrus AB trial: mortality rate depending on the rootstocks and varieties 
Only the small citrus AB trial is reported because the small citrus IPM trial had too little 
mortality to be analyzed. Figure 15 below on the left shows that there is no significant 
difference in the mortality rate according to the different rootstocks. However, it is observed 
that there is more mortality with the rootstock FlhorAG1 (PG1) (43%) and Citrumelo 4x 
(PG3) (37%) and that it is lower when the trees are grafted with Citrumelo 2x (PG2) (23%). 
Concerning the varieties, in Figure 15 on the right the mortality rate is shown not significantly 
different between the five varieties. However, it can be seen that the varieties Tangelo Jackson 
(TaJa) and Mandarin Temple (MaTe) have a lower mortality rate (28%) than the others. 

   
Figure 15: Mortality rates of PA BIO 2020 (left: rootstocks, right: scions). 
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Oranges trials: analysis of the production 
The data are not yet complete and homogeneous enough to analyze the yields. The results 
presented below come from the observations and monitoring carried out on the plots. All 
trees entered production in 2018 (Figure 16). Spot monitoring and analysis by variety was 
conducted between 2019 and 2021 in conjunction with health and social constraints. The 
AB and IPM plots did not produce homogeneously. The varieties that in each year 
produced the most fruit were Valencia Rhode Red, Fisher Navel and Cara Navel. These 
observations were the same in both trials. It is observed that the most productive variety is 
Valencia Rhode Red followed by Navelina and that those which seem less interesting are 
the varieties Navelate and Tangor Ellandale. On the IPM plot in the humid zone at high 
altitude, the Navelate variety has not yet fructified while on the AB plot, in the low and dry 
zone, it is the Tangor Ellandale that does not fructify. It thus seems that the pedoclimatic 
conditions plays a relevant role on the productivity of these two varieties. 

   
Figure 16: Valencia Rhode Red Orange in OR BIO 2021 (left: tree, right: fruits). 

Small citrus trials: analysis of the production 
As for the orange trial, the data are not yet complete and homogeneous enough to analyze 
the yields. The results presented below are also based on observations and monitoring of the 
plots. For mandarins, it was observed on the two trials that the most productive variety was 
the Temple (Figure 17). Moreover, it bloomed 2 to 3 times in the year. For tangelos, even if 
the variety Nova has fruited the most, the variety Jackson has been more productive (fruit 
size). The production of Tangelo Nova (TaNo) and Tangelo Triumph (TaTr) was similar. In 
the small citrus trial, the most productive varieties were therefore Temple mandarin and 
Jackson tangelo (Figure 18). These results are also consistent with the other indicators since 
Jackson was the variety with the lowest mortality rate, the largest diameter and the best 
ratings in the general tree condition monitoring indicators. In addition, the Temple variety has 
a lower mortality rate than the Falglo variety and better tree health conditions.  
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Figure 17: Temple Mandarin in PA BIO 2021 (left: tree, right: fruits, flowers). 

    

Figure 18: Tangelo Jackson in PA BIO 2021 (left: tree, right: fruits). 

1.2.4. Conclusion  

Plant material evaluation under HLB 
The choice of plant material is important because it influences growth and longevity of trees 
under HLB stress. In this study, the Citrumelo 4475 (2x) rootstock seems to be the most 
interesting to limit trees mortality and allow better growth. It should be noted that the OR 
BIO plot and PA BIO plot suffered a lot of damage due to breakage problems on the 
irrigation network. The plot was without water for several months, and this was strongly 
affecting the trees. In this study, it was expected that the results would favor tetraploid 
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rootstocks over diploid rootstocks (Allario et al., 2013). As the organic plots had been under 
severe water stress and as tetraploid rootstocks show a better tolerance to abiotic stress, 
the mortality rate should have been lower for FlhorAG1 and Citrumelo 4x (tetraploids) than 
for Citrumelo 2x and Volkameriana (diploids). However, contrary to expectations in the 
orange and small citrus trial, the tetraploid rootstocks (FlhorAG1 and Citrumelo 4x) showed 
the highest mortality rates. Similar findings in the low-input trials, except for the PA IPM 
trial, raise the question of the production costs of these systems and their sustainability 
under standard farmer conditions.  

Feedback from five years of experimentation 
In connection with the observations and monitoring carried out on the fields for more than 5 
years, to produce citrus fruits under HLB stress it seems necessary to consider the 
following points: 
• use of high-performance plant material that is less sensitive to HLB to limit mortality 

and allow better growth; 
• use of vigorous and dry tolerant plant material to limit mortality; 
• use of plant material adapted to pedoclimate to assess production and better growth; 
• the productivity and quality of the fruits is an essential data used to select the best 

performing varieties. There is a significant selection work to be done upstream to 
target the market expectations and propose an adapted product; 

• have regular irrigation by programming in order to limit water stress with a micro 
sprinkler or drip system. 
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2. Improved germplasm resistance/tolerance, features and 
performance to lethal yellowing 

2.1. Ghana 

2.1.1. Actions performed by CIRAD 

Introduction 
Coconut has been categorized as "the tree of life" because of the large number of 
alimentary and non-alimentary uses, and because is the source of income for millions of 
smallholder farmers, all over the world. Despite its importance, the sustainability of 
coconut’s production is currently being threatened by climate change, biotic and abiotic 
factors. Among them, lethal yellowing (LY), a disease associated with the presence of 
phytoplasmas is currently the most important threat to coconut cultivation in many 
production sites worldwide. It causes considerable losses, due to the death of most infected 
palms. Control involves agronomical measures (elimination of potential reservoirs, early 
eradication of affected palms), combined with the use of less susceptible varieties.  

Knowledge about coconut genetic resistance to LY results from field trials planted in 
diseased areas. The number of tested genotypes is usually low, resulting in low precision 
on the estimated resistance level. Moreover, these experiments do not allow to estimate 
individual variability of LY resistance within coconut populations. In such trials, the coconut 
varieties which have the best survival rate are usually from the Pacific Oceanic basin, 
especially South-East Asia and, in the case of Ghana, from Vanuatu. Comparatively, the 
West African Tall (WAT) coconut is deemed susceptible. However, in farmer’s fields, a 
variable proportion of surviving coconuts is usually found. It is believed that most of these 
surviving palms are not resistant and simply escaped the infection. The existence of a small 
proportion of resistant palms among them cannot, however, be ruled out. 

With the availability of chromosome-length coconut reference genome (Yaodong et al., 
2021), and high throughput genotyping methods, the presence of alleles better responding 
to LY infection can be detected by comparing allele frequencies in surviving palms and in 
unaffected populations. This kind of approach, known as case-control genome wide 
association study (GWAS), has been widely used to associate variants to a large range of 
traits and diseases in humans, by identifying markers with allelic frequencies significantly 
altered in a case group (e.g. affected by a disease) versus a healthy control group 
(Uffelmann et al., 2021).  

The goal of this study is thus to identify (possibly partial or incomplete) resistance to LY in 
the WAT coconut from Ghana based on two criteria: survival to the disease, and 
possession of putative resistance alleles to be identified using a GWAS approach. The 
underlying hypothesis is that, if resistance alleles exist in the WAT individuals, their 
frequency was altered in surviving palms, compared to the population which have not yet 
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been attacked by the disease. So, to identify the genomic region linked to the observable 
phenotype (survival of LY infected plants), a case-control genome wide association 
approach was used as well as a haplotype analysis. 

Material and methods 
Sawdust collection. A collecting mission in Ghana took place from the 2nd to the 17th of 
November 2019. Six sites were visited: Krisan, Dadwen - Ankyernyin, Anyinase, Sankor, 
Nsadwir and Ewusiejoe (Figure 19). Coconut sawdust samples were taken from West 
African Tall (WAT) coconuts, except for palms collected at Nsadwir, that belong to the 
Malayan Yellow Dwarf x Vanuatu Tall hybrid (MYD x VTT). During the trip back to 
Takorady, samples from reference individuals were collected at the CSIR-OPRI trial site in 
Agona Junction: Vanuatu Tall (VTT1, VTT2 and VTT3), Malayan Yellow Dwarf (MYD1 and 
MYD2), Malayan Red Dwarf (MRD1 and MRD2) and Sri Lanka Green Dwarf (SGD1 and 
SGD2). The collected tissue was then dried, conserved in silica gel and transferred to 
CIRAD in Montpellier, France for DNA extraction and genotyping.  

 
Figure 19: Coconut palm sawdust collection sites of map of southern Ghana. The locations of the 
collecting sites and of the CSIR-OPRI are indicated in blue (from D3.3). 

DNA extraction and genotyping by sequencing. DNA was extracted using the CTAB lysis 
method in a 13 ml tube, based on a reported protocol (Risterucci et al., 2000). The DNA 
was then concentrated and purified on a NucleoFast Macherey-Nagel plate, then controlled 
on an Agilent genomic DNA ScreenTape (Tapestation), 1% TAE agarose gel and quantified 
by fluorimetry with Hoechst solution on Thermo Scientific Fluoroskan Ascent. Three GBS 
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libraries were prepared from 281 coconut individual samples, together with a negative 
control on each library, following published procedures (Elshire et al., 2011); however, the 
common adapter was replaced to be complementary to MseI recognition site. Digestion and 
ligation reactions were conducted in the same plate. Digestion was conducted at 37°C for 2 
hours and then at 65°C for 20 minutes to inactivate the enzymes. The ligation reaction was 
done using T4 DNA ligase enzymes (New England Biolabs, Hitchin, UK) at 22°C for 1 hour, 
and the ligase was then inactivated by heating at 65 C for 20 minutes. Ligated samples 
were pooled and PCR-amplified (18 cycles). The PCR-amplified libraries were purified 
using the Wizard PCR preps DNA purification system Promega (Madison, USA) and 
verified with the Agilent D5000 Screen Tape (Santa Clara, USA). Paired-End sequencing of 
2x150 base-pair reads was performed in a single lane per library on an Illumina HiSeq 4000 
system (at the Genwiz platform, Leipzig, Germany , Azenta Life Sciences). 

SNP and InDel calling. The Illumina Paired-End raw reads obtained for each palm were 
demultiplexed using the demultiplex.py tool (https://github.com/timflutre/quantgen/blob 
/master/demultiplex.py). Once the individual raw reads were available, a Sakemake pipeline 
(https://github.com/SouthGreenPlatform/Workflow-snakemake-capture), based on the 
GATK4 SNP caller program (Poplin et al., 2018) was modified to suit the GBS data, and 
used with the 16 pseudo-chromosomes (2.06 Gb in length) version 2 reference genome 
(2.06 Gb in length) from the Hainan Tall (HT) variety. This version of the genome was 
previously obtained by anchoring the preceding assembly scaffolds (Yang et al., 2021) with 
Hi-C derived Illumina reads (CIRAD and the Coconut Research Institute, from the Chinese 
Academy of Tropical Agriculture Sciences - CRI-CATAS, data not published). Once the final 
VCF file with the SNPs and InDels identified was obtained, several quality control pre-filters 
were applied using Plink v.2.0 (Chang et al., 2015) and Bcftools (Danecek et al., 2021) as 
follows: (i) markers with mapping quality (MQ) > 40 and mean coverage (DP) > 10 were 
selected: (ii) genotypes with DP < 3 and genotyping quality (GQ) < 20 were converted to 
missing data (./.), and markers with less than 20% of missing data were kept. (iii) 
Individuals' statistics were calculated, and samples with a DP less than 8 were eliminated 
from the analysis. After this pre-filtering step, imputation of missing data was carried out 
with LinkimputeR (Money et al., 2017), using parameters Position Miss and Sample Miss = 
0.6, and Depth = 3. From the imputed dataset, several filters were then applied: (i) only 
polymorphic and biallelic markers were selected; (ii) individuals with heterozygosity outside a 
three times standard deviation boundary were eliminated; (iii) markers with a Hardy-
Weinberg equilibrium probability, evaluated within the control group, greater than 1x10-6 
were kept; (iv) markers with a minor allele frequency greater than 0.01 were selected, and 
two datasets were separated, one that includes SNPs and InDels, and other with only SNPs. 

