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the genotypes. Highly significant differences in the 
mean values of AT, TR and ST among the genotypes, 
across the periods, and in the interaction between 
genotype and period were found. Over time, an 
increase in symptoms (AT) and signs (TR and ST) of 
SALB was observed. During the rainy periods, SALB 
intensity was highest, resulting in a leaf area affected 
ranging from 16 to 30%. Eight genotypes showed 
partial resistance (PR) (TR < 5 and ST < 2), while 16 
genotypes demonstrated complete resistance (CR) 
(TR < 3 and ST = 0), and 76 genotypes were highly 
susceptible (HS) (TR > 5 or ST > 2). The temporal 
analysis identified 23 Colombian superior genotypes 
with varying degrees of SALB resistance, which can 
be a valuable breeding resource for improving SALB 
management in the Colombian Amazon region.
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Introduction

One of the main diseases that develop in rubber crops 
(Hevea brasiliensis) is South American Leaf Blight 
(SALB), caused by the fungus Pseudocercospora 
ulei (Hora Júnior et  al., 2014). SALB is considered 
a highly damaging disease because the pathogen 
responsible for it spreads rapidly, is difficult to control 
and the damage it causes to plants is very significant 

Abstract  South American Leaf Blight (SALB) is 
the primary limitation to the establishment of new 
rubber (Hevea brasiliensis) crops in Latin America. 
This study aimed to assess the temporal dynamics of 
resistance to SALB in 99 elite Colombian genotypes 
and the IAN 873 cultivar (control) of H. brasiliensis 
in small-scale clone trials conducted under conditions 
with a high disease prevalence in the northwestern 
Colombian Amazon. Resistance monitoring was car-
ried out on a monthly basis and analyzed over five cli-
matic periods. Three variables were recorded: attack 
severity (AT, ranging from 0 to 4), reaction type (TR, 
ranging from 1 to 6) and stromal density (ST, rang-
ing from 0 to 4). The maximum scores for TR and 
ST were used to classify the level of resistance of 

Supplementary Information  The online version 
contains supplementary material available at https://​doi.​
org/​10.​1007/​s10658-​024-​02840-1.

L. C. Galindo‑Rodríguez · A. Sterling (*) · 
H. Muñoz‑Ramirez · J. A. Fonseca‑Restrepo 
Phytopathology Laboratory, Facultad de Ciencias Básicas, 
Instituto Amazónico de Investigaciones Científicas 
SINCHI - Universidad de La Amazonía, 180001 Florencia, 
Colombia
e-mail: asterling@sinchi.org.co

L. C. Galindo‑Rodríguez · A. Sterling · 
E. Martínez‑Moyano · J. A. Fonseca‑Restrepo · 
L. C. Loaiza‑Molina 
Mycology and Phytoprotection Laboratory, Facultad 
de Ciencias Básicas, Universidad de La Amazonía, 
180001 Florencia, Colombia

http://orcid.org/0000-0002-9955-9175
http://crossmark.crossref.org/dialog/?doi=10.1007/s10658-024-02840-1&domain=pdf
https://doi.org/10.1007/s10658-024-02840-1
https://doi.org/10.1007/s10658-024-02840-1


	 Eur J Plant Pathol

1 3
Vol:. (1234567890)

(Gasparotto & Pereira, 2012). The disease is charac-
terized by the premature shedding of leaves, which 
disrupts the photosynthetic process, reducing crop 
growth and yield (Sterling & Rodríguez, 2011); 
moreover, it can lead to the death of mature trees after 
consecutive episodes of severe defoliation in the same 
year (Gasparotto & Pereira, 2012; Lieberei, 2007).

The species H. brasiliensis is endemic to South 
America and is the main source of natural rubber 
in the world (Silva et  al., 2012), representing up to 
90% of the rubber marketed in global markets (Wu 
et  al., 2017). Its latex is used in the manufacturing 
of tires, paints, plastics, sporting goods, pharma-
ceutical products and other items (De Santana et al., 
2018). According to the International Rubber Study 
Group—IRSG (2022), in 2021, global production of 
natural rubber reached 13.8 million tons, with pro-
duction concentrated in Asia (88.4%), Africa (6.8%) 
and Latin America (4.7%).

Colombia has approximately 69,000 hectares 
planted with rubber tree, with a national produc-
tion of 7500 tons per year, mainly distributed in the 
departments of Meta, Santander, Antioquia, Vichada 
and Caquetá (MADR, 2019). Caquetá has an esti-
mated production of 1,456 tons, ranking as the third 
department with the highest productivity in Colombia 
after Meta and Santander (MADR, 2021).