Case-control GWAS analysis. Performing association studies in coconut in LY affected and 
unaffected areas using SNPs. Both datasets previously obtained (SNPs, and SNPs and 
InDels) were used to carry out a principal component analysis (PCA) using Plink v.2, by 
pruning a subset of markers that were in linkage equilibrium, with options --indep-pairwise 
50 kb 1 0.2 and -maf 0.10. Then, the PCA was ran using only this subset, and the matrix 
with the individuals' coordinates for the first ten axis kept for further analysis. Likewise, a 

https://github.com/timflutre/quantgen/blob
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kinship matrix was calculated using Plink v.2, with the make-king square option activated. 
The Plink v.2 software and two R packages and were used to carry out the Genome Wide 
Association study. Plink2 was used with the option --glm firth-fallback hide-covar --adjust, 
and the PCA axis file given as covariates. With the R package MilorGWAS (Milet et al., 
2020), a logistic regression with a Wald test (function association.test with arguments 
method="lm" and response = "binary") and with the PCA axis file given as covariates and 
the kinship file, and a Mixed logistic regression (function association.test.logistic) with PCA 
axis as covariates and the kinship matrix, were undertaken. The GAPIT3 package (Wang 
and Zhang, 2021) was used to analyze the data with models: General Linear Model (GLM), 
Mixed Linear Model (MLM), Multi-Locus Mixed Model (MLMM), Compressed MLM (CMLM), 
Settlement of MLM Under Progressively Exclusive Relationship (SUPER), Fixed and 
random model Circulating Probability Unification (FarmCPU), and Bayesian- information 
and Linkage-disequilibrium Iteratively Nested keyway (BLINK), using the previously 
obtained PCA axis matrix as covariates, while the Kinship matrix was calculated internally 
by GAPIT3 for the models requiring it. For all the models used in the analysis, a False 
Discovery Rate (FDR) was applied to correct the obtained p-values for multiple testing, 
following the Benjamini & Hochberg method implemented in the R function p.adjust, with a 
significance threshold of 0.05. 

Haplotype analysis. In order to identify the alleles from the markers identified by the GWAS 
approach that are predominant on the survivors, the program Haploview (Barrett et al., 
2005) was used with options -skipcheck -blockoutput GAB -dprime -assocCC activated. 
Then for the identification of the palms bearing the associated alleles, the Variant Call 
Format (VCF) file used on the imputation step were imported into Flapjack (Milne et al., 
2010), and coloured depending on the presence of the associated allele. Only survivor 
palms homozygous for the markers identified and without missing data on the genomic 
region were selected as putative resistant or tolerant to LY. 

Results 
DNA extraction and genotyping of survivor and control coconut palms. Different DNA 
extraction protocols were tested on the samples. In all cases, the yields of extracted DNA 
were low, indicating a low presence of DNA in sawdust. There was also a strong 
degradation of the DNA extracted from samples kept at room temperature after sampling. 
However, there was no difficulty in accessing DNA with the various protocols tested, and 
the method chosen makes it possible to obtain enough intact DNA to prepare the GBS 
libraries. Still, it was important to consider the intact DNA / total DNA proportions for the 
supply of DNA matrix during the GBS digestion step. The intact DNA represent 
approximately half of the total DNA for the samples stored at -80°C and a quarter of the 
total DNA for the samples stored at room temperature. DNA was successfully obtained from 
the 140 survivor palms, from 135 of the 138 control palms collected in the field, and for five 
of the reference accessions (MRD1, MYD1, SGD2, VTT1, and VTT2). An average DNA 
concentration of 31 ng/µl, with a minimal of 7 ng/µl and a maximal of 87 ng/µl 
concentrations were obtained. Once the derived GBS libraries were sequenced, a large 
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variability on the numbers of raw reads obtained was found for the complete panel of 
individuals (Figure 20), with a mean of 4,217,805 and a standard deviation of 2,460,933.  

 
Figure 20: Histogram of the number of reads per sample of coconut palm DNA (Ghana LY GBS, 
2020). 

The obtained raw reads were then mapped to the Hainan Tall reference genome and 
followed a series of quality control filters that eliminated both markers and individuals not 
complaining with the thresholds applied in each filter. At the end 11,402 SNPs and 12,641 
SNPs and InDels were retained for the analysis. The number of palm genomes that passed 
the quality controls and that were further analyzed is resumed in Table 4. 

Table 4: Number of analyzed coconut palm individuals per site (southern Ghana, 2019). 

Place of collection Controls Survivors 
Anyinase 21 19 

Dadwen-Ankyernyin 25 24 

Ewusiejoe 16 28 

Krisan 19 21 

Nsadwir 23 20 

Sankor 15 19 

Total 119 131 
 

Population structure of WAT and not hybrids as expected. The SNPs and the SNPs and 
InDels datasets were used to evaluate the population structure of the panel of individuals 
analyzed, using a principal components analysis. The first obtained principal component 
(PC) axis, which accounts for 85% of the variability present in both datasets, separates the 
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five reference individuals and the MYD x VTT individuals collected as controls from all the 
WAT individuals (Figure 21). Astonishingly, hybrids identified as survivors co-localized with 
the WAT individuals, meaning that they are in fact WAT and not MYD x VTT hybrids as 
expected. This result explains the high sensitivity shown by these palms in the field, which 
was attacked by the disease in 2016 resulting in a high mortality. In contrast to the first PC, 
the rest of the PCs show no clear population structure. The same results were observed 
when analyzing the SNPs and InDels dataset (data not shown). 

  

 
Figure 21: First six principal component axes and the cumulative variance explained by each axis, 
for the SNPs dataset of coconut palms WAT and hybrids. 
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Relationship between individuals (WAT, hybrid controls and not hybrid survivors). In order 
to establish the relationships between the individuals of the panel, a kinship matrix was 
obtained. Similarly to what was observed with the PCA, the MYD x VTT individuals 
collected as controls show a high value of kinship, confirming that they are close siblings 
(Figure 22). On the contrary, the MYD x VTT individuals marked as survivors have similar 
kinship values with the rest of the WAT individuals and lower values with the control MYD x 
VTT individuals, showing that they are not closely related siblings, and that they are indeed 
not MYD x VTT hybrids. The same results were observed when analyzing the SNPs and 
InDels dataset (data not shown). 

 
Figure 22: Kinship values for the entire evaluated coconut diversity panel of WAT and hybrids. 
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Genome wide association study with LY survival trait. GWAS using the SNP data revealed 
a significant association of markers on chromosome 8 with the survival phenotype, with four 
of the seven statistical methods implemented in the R package GAPIT3 (GLM, SUPER, 
FarmCPU and BLINK), and with the Logistic regression based on a Wald test implemented 
in the R package milorGWAS. The p-values calculated with the Firth regression 
implemented in Plink2 in chromosome 8 were higher than the ones from the rest of the 
genome, but still did not reach the significance threshold of 0.05 after the FDR correction 
(Figure 23).  

 
Figure 23: WAT LY survival GWAS results with the SNPs dataset. Each one of the statistical models 
analyzed are shown, together with its respective QQ-plot. 
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Figure 23 (Continuation): WAT LY survival GWAS results with the SNPs dataset. Each one of the 
statistical models analyzed are shown, together with its respective QQ-plot. 
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Similar results were obtained with the SNPs and InDels datasets, with an additional 
association found in chromosome 7, but only with the BLINK model (Figure 24). As with the 
SNPs dataset, models that detected a significant association seem to be relatively well 
fitted, as observed with the QQ-plots (Figures 23 and 24). 

 
Figure 24: WAT LY survival GWAS results with the SNPs and InDels dataset. Each one of the 
statistical models analyzed are shown, together with its respective QQ-plot. 
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Figure 24 (Continuation): WAT LY survival GWAS results with the SNPs and InDels dataset. Each 
one of the statistical models analyzed are shown, together with its respective QQ-plot. 

Identification of individuals bearing the haploblock associated with the LY survival. Since 
the significant association of markers in chromosome 8 with the survival phenotype was 
established with five different statistical models used, and with both datasets analyzed, a 
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haplotype association analysis was undertaken with the SNPs markers in this chromosome 
using the software Haploview, in order to find the associated alleles. The four SNPs with 
the strongest p-values were found to compose a distinct haploblock, with r2 values higher 
than 93% (Figure 25).  

 
Figure 25: Haploblock constituted with the markers with the highest p-values (FDR corrected). The 
squared coefficient of correlation (r2) is shown for each pair of markers. 

When observing the allelic combinations in this block, present in the control individuals 
versus the survivors, a significant deviation from the expected ratios was found for the 
TGGA combination and the complementary CATG combination (with respectively 5x10-10 
and 1x10-10 p-values). An overrepresentation of the former haplotype and an 
underrepresentation of the latter on the survivor palms was thus observed (Table 5). The 
identification of the alleles associated to the survival to LY enabled to identify a total of 24 
survivors bearing these alleles (without missing data) (Figure 26 and Table 6). These 
individuals represent putative resistant individuals that could be used as donors of the 
survival phenotype. 
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Table 5: Allelic frequencies observed in the survivors and in the control individuals. 

Block 
Frequency 

All Survivors Controls p-value 
TGGA 0.632 0.760*** 0.492 5.5 x10-10 

CATG 0.348 0.218*** 0.492 1.3x10-10 

CGGA 0.006 0.008 0.004 0.62 

TATG 0.004 0.008 0.000 0.1774 

TGGG 0.004 0.000 0.008 0.1372 

TAGA 0.004 0.008 0.000 0.1768 

CATA 0.002 0.000 0.004 0.294 

Table 6: Putative resistant individuals and their place of collection. 

Sample Number Place of collection 
S005 Krisan 
S006 Krisan 
S022 Krisan 
S031 Dadwen-Ankyernyin 
S043 Dadwen-Ankyernyin 
S045 Dadwen-Ankyernyin 
S046 Dadwen-Ankyernyin 
S050 Dadwen-Ankyernyin 
S052 Anyinase 
S054 Anyinase 
S057 Anyinase 
S060 Anyinase 
S078 Sankor 
S081 Sankor 
S082 Sankor 
S086 Sankor 
S089 Sankor 
S096 Nsadwir 
S099 Nsadwir 
S109 Nsadwir 
S135 Ewusiejoe 
S136 Ewusiejoe 
S138 Ewusiejoe 
S140 Ewusiejoe 
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Figure 26: Alleles associated with the survival phenotype on the 24 putative resistant individuals 
identified. The five reference individuals analyzed are included as a comparison. 