Low yields in Latin America, especially in very 
humid regions like the Amazon, are primarily due to 
the high pressure of SALB on susceptible cultivars 
(Furtado et  al., 2020; Sterling & Rodriguez, 2018). 
In Caquetá, for example, on 6,700 affected hectares, 
yields decreased from 1.3 to 0.9 tons per hectare per 
year between 2007 and 2020. This issue involves 
more than 1,200 families who depend on the crop for 
their livelihood (ASOHECA, 2020). This situation 
has created the need to replace current plantations 
with new genotypes that are disease-tolerant and have 
better latex yields (Sterling et al., 2021).

In the Colombian Amazon and particularly in the 
department of Caquetá, various studies have been 
conducted to expand the genetic base of H. bra-
siliensis (Sterling et  al., 2012), analyzing, among 
other aspects, the effect of environmental variations 
on the adaptive responses of new promising rubber 
clones with potential use in the region (Sterling et al., 
2019a, 2019b, 2019c). Likewise, scientific efforts 
have focused on researching strategies for disease 
control since chemical control measures and fungal 

management are neither ecologically nor economi-
cally viable (Jaimes et al., 2015).

One of the most promising strategies is genetic 
improvement, using promising germplasm sources 
with varying levels of SALB resistance, especially 
under high fungal inoculum pressure conditions 
(Cardoso et  al., 2014; Sterling et  al., 2019a, 2019b, 
2019c). However, the degree of resistance and the 
temporal stability of the reaction to SALB in the local 
superior rubber tree germplasm with potential use 
in the Amazon region are unknown. This knowledge 
is essential for implementing more effective SALB 
management in non-escape conditions. Therefore, 
these studies are crucial for identifying new planting 
materials with desirable phytosanitary traits in the 
new rubber promotion programs in the region (Gasp-
arotto & Pereira, 2012; Sterling & Rodriguez, 2018).

We hypothesize that rubber tree elite genotypes 
identified from local germplasm may express both 
partial and complete resistance to SALB that remains 
stable over time, even with an increased inoculum 
pressure of P. ulei under SALB non-escape condi-
tions. To test this hypothesis, this study aimed to 
assess the temporal dynamics of resistance to SALB 
in 99 elite Colombian genotypes and the IAN 873 
cultivar (control) of H. brasiliensis in small-scale 
clone trials conducted under conditions with a high 
disease prevalence in the northwestern Colombian 
Amazon. The primary purpose was identify early new 
sources of SALB resistance through the monitoring 
of local elite germplasm, serving as a valuable breed-
ing resource for enhancing SALB management under 
disease non-escape conditions in the Colombian 
Amazon region.

Materials and methods

Study area

The study was conducted at the Colchagua farm in 
the La Chocho rural settlement area in the munici-
pality of Belén de los Andaquíes, department of 
Caquetá (1°27′01.22" North and 75°48′31.79" 
West, at an elevation of 287 m above sea level), in 
the Colombian Amazon. The study area is morpho-
logically situated on a plateau, with terrain charac-
terized by hilltops with slopes ranging from 7–30% 
and low-lying areas with slopes ranging from 
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0–3%, featuring soils with low to moderate fertility 
(IGAC, 2010). The area is identified as a no-escape 
zone to SALB (Castañeda, 1997).

Climate

The department of Caquetá has a tropical humid 
climate, with an average temperature (T) of 25 °C, 
annual precipitation of 3235  mm, and relative 
humidity (RH) of 80% (Murad & Pearse, 2018). 
The climate in Belén de los Andaquíes follows a 
monomodal pattern, with two distinct climatic peri-
ods: a dry period from November to February and 
a rainy period from March to June, with a transi-
tion to the dry period from July to October (IGAC, 
2010). The annual precipitation was 3340  mm, 
with a temperature of 25.2  °C, relative humid-
ity of 85.7%, solar brightness of 1452.3  h  year−1, 
and evaporation of 1205.5 mm. Microclimatic data 
for the study site were recorded using a Portable 
Microclimate Station (Decagon Devices Inc, USA). 
Thus, monthly means of precipitation, T and RH in 
the cycle of assessments between November 2009 
and May 2011 were calculated for five period: 
period 1 (P1): dry 1 (November 2009 to February 
2010); period 2 (P2): rainy 1 (March to May 2010); 
period 3 (P3): transition to dry 2 (June to October 
2010); period 4 (P4): dry 2 (November 2010 to 
February 2011) and period 5 (P5): rainy 2 (March 
to May 2011) (Fig. 1).

Soils

The soils in Caquetá are classified as Inceptisols 
and Oxisols (USDA classification), characterized 
by fine texture and drainage limitations. They are 
acidic, with a pH ranging from 4.5 to 5.8, low base 
saturation, high aluminum saturation, and lim-
ited contents of carbon, phosphorus, potassium, 
and magnesium (IGAC, 2014). The study site had 
clayey-textured soil with organic carbon (1.01%), 
total nitrogen (0.15%), cation exchange capacity 
(16.6%), pH between 4.4 and 4.5, exchangeable acid-
ity (6.1  meq 100  g−1), calcium (0.18  meq 100  g−1), 
magnesium (0.19 meq 100 g−1), potassium (0.14 meq 
100  g−1), sodium (0.05  meq 100  g−1), phosphorus 
(0.76  mg  kg−1), minor elements such as manganese 
(2.3 mg kg−1), iron (34.6 mg kg−1), zinc (0.16), cop-
per (0.29 mg kg−1), and boron (0.10 mg kg−1).

Plant material

Ninety-nine Colombian H. brasiliensis genotypes 
from the ECC-100 (Élite Caquetá Colombia) series, 
resulting from a breeding program led by SIN-
CHI Amazonian Institute of Scientific Research in 
Caquetá, Colombia, were evaluated, labeled ECC 
1 to ECC 99. These genotypes were obtained from 
the asexual propagation (cloning) of plus trees aged 
between 28 to 35 years old (i.e., trees characterized by 
high production, good agronomic performance, and 
disease tolerance). These plus trees originated from 
natural cross-pollination with unknown parentals in 

Fig. 1   Climatic conditions 
for the five evaluated peri-
ods (from November 2009 
to May 2011) in La Chocho 
rural settlement area, 
Belén de los Andaquíes 
municipality (Caquetá, 
Colombia).  Source: Intituto 
de Hidrología Meteorolgía 
y Estudios Ambientales—
IDEAM (2011)
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producer farms (Sterling & Rodríguez, 2011; Ster-
ling et al., 2011, 2019a, 2019b, 2019c). The IAN 873 
clone was chosen as a control due to its good adap-
tation to the environment, robust agronomic perfor-
mance, health and productivity in farms across vari-
ous regions of Colombia (CCC, 2015).

Experimental design and trial management

The experiment, known as small-scale clonal trial 
(SSCT) (Clément-Damange et  al., 1995), followed 
a randomized complete block design with 100 treat-
ments (genotypes). The experiment was established in 
an area of 10 ha, which was divided into four blocks 
(replications) of 2.5 ha each. In each block, the 100 
treatments (99 elite genotypes and the control clone 
IAN 873) were placed in plots consisting of 12 plants, 
organized in two rows of six plants and planted at a 
distance of 7.0 m × 3.0 m, resulting in 1200 plants per 
block.

No chemical controls were employed in the SSCT. 
Weed eradication was carried out around each rubber 
plant, covering a 70 cm radius to eliminate all com-
peting weeds for light and nutrients during the initial 
growth stages. Mechanical weeding was conducted 
every six months. Cariniana pyriformis species was 
used as a windbreak barrier around the SSCT. These 
barriers helps reduce the speed of surface runoff and 
retains the soil transported by it (Sterling & Rod-
ríguez, 2011). Following the methodology described 
by Sterling and Rodríguez (2011), fertilization was 
applied every six months, with each plant receiving 
1 kg of organic compost-type fertilizer supplemented 
with a mixture of CaO and MgO (200  g plant−1), 
NPK (200  g plant−1) and minor elements (50  g 
plant−1).

Evaluation of SALB resistance

The clonal resistance of H. brasiliensis to SALB was 
evaluated on a monthly basis and the data were ana-
lyzed by climatic period. Observations were made on 
7 randomly selected plants from each plot, starting 
three months after planting—from November 2009 
to May 2011. Resistance to P. ulei was assessed on 
young leaves (stage C) and mature leaves (stage D), 
based on the leaf stages according to Hallé et  al. 
(1978). For the three variables (AT, TR, and ST), the 

leaves with the most severe symptoms and/or signs of 
the disease were evaluated on each plant.