Conclusions 
A putative tolerance or resistance region was found in the long arm of chromosome 8, 
where four highly linked markers were found to be significantly associated to the survival of 
the WAT palms. Also, a haplotype based on these markers was found to be more frequent 
within survivors than within controls. Twenty-four survivor palms bearing the associated 
alleles were identified and are thought to be resistant or at least tolerant to LY. These palms 
can be used as donors of this phenotype in the coconut genetic improvement programs. 
The markers identified could be used to screen more WAT survivors in the fields, in order to 
identify other putative resistant individuals. The same approach can be implemented in 
other LY affected countries, and with other coconut varieties for the discovery of new 
genomic regions associated to the resistance to LY and the identification of new potentially 
resistant individuals.  

2.1.2. Actions performed by CSIR-OPR 

Introduction 
Coconut (Cocos nucifera L.) is an important tree crops in the world, providing food, 
medicines, fuel, drink, shelter, furniture, cosmetics, among others to millions of people 
(Foale, 2003; Gunn, 2011). In Ghana, Coconut and coconut-related activities provide 
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employment for over 762,000 people in the country (Abankwah et al., 2010). The palm is a 
major source of livelihood for thousands of people in the coastal, rural, and peri-urban 
communities, particularly in the Western, Central and Volta regions of the country. Coconut 
farming plays a major role in supplying raw materials to agro-based industries in the 
production of coconut oil, fresh coconut water, coconut milk, coir, husk among others. A 
lethal yellowing disease locally known as Cape St. Paul wilt disease (CSPWD), however, 
threatens the survival of the coconut palm and industry in Ghana (Figure 27). CSPWD has 
devastated several thousands of hectares of palms in the country (Nkansah-Poku et al., 
2009). The disease is associated with a phytoplasma belonging to 16SrXXII-B subgroup 
and is also referred to as ‘Candidatus Phytoplasma palmicola’-related strain (Harrison et al., 
2014). 

   
Figure 27: A healthy coconut farm (left) and a CSPW devastated farm (right). 

The use of resistant / tolerant varieties or hybrids in an integrated disease management 
regime has long been identified as the best approach to managing LY in Ghana (Dery et al., 
2008; Quaicoe et al., 2009). Research efforts to identify and develop such resistant / 
tolerant varieties have been ongoing for the past decades. These trials involve field 
exposure of test coconut varieties to the disease since there are no manual means of 
introducing phytoplasmas into the palms. The results of these trials have culminated in the 
development two main hybrids, the MYD x VTT and SGD x VTT. The former, however, has 
suffered some losses (Quaicoe et al., 2009) and is no longer used for commercial 
production in Ghana. The tolerance of the SGD x VTT has not broken down and is currently 
being distributed to farmers for planting in Ghana. To identify more resistant / tolerant 
varieties in Ghana, a batch of resistance screening trials were established in 2007. Eight 
dwarf coconut varieties were planted at three disease foci in the Central and Western 
Regions of Ghana to assess their resistance to CSPWD. The results of the trials have 
revealed four varieties, namely, IBD, NLD, NGBD and MGD to be promising in terms of 
tolerance to the disease. The project was aimed at evaluating their potential to be used in 
rehabilitating the coconut industry in Ghana. The resistance / tolerance to CSPWD was also 
monitored. 
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Trial site 
The trial was established in September 2017 at Anwea in the Ellembelle district of the 
Western Region of Ghana (longitudes 2˚05’ W and 2˚35 W, and latitude 4˚40 N, and 5˚20 
N; Figures 28 and 29). Coconut was the major tree crop cultivated in this area before 
being replaced by cocoa because of CSPWD. The district is characterized by all year-
round rainfall and good textured soils which support the cultivation of different types of 
crops. The climatic conditions in the district are suitable for coconut cultivation. Total 
annual rainfall is about 2,000 mm and well-distributed throughout the year. Mean 
temperature is 25–29oC. 

 
Figure 28: Map showing the experimental site. 

  
Figure 29: The trial field at Anwea. 

Experimental design 
The trial was established using a Randomized Complete Block Design (RCBD) with three 
replications. Four varieties (IBD, NLD, MGD, and NGBD) were chosen based on their 
performance in the FSP trial mentioned above. The SGD x VTT hybrid presently planted by 
farmers was used as s control treatment to measure the performance of the four promising 
varieties. To continue monitoring the tolerance / resistance of the promising varieties, the 
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SGD variety considered to be tolerant to CSPWD and the highly CSPWD- susceptible West 
Africa Tall (WAT) were included in the trial as controls. The dwarf varieties (IBD, NLD, 
MGD, NGBD and SGD) were planted at 7.5 m triangular spacing. The SGD x VTT hybrid 
and WAT were planted at 8.5 m and 9 m triangular spacing respectively. For each dwarf 
variety, 24 palms were planted in each block making a total of 120 dwarf palms/block and 
360 dwarf palms for the whole trial. The SGD x VTT hybrid was planted at a density of 15 
palms/block making a total of 45 palms while the WAT was planted at a density of 13 
palms/block and 39 palms for the trial. 

Mineral fertilization 
Mineral fertilization (NPK 10:10:30) was applied uniformly to all test palms to boost their 
growth and development and to maximize their potential. Fertilization was carried out every 
six months at a rate of 1.25 kg/palm. 

Data collection 
Data were collected based on recommendations from the Manual on Standardized 
Research Techniques in Coconut Breeding (Santos et al., 1994). Varietal vigour was 
assessed by taking vegetative measurements on 30 palms of each variety at 6-month 
intervals during the first 4 years after planting as describe below (Figure 30). 

 
Figure 30: Measurement of collar girth (A), petiole length (B), leaf production (C) and number of 
leaflets (D). 

• Collar girth. This was measured by strapping a measuring tape around the base of 
the stem just below the oldest living frond.  

• Leaf emission. The rachis of the youngest fully open leaf (first leaf) was marked 
conspicuously with a paint to serve as a guide for counting leaves emitted afterwards. 

• Petiole length. This was done by measuring the portion of the frond from the point of 
attachment to the base of the first leaflet insertion.  

• Total leaf length. This was determined by measuring the entire length of the leaf from 
the base of the petiole to the tip of the topmost leaflet. 
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• Total number of leaflets. The number of leaflets on one side of the rachis will be 
counted and multiplied by two to obtain the total.  

Floral data. 
• Monthly monitoring to record the date of first spathe (flower) emergence. 
• Recording of floral parameters such total number of spikelets, spikelets with and 

without female flowers and number of female flowers per spikelets. 

Monitoring of CSPWD incidence. 
• Monitoring for CSPWD incidence was routinely carried out during field visits or at 

least monthly.  

Data analysis 
Growth data were analyzed using analysis of variance (ANOVA) test. Means separation 
was done using Tukey’s HSD test at 5% probability level. Statistical analysis was performed 
using R statistical software package (version 4.1.0) (Team, 2021). Data collection on floral 
parameters was started but a few data sets were obtained for an effective statistical 
analysis. 

Results  
The mean growth performance of the coconut varieties over a four-year period is presented 
in Table 7. 

Table 7: Mean growth characteristics of coconut varieties after four year of planting. 

Varieties/ 
treatments Girth No. of 

leaves Petiole length No. of leaflets Total leaf length 

MGD 35.07 ± 5.34 c 31.8 ± 0.27 a 28.65 ± 1.56 ab 75.10 ± 10.40 bc 150.45 ± 12.20 bc 

SGD X VTT 34.85 ± 5.01 c 36.3 ± 0.51 a 23.28 ± 1.90 b 73.40 ± 11.15 c 136.85 ± 11.66 c 

NGBD 41.75 ± 6.39 bc 34.1 ± 0.30 a 31.09 ± 1.57 a 87.63 ± 12.18 abc 183.38 ± 15.48 ab 

IBD 43.13 ± 6.04 ab 35.0 ± 0.28 a 33.11 ± 2.19 a 91.10 ± 11.79 ab 194.79 ± 15.98 a 

NLD 52.76 ± 8.42 a 32.4 ± 0.30 a 32.51 ± 2.62 a 98.74 ± 11.94 a 192.41 ± 18.65 a 

P-value < 0.001 0.541 0.0136 <.0001 < 0.001 

F-value 10.290 0.821 13.392 6.421 8.835 

Df 4 4 4 4 4 
Means in the same column sharing the same letter(s) are not significantly different (P<0.05). 

Apart from leaf production where there were no significant differences among the tested 
varieties, significant differences were observed in the other parameters (i.e., stem girth, 
petiole length, leaf length and number of leaflets). The biggest stem girth was observed in 
NLD (52.76 cm). The control treatment, SGD x VTT had the smallest girth of 34.85 cm; this 
was, however, statistically similar to the stem girth of MGD. Mean petiole length for four 
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years was significant (F = 13.392, p-value = 0.013). The variety NLD (32.51 cm), NGBD 
(31.09 cm) and IBD (33.11 cm) produced longer petioles than the control variety, SGD x 
VTT (23.28 cm). The varieties NLD, NGBD and IBD produced significantly longer leaf 
length compared to MGD and SGD x VTT (F = 8.835, p-value < 0.001). The highest mean 
number of leaflets was observed in NLD (98.7) with the least in SGD x VTT (73.4). No 
incidence of CSPWD was recorded during the first four years after planting.  

Conclusions 
The rate of growth and development of young coconut palms is an important predictor of 
the palm’s vigour and productivity (Andoh-Mensah et al., 2011). The growth parameters 
observed in the four promising varieties (i.e., NLD, IBD, NGBD and MGD) over the four-
year period were promising. In all instances, the four varieties either performed better than 
or were equal to the control variety (SGD x VTT). The SGD x VTT is the hybrid currently 
planted by farmers in Ghana as a disease tolerant material. The four varieties therefore 
represent potential coconut types that can be used in the breeding programme and for 
rehabilitating the coconut industry in Ghana. With the commencement of fruiting in the 
palms, yield data will be used to confirm the preliminary observations made from this study 
on these varieties. While no incidence of CSPWD was recorded in the trial field, continuous 
monitoring of the palms will be continued. 

2.2. Mexico 

2.2.1. Introduction 

Lethal yellowing in the Americas and related diseases elsewhere have killed millions of 
palms, mostly coconuts (Gurr et al., 2016), it is associated with the presence of 16SrIV 
group phytoplasmas affecting primarily the very susceptible Atlantic Tall (AT) variety 
(Harries, 2001; Ntushelo et al., 2013). For LY management strategy, the most important 
factor should be the use of LY-resistant germplasm. Screening for LY resistance started in 
Mexico based on historic in 1571-1816 but only recently in the Mexican Pacific Coast region 
different coconut populations could be identified and collected, the most susceptible variety 
was AT and the most resistant was MYD, but also two ecotypes, Mexican Pacific Tall 1 
(MXPT-1) and MXPT-2, were resistant (Zizumbo-Villareal, 1996). In parallel INIFAP 
produced hybrids with MYD and pollen from different coconut tall populations also from the 
Pacific Coast of Mexico.  