The attack severity (AT) was assessed using the 
adapted scale from Chee and Holliday (1986), with 
five classes based on the percentage of leaf surface 
with disease symptoms: 0: < 1% (no attack or very 
minor attack); 1: 1—5% (mild attack); 2: 6—15% 
(moderate attack); 3: 16—30% (severe attack); and 
4: > 30% (very severe attack). The intensity of conid-
ial sporulation on lesions formed on the surface of 
leaves in stage C was visually evaluated using the 
"type of reaction" (TR) variable with a scale from 1 
to 6, as proposed by Junqueira et al. (1988), adapted 
by Mattos et al. (2003), defining the following levels: 
1: Necrotic lesions without spores; 2: Non-necrotic 
lesions without spores; 3: Very weak sporulation on 
the lower side of the lesion; 4: Strong sporulation par-
tially covering the lower side of the lesion; 5: Very 
strong sporulation covering the entire lower side of 
the lesion; 6: Very strong sporulation covering the 
entire lower side of the lesion and strong on the upper 
side. The density of stromata (ST) was evaluated on 
the upper side of mature leaves (stage D), according 
to the scale proposed by Mattos et al. (2005), which 
defines the following levels: 0: absence of stromata; 
1: fewer than 5 stromata per leaflet; 2: between 5 and 
10 stromata per leaflet; 3: between 11 and 30 stromata 
per leaflet; and 4: more than 30 stromata per leaflet.

The SALB resistance was evaluated in the leaf-
lets with the highest attack severity per plant, and 
the average for each parameter was estimated for 
each genotype (Sterling et al., 2019a, 2019b, 2019c). 
Furthermore, the maximum scores for each variable 
were obtained and used to classify genotypes accord-
ing to the resistance scale for SALB, modified from 
Le Guen et al. (2002) by Sterling et al. (2021): CR: 
Completely resistant = TR < 3, ST = 0; PR: Partially 
resistant = TR ≤ 5 and ST ≤ 2 and HS: Highly suscep-
tible = TR > 5 or ST > 2.

Statistical analysis

A frequency distribution analysis was used to quan-
tify the number of genotypes for each class of each 
SALB resistance variable. Subsequently, a linear 
mixed-effects (LME) model was fitted, with genotype 
and climatic period as fixed effects, and block and 
plot as random effects. Normality and homoscedastic-
ity were assessed through model residuals analysis. 
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Data normalization was achieved using the transfor-
mation: (Variable + 0.5)1/2, similar to previous studies 
(Sterling et  al., 2019a, 2019b, 2019c, 2020, 2021). 
The residual variance was modeled to address het-
eroscedasticity in the fixed effects of the model, and 
residual correlation for successive observations on 
the same plant was analyzed using a compound sym-
metry model. Akaike (AIC) and Bayesian (BIC) crite-
ria were used to select the residual variance and cor-
relation structure. The nlme library (Pinheiro et  al., 
2018) in R 4.0.3 (R Core Team, 2020) was utilized 
for model fitting using the interface in InfoStat V. 
2020 (Di Rienzo et al., 2020). When the fixed effects 
were significant (p < 0.05), Fisher’s LSD multiple 
comparisons test was performed. In addition, a hier-
archical clustering on principal components (HCPC) 
was employed to identify groups of similar genotypes 
with respect to SALB resistance variables. Finally, 
significant differences between clusters were assessed 
using an analysis of variance. The FactoMineR 
(Husson et  al., 2020) and factoextra (Kassambara & 
Mundt, 2020) R packages were used for performing 
HCPC and visualizing the results, respectively.

Results

Climate

The data showed that precipitation and relative 
humidity had higher mean values during the rainy 
periods compared to dry periods (Fig.  1). Regard-
ing the average temperature (°C), an inverse trend 
was observed with the relative humidity and precip-
itation data, as an increase in these variables led to 
a decrease in temperature, ranging from 25.3  °C in 
period 3 to 26.6 °C in period 1 (Fig. 1). Furthermore, 
in this study, the transition to the dry period between 
periods 2 and 4 was evident, characteristic of the 
monomodal regime of the northwestern Colombian 
Amazon.

SALB resistance

The identification of new sources of resistance to 
SALB based on the early field selection of resistant 
elite genotypes, revealed a broad range of responses 
in the tested germplasm (Fig. 2). The attack severity 
(AT) was very severe in 56 of the tested genotypes, 

while only 15 genotypes, including the control clone 
IAN 873, showed no attack or very minor attack 
(Fig. 2A). Furthermore, 46 genotypes did not exhibit 
any type of reaction (TR) to P. ulei (Fig.  2B). With 
respect to the stromal density (ST), most genotypes 
had more than 30 stromata per leaflet, and 17 geno-
types showed no stromata (included the IAN 873 
clone) (Fig. 2C).