The MXPT ecotypes and the Dwarf x Tall hybrids have been useful as a basis for replanting 
programs in Mexico. Within a project coordinated by International Coconut Resources 
Network (COGENT), a set of six hybrids produced in Centre de Recherche Scientifique sur 
le Cocotier (CRSC, Port-Bouët, Ivory Coast) were introduced in 2003, and together with six 
hybrids produced in Mexico, all were tested in a trial in Pailebot (Tabasco, Mexico) (Castillo, 
2005; Castillo and Oropeza, 2005). This trial was aimed to the evaluation of productivity 
and germplasm-environment interaction. Of 960 hybrid plants that were tested, 304 died of 
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causes different from lethal yellowing, leaving 656 that were exposed to the disease. The 
disease killed 173 plants. Coconut palms dying of LY could also be observed within the 
vicinity surrounding the trial area, but also as far as Cardenas Town to the South and to 
southern part of Veracruz State. More recently, there have been introductions from El 
Salvador and Brazil of Brazilian Green Dwarf (BGD) plants and seed. A trial was 
established in Ojoshal in 2016 for testing survival of BGD and another local germplasm. 
This trial consists of two parts, Chun Kopte I with YGD already bearing fruit and Chun 
Kopte II that is being established with ST, BGD and susceptible palms.  

2.2.2. Existing trial sites 

The Ojoshal site (4 ha) is in the Ojoshal Ejido in the municipality of Cárdenas, Tabasco 
State in Mexico (18°09’07.5” N /90°06’09.6” W) (Figure 31). Plants included in the trial are 
described in Figure 32; they were established with a triangular arrangement and a distance 
between palms of 7.5 m. This trial is close to another trial where coconut hybrids were 
previously tested. 

 

 
Figure 31: Trial to test survival to LY of different coconut varieties at a site in Ojoshal, Tabasco. 
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Figure 32: Layout of coconut palms trial in Ojoshal, Tabasco, germplasm included. 

The Chun Kopte I site is located outside of Ticul Town in the municipality of Ticul, Yucatán 
State in Mexico (20°24´15” N /89°30´53” W). It consists of YGD plants established with a 
triangular arrangement and a distance between palms of 8 m (Figure 33). Monitoring 
sampling, PCR detection and molecular analysis were carried out regularly as far as 
possible to cross confirm LY possible presence. 

 
Figure 33: Layout of coconut palms trial Chun Kopte I in Ticul, Yucatan, where Yucatan Green Dwarf 
(YGD) coconut palms are already producing. In this site there have been already recent PCR 
detections of lethal yellowing phytoplasmas in three YGD coconut palms (palms inside red squares). 
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2.2.3. Trial establishment 

The Chun Kopte II trial (4 Ha) was established (Figure 34) in early 2019 and it is next to 
Chun Kopte I. For establishment the plot was cleared of vegetation and traced topologically 
with a triangular arrangement for the location of the palms with a distance between palms of 
8 m. Maintenance of trials is carried out as described by Cortázar (2011). Plants that were 
planted are Brazilian Green Dwarf, Saladita Tall and Pritchardia pacifica, a susceptible 
palm according to McCoy et al. (1983) and Howard (1995). 

 
Figure 34: Layout of coconut palms trial Chun Kopte II in Ticul, Yucatan. There are 317 Saladita Tall 
coconut palms and 45 Pritchardia pacifica palms in the west side, and there are 277 Brazilian Green 
Dwarf coconut palms and 40 P. pacifica palms in the east side. 

2.2.4. Lethal yellowing symptoms 

Monitoring of appearance of lethal yellowing symptoms was carried out every month 
following the symptom description reported by McCoy et al. (1983). 

2.2.5. Plant tissue and insect sampling 

Sample were taken from the palm trunk by drilling a hole at approximately 1.5 m above the 
ground and the shavings are collected within a plastic bag (Oropeza et al., 2020). In the 
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case of young palms or weed vegetation a sample is taken from an immature leaf. Samples 
are kept in an ice box for transportation to the laboratory. Insects are more easily collected 
during the morning from the abaxial side of the leaves of palms, preferably of those 
showing LY symptoms (Oropeza et al., 2020). Once captured, they are kept in tubes within 
a cool container. Identification at the laboratory is carried out under a stereoscope using 
keys of morphological characteristics (Triplehorn et al., 2005). DNA extraction from tissue 
samples and insects and detection and identification of lethal yellowing phytoplasma  
presence by nested-PCR, qPCR and/ or sequencing. 

2.2.6. Statistical analyses 

With the number of records of plants affected by LY per month of all cultivars established in 
the trials, the cumulative incidence curve of lethal yellowing were produced. Batches of 23 
plants of each cultivar were compared by pairs of cultivars to see if there are differences with 
T tests. A batch of one cultivar was taken at random beforehand for comparison test and to 
know if they have different statistical behavior. The percentage of incidence was calculated 
from those affected on the total of exposed according to the criteria by Been (1981). 

2.2.7. Results and discussion 

Ojoshal trial (Tabasco)  
LY has been present in the area of the Ojoshal trial and surroundings, monitoring in 2015-
2016, showed the loss of coconut palms and LY detection in weed species and in H. crudus 
insects and nymphs. LY detection of H. crudus, weed species and a coconut that died has 
also been obtained in Cardenas Town (Table 8), south of the Ojoshal-Pailebot area.  

Table 8: Detection of 16SrIV phytoplasmas in different materials collected at different sites in 
Tabasco, Mexico. 

Site Material sampled 
Positive / total tested 16Sr 

Subgroup Year Tropicsafe 
qPCR Nested PCR 

Pailebot 

Coconut 
MYD x MXPTOrtega 
MYD x MXPTCopala 

MRD 

 
NT 
NT 
NT 

 
1/1 
1/1 
1/1 

 
IV-A 
IV-A 
IV-A 

 
2016 
2016 
2015 

 
No 
No 
No 

Cardenas Chactemal hybrid NT 1/1 IV-A 2018 Yes 

Pailebot 

Weeds 
Digitaria abyssinica 
Digitaria insularis 
Portulaca pilosa 

Brachiaria mutica 
Eustachis petrea 
Eustachis petrea 

 
2/2* 
1/2* 
1/2* 
NT 
NT 
NT 

 
NT 
NT 
NT 
3/6 
5/8 

16/20 

 
ND 
ND 
ND 
IV-A 
IV-A 
NDa 

 
2012 
2012 
2012 
2017 
2017 
2019 

 
No 
No 
No 
Yes 
Yes 
Yes 

Cardenas Other palms 
Adonidia merrillii NT 4/5 IV-A 2017 Yes 
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Pailebot 
Insects 

Haplaxius crudus (adult) 
H. crudus (nymph) 

NT 
NT 

3/53 
6/33b 

IV-A 
IV-A 

2018 
2018 

Yes 
Yes 

Cardenas H. crudus (adult) 
H. caldwelli (adult) 

NT 
NT 

6/45 
1/6 

IV-A 
IV-A 

2018 
2018 

Yes 
Yes 

NT, not tested. ND, not determined. a, sequencing in process. b, collected in the rhizosphere of Eustachis 
petrea. MYD x MXPT, Malayan Yellow Dwarf x Mexican Pacific Tall, the latter being from Ortega or Copala. 
MRD, Malayan Red Dwarf. 

In all the cases when the identification of the phytoplasmas was carried out, they were 
identified as belonging to 16SrIV-A subgroup. Palms within the Ojoshal coconut trial, are 
bearing fruit, which is the time when they apparently become more susceptible to the 
disease. However, no palms have shown LY symptoms or died due to this disease. A few 
BGD palms have been lost due to other causes, such as palm weevil / red ring and by 
Lasiodiplodia theobromae (Figure 35). The results of this trial are summarized in Table 9. 

 
Figure 35: Brazilian Green Dwarf palms affected by palm weevil / red ring (A-D) and by Lasiodiplodia 
theobromae (E-G) in Ojoshal trial, Tabasco. 
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Table 9: Growth stage of Brazilian Green Dwarf coconut palms in Ojoshal, Tabasco, February 2022. 

Girth Petiole 
length (cm) 

Total leaf 
length 
(cm) 

No. of 
leaflets 

No. of 
bunches / 

plant 

No. of nuts / 
bunch 

No. female 
flowers / 

inflorescence 
93.3 ± 1.2 115.8 ± 2.9 404.7 ± 5.9 174.7 ± 2.2 9.05 ± 0.2 9.4 ± 0.4 16.02 ± 1.0 

 
Brazilian Green Dwarf 

Chun Kopte trial (Yucatán)  
Chun Kopte has two sites close to each other: one is Chun Kopte that consists of 585 YGD 
coconut palms (Figure 33). Palms are bearing fruit (Table 10), which is the time when they 
apparently become more susceptible to the disease. However, no palms have shown LY 
symptoms or died due to this disease. Actually, three palms (Figure 36) developed LY 
symptoms, were PCR positive for LY presence and died within 2018. No more losses have 
occurred as March 2022. The BGD and ST coconut plants in Chun Kopte II established in 
2019 have grown (Table 11) and no losses due to LY, or any other cause, have occurred as 
March 2022. 

 
Figure 36: Coconut palms of YGD variety that developed symptoms were positive to the PCR 
detection of phytoplasmas and died within 2018 in Chun Kopte I in Yucatán, Mexico. 
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Table 10: Growth stage of Yucatán Green Dwarf coconut palms in Chun Kopte I, Ticul, Yucatán, 
February 2022. 

Girth Petiole 
length (cm) 

Total leaf 
length 
(cm) 

No. of 
leaflets 

No. of 
bunches / 

plant 

No. of nuts / 
bunch 

No. female 
flowers / 

inflorescence 

132 ± 14 118.6 ± 7.4 359.8 ± 34 180 ± 4.4 10.6 ± 0.9 13 ± 3.3 132 ± 14 

 

Yucatán Green Dwarf 

Table 11: Growth stage of coconut palms in Chun Kopte II, in Ticul, Yucatán (February 2022). 

Variety / Cultivar Girth (cm) No. of leaves Total leaf length (cm) 
Brazilian Green Dwarf 53.4 ± 8.1 13.8 ± 2.1 161 ± 20.4 

Saladita Tall 51.6 ± 8.0 11 ± 1.2 201.8 ± 23.3 

 
Brazilian Green Dwarf 

 
Saladita Tall 
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Monitoring of coconut survival to LY in additional sites 
While in the process of monitoring Chun Kopte I and establishing Chun Kopte II, an 
outbreak of LY took place in a coconut plot named Caridad del Cobre in San Crisanto, 
Yucatán (Table 12). In this plot there were coconut palms of the very susceptible variety 
Atlantic Tall and 93% of them were lost. Next to it, within a 1 km ratio, there is a plot 
established with the LY-resistant Mexican Pacific Tall ecotypes and another one with the 
Yucatán Green Dwarf and there were no losses at all in both sites. In late 2019 a plot 
(about 2 Ha) was established with Brazilian Green Dwarf palms next to the Caridad del 
Cobre site. So far, there has been no losses at all. Other sites planted with Pacific Tall 
Ecotypes including Saladita Tall, Brazilian Green Dwarf, Malayan Green Dwarf and 
Yucatan Green Dwarf Brazilian, located in different states of México in areas where LY is 
present, have been monitored during the project for losses due to LY (Table 13). So far as 
March 2022, no plants losses due to LY have been observed. 

Table 12: Monitoring coconut survival to LY in Caridad del Cobre, Yucatán. 

Plants Hybrid x Hybrid Atlantic Tall 
At start of outbreak 254 57 

Killed by LY 118 53 
% Killed by LY 46 % 93 % 

 
Coconut plants dying of LY in Caridad del Cobre in San Crisanto 

Table 13: Coconut LY resistance trials in Mexico. 

Location Coconut genotypes Status and observations 
(2022) 

Gulf of 
Mexico Tabasco Ojoshal 

Brazilian Green Dwarf 
Yucatan Green Dwarf 
Malayan Yellow Dwarf 

Cartamex-01 

No losses due to LY 
 

Coconuts in the vicinity died 
due to LY 

Yucatan 
Peninsula Yucatán 

Ticul, Chum Copte I Yucatan Green Dwarf 
Three YGD coconuts died 

due to LY (0.5% of the 
palms in the site) 

Ticul, Chum Copte II Brazilian Green Dwarf 
Alto Saladita No losses due to LY 

Caridad del Cobre, 
San Crisanto 

Hybrid x Hybrid 
Atlantic Tall 

Large losses due to LY 
(93% AT) 
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2.2.8. Conclusions 

In the trials established and / or monitored in Tabasco and Yucatán states to determine the 
resistance or susceptibility to LY of different coconut varieties or cultivars, there have been 
as April 2022 no losses due to LY, with the exception of three YGD coconut palms in Chun 
Kopte I in Ticul, Yucatán, but representing less than 1% of the plants in the trial. Similarly, 
no losses due to LY have been observed in additional sites in Colima, Guerrero, Veracruz 
and Yucatán states that have been also monitored (Table 14).  

Table 14: Monitoring of coconut survival to LY in additional sites. 

Location Coconut genotypes Status and 
observations (2022) 

Pacific 
Coast 

Colima Tecomán 
Cuyutlán 

Pacific Tall Ecotypes 
Pacific Tall Ecotypes No losses due to LY 

Guerrero 
Tecpan de Galeana 
Tecpan de Galeana 
Las Tunas 

Pacific Tall (Saladita) 
Brazilian Green Dwarf 
Brazilian Green Dwarf 

No losses due to LY 

Gulf of 
Mexico Veracruz Medellín Malayan Green Dwarf 

No losses due to LY 
 

Two A. merrillii palms 
died due to LY 

Yucatán 
Peninsula Yucatán 

Mérida Pacific Tall Ecotype 2 
Three YGD coconuts 

died due to LY (0.5% of 
the palms in the site) 

San Crisanto 
Pacific Tall Ecotypes 
Yucatan Green Dwarf 
Brazilian Green Dwarf 

No losses due to LY 
 

Coconuts and other 
palm species in the 

vicinity died due to LY Caridad del Cobre, 
San Crisanto 

Hybrid x Hybrid 
Atlantic Tall 

 

It is too early to consider that this definitively shows the level of resistance of coconut 
germplasm within these trials. It is important however, also to consider that the LY inoculum 
is present in the sites. In Yucatán and Tabasco, for instance, coconut palms died in small 
numbers regularly (as in the case of the areas of the Ojoshal and Chun Kopte trials), but also 
there was a very important outbreak at Caridad del Cobre in Yucatán, where susceptible 
coconut trees were planted, all of them started to die suddenly and 93% were finally lost, 
even though the coconut palms in the surrounding areas were not affected. According to this 
experience, a similar event should have been expected to occur in the trials of Ojoshal and 
Chun Kopte and the other in Table 14 if any of these coconut materials happened to be 
susceptible. The lack of losses observation in these plants, supports the possibility that they 
could be resistant to LY. Finally, it seems that it is a good strategy to search for LY resistant 
coconut germplasm and use it for replanting as part of LY management, and therefore it also 
important to use efficient means of propagating these materials, such as micropropagation 
and to exchange it with other countries as done to Cuba and Jamaica (Figure 37), and 
eventually transfer to them the micropropagation technology as well. 
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Figure 37: Exchange of coconut germplasm resistant to lethal yellowing from Mexico to other 
countries. Personnel of CICY supporting personnel of IIFT in Cuba to carry out the acclimatization 
process of the vitro-plants received in Cuba. 

2.3. Jamaica 

2.3.1. Introduction 

The main coconut growing areas is mainly in the eastern areas of the Country, but coconuts 
are slatternly planted in non-traditional areas (Figure 38). 

 
Figure 38: Map of Jamaica showing where coconuts (traditional) crops are grown. 

In Jamaica the coconut breeding program to develop varieties/hybrids resistant to LY 
disease commenced in the 1960s and the main focus was to find varieties/hybrids that were 
resistant to lethal yellowing disease, high yielding, large nuts suppling large volume of water 
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and thick endosperm delivering good oil content. All of the introductions of varieties from 
elsewhere had this intended LY resistant purpose as an important focus. The introduced 
varieties and local hybrids were placed in resistance trials over the years. In Jamaica from 
the 1961 to the 1970 varieties were tested in resistance trials with 5,700 palms, all except 
one variety planted in replicated trials. These trails indicated, in that period, quite clearly the 
susceptibility and resistance of the Talls and Dwarfs varieties (Figure 39).  

 
Figure 39: Analysis in six trials in Jamaica (Been, 1981). The predicted losses in an average 
environment were calculated based on the additive component Si (Baudouin et al., 2009). 

The Panama Talls were very susceptible to the lethal yellowing disease when compared 
with the Malayan Dwarfs. All the varieties in the resistant trials were significantly affected by 
the lethal yellowing disease and sustained losses of 95-98% in the outbreaks of lethal 
yellowing in the late ‘90s and the following decades. 

Jamaican MYD (Malayan Yellow Dwarf) represents an exception among MYDs in that it is 
visually more heterogeneous than populations from other countries. This cultivar was 
introduced to Jamaica at different periods. The seeds never came directly from Malaysia. 
Whitehead 1966 reported that first importations of MYD and Malayan Red Dwarf (MRD) 
from Miami took place in1939 and in 1940. Only four individuals survived and had 
progenies living in 1966. In the second case, MYD was introduced from Sri Lanka or 
Malaysia via Trinidad. There were two survivors and 15,000 progenies existed in the West 
End in 1966. However, the majority of the MYD present on the island resulted from later 
importations from Santa Lucia after serious hurricanes in 1944 and in 1951. Some 70,000 
Malayan Dwarfs were imported before 1951.The initial source material in Santa Lucia 
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consisted in 18 Malayan Dwarfs (six Green, six Red and six Yellow), imported from 
Malaysia (then the Federated Malayan States) (W. Myrie, unpublished, Lebrun et al., 2008). 

The Malayan Dwarfs and the first hybrid at the time to made, the Maypan, resuscitated the 
coconut industry in Jamaica in the 1970s and ‘80s. In the late 1990s all varieties and 
hybrids became susceptible in vary degrees to the lethal yellowing disease. 

2.3.2. Genetic analysis of Malayan Yellow Dwarf populations in Jamaica 

It was verified that affected planting material in Jamaica was genetically the same as the 
material shown to be resistant. The DNA of MYD palms sampled in four locations in Jamaica 
was compared with a reference DNA of the same cultivar collected in five different countries. 
The results of these analyses showed more variation at 34 simple sequence repeat loci in 
Jamaica than in the rest of the world providing clear evidence for the presence of about 16% 
of alleles that do not match the typical MYD genotype (Table 15). These alleles appear to 
have already been present in the introduced germplasm. This rule out a possible cause of the 
new outbreak since the observed heterogeneity may have caused some loss of resistance 
but is insufficient to explain a massive outbreak of the disease (Lebrun et al., 2008). 

Table 15: Summary results of genotyping of the MYD in reference samples and in Jamaica (Lebrun 
et al., 2008). 

Collected 
Country No. 

Homozygotes (%) Heterozygotes (%) Heterozygo
sity rate 

(%) 
 
 

E 

Percentage 
of non-
typical 

alleles (%) 
 

F 

 
For MYD 

alleles 
 

A 

For non-
typical 
alleles 

 
B 

With 1 
MYD 
allele 

 
C 

With 2 
non-

typical 
alleles 

D 
Ivory Coast 20 100.0 0.0 0.0 0.0 0.0 0.0 
Mexico 3 100.0 0.0 0.0 0.0 0.0 0.0 
Philippines 10 99.4 0.6 0.0 0.0 0.0 0.6 
India 10 92.6 2.4 5.1 0.0 5.1 5.0 
 9 97.1 2.6 0.4 0.0 0.4 2.8 
Malaysia 12 99.7 0.0 0.3 0.0 0.3 0.1 
Average        
All data 55 98.5 0.5 1.0 0.0 0.96 1.1 
Without F1 hybrid 54 99.4 0.5 0.1 0.0 0.12 0.58 

Jamaica        
Fair Prospect (FP) 5 86 5 9 0 9 14 
Barton Isles (BI) 31 86 9 4 1 5 13 
True type (Ypt) 7 94 3 3 0 3 6 
Off type (Ypo) 5 76 8 15 2 17 23 
Hermitage (H) 11 74 9 15 1 17 25 
Ballard Valley (BV) 10 72 13 13 3 16 27 
Average        
All data 69 82 9 8 1 9 17 
Without F1 hybrids 67 84 9 6 1 7 16 
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2.3.3. Genetic analysis of Panama Tall populations in Jamaica 

Bayesian population assignment methods were applied to assess the trueness to type of 
four populations of the coconut cultivar Panama Tall (PNT) located in Jamaica and two of 
them presented a high percentage of off-types, while genetic contamination was low in the 
two others. The PNT is the pollen parent of the Maypan hybrid used to be planted in 
Jamaica to control LY. The main source of contamination was the susceptible Jamaica Tall, 
thus increasing the susceptibility in the resulting Maypan progeny. The incidence of genetic 
contamination seems however to be insufficient to be the only cause of the latest outbreak 
of the disease (Baudouin et al., 2008). 

In order to calibrate the hybridization criteria, the normal variation range of heterozygosity 
and assignment scores among PNT of known origin was determined. Figure 40 represents 
the results for the typical PNTs. Individuals were given increasing score for their population 
of origin. For the score associated with the typical PNT it varied from 3 to 10 with the 
exception in one individual. The PNT cultivar is the father parent of the Maypan hybrid, 
which has been planted extensively in Jamaica during the last 48 years, as a control 
measure against LY. The PNT itself was not resistant but showed a mortality rate of 38–
67% at 10 years and Malayan Dwarfs’ mortality rate was 0-10%. The Maypan was the best 
hybrid with 4 and 21% mortality rate according to Been (1981). Figure 41 represents the 
results of the PNT planted at Green Castle and Bowden. They behaved very much like the 
Panama reference populations, except for individuals GC/1313 and GCb/2187, which were 
identified as F1 hybrids between PNT and JMT. Results for all the individual palms are 
summarized inTable 16. 

 
Figure 40: Assignment scores and heterozygosity in the true Panama Tall. Individuals ordered 
according to the score for the typical Panama Talls. The trueness of individual PNTty1 120 (to the 
right) is dubious. It was excluded from subsequent analyses (Baudouin et al., 2008).  
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Figure 41: Assignment scores and heterozygosity at Green Castle and Bowden. All individuals 
conformed except for GC/1313 and CCb/2167 which are PNT x JMT F1 hybrids. (Baudouin et al., 
2008). 

Table 16: Summary results of tested materials in Jamaica. 