The LME models revealed highly significant dif-
ferences in the mean values of AT, TR and ST among 
the genotypes, across the periods, and in the interac-
tion between genotype and period (Table  1). Over-
all, an increase in symptoms and signs of SALB was 
observed over time (Online Resource 1). In the period 
1, the ECC 49, ECC 74, ECC 77, ECC 83 and ECC 
88 genotypes showed mild attack severity (maximum 
AT score of 1), and the ECC 35 and ECC 32 geno-
types had the highest score (2). In the period 2, there 
was an increasing in the severity, where five geno-
types had maximum AT scores of 4. In the period 
3, the number of genotypes strongly affected was 
increased to 13, with maximum scores of 4. In the 
period 4, 33 genotypes showed the highest levels of 
attack (maximum AT scores of 4), and in the period 
5, 54 genotypes had maximum score of 4.

Regarding TR in young leaves (Online Resource 
1), in the period 1, 6% of the genotypes had maxi-
mum scores of 3. In the period 2, 6% of the genotypes 
also had a maximum score of 3, while genotypes 
ECC 18 and ECC 43 had maximum scores of 4 and 
6, respectively. In the period 3, 40% of the genotypes 
had maximums scores ranging from 1 to 4, and 4% 
scored 6. In the period 4, 70% of the genotypes had 
maximum scores between 1 and 4, and 9% scored 
6. In the period 5, 78% of the genotypes had maxi-
mum scores between 1 and 4, and 12% scored 6. With 
respect to ST in mature leaves (Online Resource 1), 
2%, 6%, 20%, 52%, and 72% of the genotypes had the 
highest stromata production (maximum scores > 2) in 
the periods 1, 2, 3, 4, and 5, respectively.

A total of 76 highly susceptible genotypes (HS) 
were identified (TR > 5 or ST > 2). Eight genotypes 
showed partial resistance (PR) (TR ≤ 5 and ST ≤ 2), 
specifically ECC 7, EC 23, ECC 31, ECC 52, ECC 
60, ECC 79, ECC 82, and ECC 86, while 16 geno-
types demonstrated complete resistance (CR) (TR < 3 
and ST = 0). These genotypes included ECC 1, ECC 
5, ECC 13, ECC 14, ECC 27, ECC 36, ECC 53, 
ECC 55, ECC 58, ECC 64, ECC 66, ECC 68, ECC 
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83, ECC 97, ECC 99, and IAN 873 (control) (Online 
Resource 1).

The hierarchical clustering on principal compo-
nents (HCPC) was performed to analyzed the rela-
tionship between the genotypes groups and the means 
values of the three SALB variables measured in the 
five climatic periods (Fig. 3). Thus, the two principal 
component analysis (PCA) axes explained 64.9% of 

the total variability (Fig.  3A), while the hierarchi-
cal clustering analysis (HCA) separated the geno-
types into three groups or clusters (p < 0.01; 43% of 
explained variance) (Fig. 3B). The group 1 contained 
the highest number genotypes (78), followed by the 
groups 2 (18) and 3 (4). In general, groups 1 and 2 
comprised genotypes with the lowest average SALB 
scores across the five evaluated periods, whereas 

Fig. 2   Frequency distribu-
tion of SALB-related 
variables: (A) attack sever-
ity, (B) type of reaction 
and (C) stroma density 
in 100 Hevea brasiliensis 
genotypes (ninety-nine 
Colombian genotypes and 
IAN clone control)
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group 3 consisted of genotypes with higher average 
scores, particularly in terms of TR and ST, mainly in 
periods 3, 4, and 5 (Table 2).

To enhance the precision and efficiency of 
clone selection, genotypes within each group were 
ranked in descending order based on their maxi-
mum scores for the evaluated variables (AT, TR, 
and ST) (Table 3). In this context, ECC 1, ECC 5, 
ECC 13, ECC 14, ECC 27, ECC 36, ECC 53, ECC 
55, ECC 64, ECC 68, ECC 97, ECC 99, and IAN 
873 genotypes were identified as the best perform-
ers, exhibiting complete resistance (CR) to SALB. 