 No. of 
palms 

True Panama 
Tall Dubious 

Hybrids with JMT 
F1 BC1 

Theoretical percentage 
of Panama Tall genes  100% n.a 50% 25% 

Bowden 10 10 100%       

Green castle          

Unspecified colour 
A (green) 
B (intermediate) 
C (bronze) 
Average 

10 
10 
10 
9 
39 

9 
10 
9 
9 
37 

90% 
100% 
90% 
100% 
95% 

  

1 
 
1 
 
2 

10% 
 

10% 
 

5% 

  

Plantain garden          
A (green) 
C (bronze) 
Average 

15 
11 
26 

10 
9 
19 

67% 
82% 
73% 

3 
2 
5 

20% 
18% 
19% 

2 
 
2 

13% 
 

8% 
  

Agualta Vale 11 5 45% 2 18% 3 27% 1 9 

Total 86 71 83% 7 8% 7 6% 1 1 

 

Despite uncertainties about the status of some of the pollen sources, genetic contamination 
in the PNT was probably not the main reason for the increased mortality in the Maypan. 
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Firstly, this cultivar has never been fully resistant; secondly, the most contaminated pollen 
sources do not appear to have been used in large quantities. The presence of up to 26% of 
JMT genes in a number of pollen batches was certainly sufficient to increase substantially 
mortality in a few plantations, but not to cause the massive losses. It was concluded that 
neither the Maypan nor its parents can be said truly and permanently resistant.  

2.3.4. Special Malayan Dwarf yellowing  

From studies of the Malayan Dwarf population “selfing” over time was planned to reduce 
levels of contamination and have planted Special Malayan Dwarfs seedlings in lethal 
yellowing infected areas and non-lethal yellowing areas. This first set of seedlings were 
planted in 2008 at Spring Gardens where they were monitored for lethal yellowing infection. 
There was the loss of the 6%of the population due to LY (Figure 42) and it was concluded 
that the Special Malayan Dwarfs were standing up to the disease. 

 
Figure 42: Special Malayan Dwarf resisting lethal yellowing disease at Spring Garden, Portland. 

2.3.5. Monitoring the Brazil Green Dwarf and other varieties introduced from Africa 

Seven thousand five hundred (7,500) seed nuts were received from the GeneBank in the 
Ivory Coast in 2009. These were planted in three variety collections and have since come 
into bearing. A total of 615 seed nuts has been reaped to date from nine (9) of the fifteen 
(15) varieties and set in local nurseries (Table 17), in order to increase the respective local 
populations. From these, 210 seedlings were obtained, which were set in one observation 
plot so far. Immature vegetative data were collected at the IC2009 R1 Observation Plot at 
Trade Winds Cits Company Jamaica in Bog Walk, St. Catherine. This site represents the 
first local replication of the varieties introduced and are being tested under local farmers’ 
conditions. Some seedlings from the local Thailand Tall population were also planted as 
fillers (Annual Report, 2017).  
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Table 17: Trade Winds IC2009 R1 Observation Plot Immature Vegetative Data (Annual Report, 
2017). 

Variety Acronym No. 
planted 

No. 
alive 

Survival 
(% of 

planted) 

Mean girth at 
soil level (cm) 

Mean No. 
of leaves 

Aromatic Green Dwarf AROD 39 31 79.5 25.9 +/- 8.98 8.4 +/- 1.82 

Brazil Green Dwarf BGD 34 21 61.8 28.0 +/- 7.80 9.5 +/- 0.98 

Catigan Green Dwarf CATD 7 3 42.9 23.7 +/- 4.99 8.7 +/- 1.89 

Kinabalan Green Dwarf KIND 13 10 76.9 23.9 +/- 6.71 7.8 +/- 1.23 

Palu Tall PUT 6 4 66.7  24.8+/- 6.41 9.0 +/- 2.12 

Philipog Green Dwarf PILD 44 33 75.0 20.7 +/- 8.07 7.3 +/- 1.89 

Tacunan Green Dwarf TACD 26 17 65.4 25.8 +/- 8.45 8.9 +/- 1.54 

Tahitian Green Dwarf TRD 5 0 0.0 N/A N/A 

Thailand Tall [Local] MPET 49 42 85.7 36.0 +/- 11.86 9.6 +/- 1.88 

Total - 223 161 72.2 - - 

Mean - - - - 24.7 8.5 

Standard deviation - - - - 2.28 0.75 

2.3.6. Replication of coconut germplasm at the field GeneBank in plantain Garden, 
St. Thomas  

The coconut is described as a recalcitrant crop, meaning that the seednuts cannot be held 
for long periods of time without germination. Germplasm conservation is best carried out 
therefore in field GeneBanks, which need to be renewed by replication at intervals of about 
15 to 20 years. The Field Station at Plantain Garden hosts important varieties and hybrids, 
and represents the major Coconut Field Genebank in the Caribbean. Some of these are 
very difficult to replace as they are rare. These include the Peru Tall and the Cuban Dwarf. 
Varieties present were collected over an extended period, the latest being the 
consignments from Ivory Coast in 2009 and 2012. In fact, the world’s largest Coconut Field 
Genebank (from which many of these were sourced and could be replaced) is also now 
itself at risk from an outbreak of lethal yellowing disease. Replication at Plantain Garden is 
now due, especially with the threat of lethal yellowing disease at this site. This replication 
has commenced, with sib-pollination of the tall varieties and self-pollination of the dwarf 
varieties. 

2.3.7. Lethal yellowing outbreak at Plantain Gardens, Sunny Hill, St. Thomas 

Lethal yellowing disease first appeared at Plantain Garden Seed Garden about ten years 
ago with three cases observed among Cuban Dwarfs. These were immediately felled and 
there were no further cases observed, until the outbreak in late 2016. In fact, no cases were 
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observed in the general community of Sunning Hill over the years. Control interventions 
employed included prompt removal of the affected palms at the seed garden, as well as 
those at a neighboring farm and the general community of Sunning Hill. This has prevented 
the disease occurrence from entering the explosive phase at this site. The progress of the 
disease during the year is illustrated below as number of palms felled by month (Figure 43) 
(Annual Report, 2017). 

 
Figure 43: Monthly deaths of coconut palms at Fair Prospect, Portland. 

2.3.8. Concluding remarks 

The Malayan Dwarfs and the first hybrid at the time to made, the Maypan, resuscitated the 
coconut industry in Jamaica in the 1970s and ‘80s. In the late 1990s all varieties and 
hybrids became susceptible in vary degrees to the lethal yellowing disease. Jamaica has 
the largest collection of coconut germplasm in Latin America and the Caribbean. Breeding 
of a resistant variety can provide a more direct and efficient approach to combat 
phytoplasma diseases. This was achieved two times in Jamaica with the production of the 
Maypan hybrid and the Special Malayan Dwarf Yellows. The breeding programs for 
resistance to LY carried out in Jamaica are detailed reported giving the basis to understand 
the present situation of resistant germplasm available for further possible breeding for 
coconut palms LY resistance in the Caribbean areas. It is under study now the Brapan that 
is one of the newest hybrids made in the local breeding program. Production and release of 
this hybrid began at Barton Isles and it is currently being tested in trials in comparison with 
the Maypan hybrid that is also distributed to farmers. Results so far show similarity in 
performance to the Maypan.  
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3. Improved germplasm resistance/tolerance, features and 
performance to grapevine yellows 

3.1. Introduction 

Grapevine cultivation and grape and wine industry worldwide are seriously threatened by 
several yellows diseases associated with phytoplasma presence, which are present with 
diverse prevalence in all the grapevine growing countries. Damages associated with the 
presence of grapevine yellows (GY) span from a lower yield of berries to the death of the 
plants. The management strategies available are mainly based on uprooting symptomatic 
and infected plants and on the use of insecticides to reduce the number of the known insect 
vectors. However, in a view of a more sustainable agriculture, they should be flanked by 
new approaches, such development of resistant plant material. Intraspecific (Vitis vinifera 
cultivars) and interspecific (hybrids and rootstocks) variability in grapevine susceptibility to 
yellows diseases is well known from field experience and observations, but literature 
references are available (Boudon-Padieu, 1996; Borgo and Angelini, 2002; Borgo et al., 
2006; 2009; Eveillard et al., 2016; Maixner, 2006; Moutous et al., 1977; Murolo et al., 2010; 
Pavan et al., 2012; Schvester et al., 1967) and suggest the existence of specific genetic 
features associated with resistance to the phytoplasmas and/or to their insect vectors. 
Some molecular studies aimed to identify grapevine genetic traits involved in the response 
to yellows infection were carried out in the last few years. Qualitative and quantitative 
changes in protein, gene expression and miRNA profiles were investigated in Chardonnay 
and a few other varieties (Albertazzi et al., 2009; Hren et al., 2009; Margaria et al., 2014; 
Snyman et al., 2017). A more recent work carried out using the cultivar Chardonnay, very 
susceptible, and the cultivar Tocai friulano, more resistant, showed that the comparison of 
the transcriptomic response of the two varieties highlighted both passive and active defence 
mechanisms against the insect vector and/or the pathogen in the more resistant variety, as 
well as the repression of a defence reaction against the insect in the susceptible variety in 
the presence of the phytoplasma (Bertazzon et al., 2019).  

In the project the aim is to find genetic traits associated to resistance/susceptibility to 
grapevine yellows by i) producing new grapevine plants by crossing the cultivar Tocai 
friulano and Chardonnay. Phenotyping and genotyping the segregating population planted 
in experimental vineyards. Generating a genetic map using genotyping by sequencing 
(GBS). These phenotypic and molecular information are necessary to find out Quantitative 
Trait Loci (QTL) related to grapevine yellows resistance and susceptibility. Ii) Comparison 
between GBS data and the RNAseq data produced by CREA (Bertazzon et al., 2019) in 
order to identify grapevine metabolic pathways or genes differing in the two varieties and 
putatively associated to resistance/susceptibility. Iii) Next generation sequencing (NGS) of 
the complete genome of three Chardonnay clones with different susceptibility: two very 
susceptible and one less susceptible. iv) In parallel, identification and comparison of the 
RNAseq data produced in a field experiment involving GY-infection of two of these clones. 
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In D3.3 i) and ii) results were reported, further results of these experiments, the 
bioinformatic elaboration of data and the candidate genetic traits associated to resistance to 
GY are presented here.  

3.2. Establishment of a second experimental vineyard (Veneto)  

A total of 7 genotypes derived from the F1 crossing 2011 and not yet multiplied, together with 
other 129 genotypes derived from the F1 crossing 2017, were multiplied by grafting onto SO4 
rootstock, in order to obtain at least 24 grafted plants per each genotype in March 2020. In 
parallel, as planned, a selection of 41 varieties and/or clones with opposite feature, i.e. very 
or scarcely susceptible to GY, were screened from literature and CREA experimental field 
data and multiplied by grafting onto SO4 in March 2020, to obtain at least 24 grafted plants 
per each genotype. All these plants were then planted together in an experimental vineyard 
close to CREA in Conegliano (Treviso, Veneto, Italy) in June 2021, following a partially 
randomized scheme. Indeed, the whole vineyard was divided into three main parcels, and 
inside each parcel the plants were planted randomly in blocks of eight grapevines.  

3.2.1. Vineyard with new F1 plants  

A total of 4,000 plants, derived from multiplication of 136 different genotypes, were planted 
in the experimental vineyard close to CREA in Conegliano in June 2021. Plants were 24 for 
each genotype, distributed in three replicates of 8 plants each (Figure 44). They were 
obtained by crossing Chardonnay and Tocai friulano, in two different crossing campaigns 
(2011 and 2017).  

 
Figure 44: Map of the vineyard planted in Conegliano (Treviso, Veneto, Italy) in June 2021 with 
grapevine F1 populations from 2011 and 2017. Plants are almost 4,000, planted in 41 rows. Each 
square includes four plants. Parental genotypes (Chardonnay and Tocai Friulano) are in yellow or 
green. F1 grapevine plants in excess, not included in the trial, were placed on the border and are 
marked in violet. 
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About 10% of the plantlets died in the first months of plantation due to the high temperature 
and the dryness, thought they were irrigated every week. For this reason, new grafting 
campaigns were carried out in March 2021 and 2022, in order to replace the missing and 
dead plants.  

3.2.2. Collection of very and scarcely susceptible grapevine varieties  

A total of 41 varieties and/or clones with opposite phenotype related to GY 
resistance/susceptibility were identified. In order to better perform further experiments on 
resistance/susceptibility, all these varieties and clones were grafted onto SO4 rootstock in 
March 2020 and planted in June 2021 in Veneto in the same vineyard that hosts the F1 
population (Figure 45). The list of clones and varieties chosen are reported in Table 18. 
Plants are almost 1,000, distributed into 14 rows (Figure 46). 

The leaf samples of the varieties for the molecular analyses were collected from the plants 
in the nursery in 2020 and from the new vineyard in 2021. The extraction of RNA was 
performed by Norgen kit (Plant /Fungi total RNA Purification kit), and RNA was stored at -
80°C until its use. 

Table 18: List of clones and varieties multiplied and planted in the experimental vineyard in 
Conegliano, Treviso, Veneto, in June 2021. 

ID Variety Clone ID Variety Clone 
1 Barbera  VCR 19 22 Moscato giallo  ISV5  
2 Cabernet franc ISV 1  23 Nebbiolo  VCR 172 
3 Cabernet Sauvignon  CL.15 24 OBI  - 
4 Chardonnay ISV5  25 Pamid  - 
5 Chardonnay R8 26 Perera -  
6 Chardonnay  VCR 4 (Musque) 27 Pinot bianco LB16 
7 Chardonnay  Biotipo Collalto 1 28 Pinot nero VCR 200 
8 Chardonnay  Biotipo Collalto 2 29 Primitivo G4  
9 Gamay -  30 Primitivo VCR 368  
10 Malbech ISV R6  31 Refosco dal peduncolo rosso  ISV-F1  
11 Malbech 594 32 Riesling Weiss/renano VCR 3 
12 Malvasia Istriana ISV-F 6  33 Rondinella  ISV CV 23  
13 Manzoni 2.14 -  34 Ruché  CVT 1 
14 Manzoni 2.15 VCR 479 35 Sauvignon blanc  ISV3 
15 Manzoni bianco 6.0.13 ISV SMA 2.22  36 Syrah  ISV-R 1 
16 Manzoni bianco 6.0.13  - 37 Tocai friulano  ISV6 
17 Marzemino  ISV-V-13  38 Tocai rosso  ISV CVI 17  
18 Merlot ISV-FV-4 38 Verdiso ISV-V 21 
19 Merlot R 12 40 Vespaiola  ISV 4 
20 Moscato bianco  CVT AT 57  41 Wildbacher -  
21 Moscato bianco VCR 221    
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Figure 45: Map of the new vineyard planted in Conegliano (Treviso, Veneto, Italy) in June 2021 with 
grapevine clones and varieties with opposite susceptibility to GY. Plants are approximately 1,000, 
planted in 14 rows. Each square includes 4 plants. Red varieties are in orange, white varieties in light 
pink. Parental genotypes of F1 population are in yellow and/or green (Chardonnay and Tocai 
Friulano). F1 grapevine plants in excess, not included in the trial, were placed on the border and are 
marked in violet. 
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Figure 46: Vineyard planted in Conegliano (Treviso, Veneto, Italy) in June 2021 with grapevine F1 
population 2011 and 2017 together with grapevine clones and varieties with opposite susceptibility 
to GY. 

3.3. Phenotyping of the first experimental vineyard (Piedmont)  

In May 2018 a total of 688 plants, derived by multiplication from 25 different genotypes 
obtained by F1 crossing 2011, were planted in an experimental vineyard with high pressure 
of grapevine yellows and its vector in Alba (Cuneo, Piedmont, Italy). Plants have been then 
cultivated following standard agronomic practices but avoiding insecticide treatments.  

In 2019 and 2020 the plants have been experimentally infected and phenotyped. The 
infection was carried out in 8 genotypes and the two parentals in 2019, while 9 genotypes 
and again the two parentals (planted in more replicates) were infected in 2020, using the 
same strategy. Approximately 3,000 potentially grapevine yellows-infected insect vectors 
were collected in June and July 2020 from three selected vineyards (one in Piedmont and 
two in Veneto) with manual entomological aspirator. Insects were transferred in net-cages 
placed on single grapevine plants in the experimental vineyard in Piedmont within 24 hours 
from the capture (Figure 47). Cages with insect vectors (approximately 20 insects on 
average per cage) were placed on 180 grapevine plants. Insects were left in the cage until 
they died. Yellow sticky traps were placed in the vineyard in 2020 and 2021 and changed 4 
times from July to September, to check the natural population of the vector. In 2020 a good 
population was present, that increased in 2021 (Table 19). 
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Figure 47: Experimental cages used for infecting the plants in the vineyard in Piedmont. Each cage 
contained approximately 20 vectors and was placed on each single plant in vineyard from July to the 
end of the vegetative season, to allow and maximize the possibility of infection. 

Table 19: Number of individuals of Scaphoideus titanus captured by sticky traps in 2020 (A) and 
2021 (B) in the experimental vineyard in Alba (Cuneo, Italy) planted with grapevine F1 population 
2011. One set of traps (2020, August 6) was missed. 

Trap 
ID 

A – Data 2020 B – Data 2021 
July 
17 

August 
6 

August 
21 

September 
4 

July 
29 

August 
19 

September 
2 

September 
27 

1 0 mt 43 31 131 3 16 8 

2 0 mt 15 9 121 2 6 7 

3 0 mt 7 22 4 3 0 3 

4 0 mt 8 6 3 1 0 3 

5 0 mt 14 5 108 4 14 2 

6 0 mt 11 19 50 2 4 2 

7 0 mt 3 9 106 1 2 7 

8 0 mt 31 7 3 1 4 5 
mt, missed traps 

Following infection, grapevine plants were visually surveyed every year. Many parameters 
were monitored and classified, related to development and to sanitary status: plant vigour, 
number of canes developed in the year, cane vigour, presence of bunches. Concerning the 
sanitary status, the parameters were: prevalence of the disease in the plants belonging to 
each genotype, cane lignification, necrosis of leaves and canes, kind of symptom 
(decolouration or leafroll), drying of bunches, spreading of the symptoms in the canopy 
(Figure 48). 
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Figure 48: Sanitary situation of experimental vineyard in Piemonte in 2021. 

Leaves were collected from symptomatic plants, DNA was extracted, and PCR analyses 
carried out, according to previous published protocols (Angelini et al., 2001; 2007). All 
samples were infected by the “flavescence doreé” (FD) phytoplasma, as expected. 
Molecular analyses are ongoing to assess the concentration of the phytoplasma in the 
different plants/biotypes. 

Depending on the genotype, a different number out of the total of the plants experimentally 
inoculated by the vectors became symptomatic the year after the inoculation. Survey in 
2020 showed that symptoms appeared in 32 out of 138 grapevine plants experimentally 
infected in 2019 (23%), while in 2021 symptoms appeared in 30 out of 178 grapevine plants 
experimentally infected in 2020 (17%).  

3.4. Genotyping the F1 plants in Piedmont and Veneto  

The genotyping of the F1 crossing population by GBS (Genotyping by Sequencing) was 
carried out. After optimization of extraction protocols, a screening by SSR (Simple 
Sequence Repeats) analysis on single plants was carried out to exclude the self-crossed 
progeny. After quality check, in 2019 188 samples were sent to sequence to a GBS 
sequencing facility in New Zealand using the restriction enzyme ApeKI (Elshire et al., 
2011). The DNA samples consisted in two Chardonnay, two Tocai friulano, 39 grapevine 
plants from F1 population 2011 planted in Piedmont (2018) and Veneto (2021), and 145 
grapevine plants from F1 population 2017, planted in Veneto in 2021. SNPs generated by 
GBS were filtered following these criteria: minimum read depth was set at 8; InDels were 
removed; minimum allele frequency (MAF) was set ≥0.01; maximum missing data per SNP 
was set at 20%; maximum missing data per genotype was set at 20%; markers segregating 



 
 

 

    83 

This project has received funding from the European 
Union’s Horizon 2020 research and innovation 
programme under grant agreement No. 727459 

in the population in the proportions 1:1 and 1:2:1 were selected (Taranto et al., 2016; 
D'Agostino et al., 2018; Miazzi et al., 2020). A total of 129,044 variant sites were identified 
by GBS, and after bioinformatic filtering 8,556 high quality SNPs and 161 F1 individuals 
were selected. These SNPs and 10 SSRs were used to create a high-density genetic 
linkage map, using JoinMap version 4.0 and the Regression Mapping, Kosambi’s function 
(2 rounds), fixing the following parameters: chi-square test [X2 (p < 0.05, DF = 1)], LOD for 
grouping in linkage group (LG) set from 6.0 to 10.0 (Figure 49, Table 20).  

 
Figure 49: Graphic representation with R package, Linkage Map View, of the genetic linkage map 
obtained from the GBS data after bioinformatic filtering. 

Table 20: Features of the genetic linkage map obtained from the GBS data after bioinformatic 
filtering. 

Linkage 
groups 

Restricted input 
markers 

Mapper 
markers 

Co-localized 
markers 

Total mapped 
markers 

Total map 
length (cM) 

19 6,660 2,722 201 2,923 1,336.05 

3.5. Identification of possible candidate genes by joining GBS and 
RNAseq data 

As during the project it was not possible to obtain the phenotyping of all genotypes 
sequenced, it was decided to try to reach the same aim with alternative approaches. One of 
this is the integration of GBS SNP profiles with the data of gene expression from Tocai 
friulano and Chardonnay (RNAseq) by Bertazzon et al. (2019). From the RNAseq dataset, 
the constitutive transcriptome differentially expressed genes (DEGs) between the two 
cultivars having Log2foldchange greater than 1.5 or -1.5 (with Padj lower than 0.05) and 
being involved in defence pathway against pathogens were selected. The result was 264 
genes. From the GBS data obtained from the genotyping of the parentals, at first SNPs in 
regulatory regions of the selected genes were searched, and 154 SNPs were found. Then, 
the research was restricted only to SNPs polymorphic between Chardonnay and Tocai 
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friulano, and 18 SNPs in the regulatory regions of 16 genes were obtained. The PlantTFDB 
software was used to identify putative transcription factor binding sites where the SNPs 
were present, and finally two SNPs in two regulatory regions were identified. Suitable 
primers for rt-qPCR amplification of the two genes and also for sequencing the regulatory 
regions of the two genes where the SNPs are located were then designed. The verification 
if F1 genotypes with the same SNP profile of the parents have the same gene expression of 
the parents is ongoing. The final aim is to associate the differences in gene expression of 
the F1 genotypes to the different SNP profiles, in order to cluster the genotypes in classes 
whose susceptibility will be evaluated by the phenotyping data. The same strategy is used 
on the 41 different varieties and clones, previously listed.  

3.6. Whole genome sequencing of three Chardonnay clones 

The possible different genetic and genomic features among some Chardonnay clones were 
explored through whole genome sequencing and the association with the transcriptomic 
profiles of the early stages of tri-trophic interactions (see 3.7). This approach may show 
which genes are responsible for the different phenotypes. Three Chardonnay clones (C1 
and C5, most susceptible; C2, less susceptible) were sequenced by two NGS techniques, 
complementary among them: PacBio HiFi sequencing on Sequel II, with long reads, 
obtaining 43-47X coverage; Illumina sequencing, with short reads, obtaining 65-69X 
coverage. Output of sequencing data are shown in Tables 21 and 22. 

Table 21: Features of the sequencing of the long reads by PacBio Hi-fi. 

Variety Number of reads Sequenced bases (Gb pairs) Fold coverage 
Chardonnay C1 919,383 22.58  ~45X 

Chardonnay C2 963,215 21.64  ~43X 

Chardonnay C5 1,130,796 23.78  ~47X 

Table 22: Features of the sequencing of the short reads by Illumina 2X150 PE. 

Variety Number of reads Sequenced bases (Gb pairs) Fold coverage 
Chardonnay C1 229,863,378 34.71  ~69X 

Chardonnay C2 229,501,144 34.65  ~69X 

Chardonnay C5 216,312,148 32.66  ~65X 
 

The de novo assemblies of the three clones were obtained using Hicanu software, followed 
by haplotype identification (Purge haplotigs). The sequences polishing was carried out by 
Pinon software. A reference-guided scaffolding was performed (RagTag), where contigs are 
aligned to the reference genome and are ordered and oriented according to those 
alignments. Results were very similar among the three clones, as expected, with genomes 
having approximately 500 Mb in length, with 18 scaffolds and 70 to 100 contigs. Whole 
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results for the three clones are shown in Table 23. Finally, the assessment of genome 
completeness was performed with BUSCO (Benchmarking Universal Single-Copy 
Orthologs) software, and results are presented in Table 24. As reported, the assemblies 
covered more than 97% of the genomes of the three clones. 

Table 23: Statistics of scaffolded assemblies for the three clones with the PacBio sequencing. 

 Chardonnay C1 Chardonnay C2 Chardonnay C5 
Total assembly length 518,813,393 514,134,954 541,483,249 

Total scaffolds length 486,780,667 477,662,663 499,865,132 

Number of scaffolds 18 18 18 

Scaffolds N50  25,986,387 25,756,147 27,135,740 

Scaffolds average length 27,043,370 26,536,814 27,770,285 

Longest scaffold 40,167,174 37,736,058 41,876,178 

Shortest scaffold 19,997,778 20,686,205 21,949,941 

Number of Gaps 54 60 87 

Gaps size 231,872 44,850 280,612 

Contigs in scaffolds 72 78 105 

Remaining contigs 59 58 93 

Remaining contig total length 32,032,726 36,472,291 41,618,117 

Remaining contigs N50  25,075,548 30,101,883 32,773,377 

Remaining contigs average length 542,927 628,832 447,506 

Longest remaining contig 25,075,548 30,101,883 32,773,377 

Shortest remaining contig 29,118 26,976 22,590 

Table 24: BUSCO analysis of the scaffolded assemblies for the three clones. 

 Chardonnay C1 Chardonnay C2 Chardonnay C5 
Complete BUSCOs (C) 1,573 (97.5%) 1,575 (97.5%) 1,569 (97.2%) 

Complete and single-copy BUSCOs (S) 1,544 (95.7%) 1,550 (96.0%) 1,544 (95.7%) 

Complete and duplicated BUSCOs (D) 29 (1.8%) 25 (1.5%) 25 (1.5%) 

Fragmented BUSCOs (F) 19 (1.2%,) 16 (1.0%) 21 (1.3%) 

Missing BUSCOs (M) 22 (1.3%) 23 (1.5%) 24 (1.5%) 
 

D-Genies software was at first used to compare the three genomes and the reference 
grapevine genome Pinot PN40024 (Cabanettes and Klopp, 2018). It was interesting to note 
that genomes of the two highly susceptible clones (C1 and C5) looked more similar 
between them then in comparison with C2, the less susceptible clone (Figure 50). The 
higher differences were present comparing each of the three genomes with the reference 
grapevine genome Pinot PN40024. 
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Figure 50: Visual representation of genome comparisons obtained with D-Genies software, from left 
to right: C1 versus C2, C1 versus C5, C1 versus Pinot PN40024. 

Evaluating in details of the differences in the genomes of the three Chardonnay clones, in 
particular those feature that are common to C1 and C5 (the most susceptible) and divergent 
in C2 (the less susceptible) is ongoing. Interesting transposons and genomic traits were 
highlighted, but they need to be confirmed by complementary analyses.  

3.7. Transcriptomic profiles of two Chardonnay clones by RNAseq  

The transcriptomic profiling of the two clones (C1, highly susceptible, and C2, less 
susceptible) were studied in grapevine different sanitary conditions by RNASeq, in order to 
find out the DEGs and facilitate the identification of candidate genes, by joining the genome 
differences with the diversities highlighted by the RNAseq. 

3.7.1. Field experiment  

An experimental design including three conditions was established in the field in Spresiano 
(Treviso, Veneto, Italy), where 3 years old plants of the clones C1 and C2 are planted close 
to each other. The focus was to underline the transcriptomic differences in the early stage 
of GY infection. Three field sanitary conditions were chosen: thesis 1 (NoSt, negative 
control), healthy plants without insect vector, to indagate the constitutive gene expression; 
thesis 2 (HSt), healthy plants with healthy vectors, to evidence the gene expression induced 
by the healthy vector; thesis 3 (PhySt), healthy plants with GY-infected vectors, in order to 
discover the gene expression diversities induced by the GY-infected vector.  

Egg-hatched vector individuals, reared in cages in controlled conditions at 24 ± 1°C, 70-
75% RH and 16:8 photoperiod, were used for the transmission experiments. Healthy 
vectors were fed on healthy grapevine plantlets. About 100 larval stages (L2-L3) were then 
transferred to feed onto GY-infected grapevines, previously tested by PCR. In August 2020, 
after the latency period (28 days), insects were caged in 22 plants in the field, in number of 
20 per cage, with at least 3 replicates per thesis. Leaf samples and vectors were collected 3 
days post inoculation. DNA was immediately extracted from insect vectors and PCR carried 
out to ascertain their sanitary status, following published protocols (Filippin et al., 2009). 
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Total RNA was extracted from 50 mg of vegetable tissue from 3 plants per thesis using the 
Plant/Fungi total RNA purification kit (Norgen), then extracted samples were treated with 
DNase to remove DNA. Finally, RNA was sent to sequence at BIODIVERSA. 

3.7.2. Bioinformatic analyses 

After TE (transposable element) and repeat masking with EDTA (Extensive De-novo TE 
Annotator) pipeline, gene models were obtained with Augustus software, with expression 
hints from RNAseq data, Illumina reads were mapped via HISAT2 and counted via HTseq-
count version 13. DEGs were called with DESeq2 at Padj lower than 0.01. The genes were 
annotated using NR and SWISS-PROT database. 

The RNAseq data first analysis showed a different kind of response against the insect 
vector and the pathogen between the two clones. C1 and C2 had a comparable number of 
DEGs in the same conditions, and in both clones the number of up-regulated genes was 
higher than the number of down-regulated genes (Table 25). 

Table 25: Number of DEGs (Differentially Expressed Genes) in HSt and PhySt theses for Chardonnay 
C1 and C2 clones. Adjusted p-value (p-value with Benjamini-Hochberg correction) <0.01. 

 HSt PhySt 
 C1 clone C2 clone C1 clone C2 clone 

Total no. of DEGs 2,187 1,891 1,883 1,593 

No. of up-regulated DEGs  1,753 1,397 1,380 1,162 

No. of down-regulated DEGs  434 494 503 431 
 

Venn diagrams were made with SWP-UNIPROT annotations (Figure 51). It is worth to note 
that C2, the less susceptible clone, showed a more differentiated response than C1: 
indeed, 41% of the gene annotations were shared between the two conditions in C2, versus 
more than 50% in C1. C2 clone in particular showed more DEGs compared to C1 in the 
gene expression induced by healthy vector (HSt): 35% versus 26% gene annotations. 

 
Figure 51: Venn diagrams of the RNAseq data obtained in the comparison between Chardonnay C1 
and C2 transcriptomes. HSt: DEGs induced by healthy insect vectors. PHY-St: DEGs induced by 
phytoplasma-infected insect vectors. 
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Furter whole data analyses was performed using PCA (Principal Component Analysis). 
After a regularized log transformation, PCA analyses were conducted as implemented in 
plotPCA function as available in DEseq2 software with default parameters. The results 
showed that the replicates of the same thesis in general clustered very close, except in 
C2_FD_St (= C2_Phy_St), i.e. the three replicates of the thesis with infected insect 
vectors in Chardonnay C2 plants (Figure 52). Negative controls clustered all together, 
highlighting the high similarity of the constitutive transcriptomes of the two clones (NoSt). 
Also the response to the infected vectors looked very similar between the two clones 
(PhySt). On the opposite, clear differences were evidenced in the response to healthy 
insect vector (HSt), especially related to C2 clone. Analyses are ongoing to identify the 
genes that are DEGs between the two clones can be responsible for the different 
behavior.  

 
Figure 52: PCA analyses of the whole RNASeq data, with three replicates per thesis. NoSt: control 
theses, no presence of the insect vectors on the plant; HSt: healthy vectors feeding on the plants; 
Phy-St: phytoplasma-infected vectors feeding on the plants. 

3.8. Conclusions and perspectives  

The preliminary elaboration of the new GBS data joint with the RNASeq data allowed to 
identify two candidate genes putatively associated to resistance/susceptibility, having SNPs 
in the regulatory motifs and being DEGs in Tocai and Chardonnay. Genomic assembly and 
comparison of the three Chardonnay clones with different susceptibility to GY have been 
completed and pointed towards some genomic traits. Data processing from RNAseq of two 
of these clones is almost complete, and the DEGs will be compared with the genomic 
differences obtained comparing the three genomes. The candidate genes resulting from all 
these different approaches could be confirmed by molecular analysis of the grapevine 
varieties identified as being very or scarcely susceptible. 
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It is possible that the candidate genes related to GY resistance and present in Tocai 
friulano are partially or completely different from those possessed by the Chardonnay C2 
clone or by other scarcely susceptible varieties. In any case, probably more than one 
genetic mechanism could be involved in susceptibility/resistance of grapevine to GY. 
Biological interpretation of the data obtained in TROPICSAFE project will help to elucidate 
the genetic traits underlying susceptibility/resistance of grapevine to GY, and to be more 
sustainable in viticulture field management. 
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