Table 1   Analysis of variance for the variables AT, TR and ST 
based on the CARH1Y model (first-order continuous autore-
gressive and heteroscedastic by year)

**  and * denote significance at p < 0.01 and p < 0.05, respec-
tively

Source of variation D.F Mean squares

AT TR ST

Genotype 99 0.60** 0.21** 0.64**
Period 4 14.49** 1.90** 15.32**
GxP 396 0.15** 0.10* 0.15**
Residual 1200 0.11 0.09 0.12

Fig. 3   Panel A  displays a Principal Components Analysis 
(PCA) with a "Biplot" conducted for the three evaluated vari-
ables (AT, TR and ST), each in combination with the five cli-
matic periods. Panel B  shows hierarchical clustering for the 
classification of the 100 Hevea brasiliensis genotypes. Panel 

C  presents a hierarchical clustering (with ward method and 
Euclidean distance) on principal components (HCPC) in a 3D 
view, illustrating the distribution of genotypes groups on the 
PCA ordination plane
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Closely following were ECC 82, ECC 7, ECC 23, 
ECC 31, and ECCC 83, which demonstrated par-
tial resistance (PR). The most resistant genotypes 
belonged to group 1, whereas groups 2 and 3 con-
tained genotypes highly susceptible to SALB.

Discussion

The climatic conditions that characterize the south-
ern region of Caquetá (northwestern Colombian 
Amazonia) during both rainy periods (HR > 85% and 
precipitation > 342  mm  month−1) and dry periods 
(HR > 84% and precipitation > 148.5  mm  month−1), 
confirm its classification as a SALB no-escape zone 
(Correa‑Pinilla et al., 2022; Jaimes et al., 2016; Ster-
ling & Rodriguez, 2018). These climatic conditions 
favor the presence and dissemination of P. ulei (Bev-
enuto et al., 2017; Gasparotto et al., 2012; Goncalves 
et  al., 2017), thereby increasing the risk of infec-
tion for the most susceptible genotypes (Guyot & Le 
Guen, 2018).

During the rainy periods (periods 2 and 5), there 
was an increase in the attack severity (AT) in the most 
susceptible genotypes, resulting in leaf area affected 
ranging from 16 to 30%. These climatic conditions 
favor the epidemiology of P. ulei by facilitating the 
development of the asexual phase of the fungus, 
which adheres to the leaf surface and directly pen-
etrates to rapidly colonize the internal leaf tissues 
(Guyot & Le Guen, 2018; Hora Júnior et al., 2014). 
This could explain the higher susceptibility observed 
(HS) (TR > 5 or ST > 2) in 76 out of the 100 geno-
types evaluated. These findings contrast with those 
reported by (Gasparotto et  al., 1991; Rivera, 2003), 
who found that SALB severity is higher during peri-
ods with lower rainfall.

Overall, the AT increased over time. Consequently, 
during the period 1 (dry 1), there were lower AT 
scores (maximum AT score of 2). In contrast, during 
period 5 (rainy 2), 76 genotypes exhibited high sus-
ceptibility, similar to that reported by (Rivano et al., 
2013a, 2013b), who found that SALB does not signif-
icantly affect the early stages of rubber cultivation. In 
this regard, it was observed that in period 5 (rainy 2), 
with an average temperature of 25.5 ºC, the highest 

Table 2   Comparison profile of the three groups of the 100 
Hevea brasiliensis genotypes classified by hierarchical clus-
tering (mean scores of SALB variables in each five period for 
genotypes in each group)

AT_1, AT_2, AT_3, AT_4 and AT_5 corresponds to attack 
severity for the periods 1, 2, 3, 4 and 5, respectively; TR_1, 
TR_2, TR_3, TR_4 and TR_5 corresponds to type of reac-
tion for the periods 1, 2, 3, 4 and 5, respectively; ST_1, ST_2, 
ST_3, ST_4 and ST_5 corresponds to stroma density for the 
periods 1, 2, 3, 4 and 5, respectively
Means in the columns followed by the same letter do not differ 
statistically (Fisher’s LSD test, p < 0.05)

Resistance variables Average scores of groups

Group 1 Group 2 Group 3

Number of genotypes 78 18 4
AT_1 0.02 a 0.01 a 0.31 b
AT_2 0.06 a 0.08 a 1.19 b
AT_3 0.09 a 0.89 b 2.19 c
AT_4 0.49 a 1.83 b 3.06 c
AT_5 0.89 a 2.24 b 3.13 c
TR_1 0.05 a 0.00 a 0.38 b
TR_2 0.09 a 0.04 a 0.00 a
TR_3 0.02 a 0.43 b 1.81 c
TR_4 0.04 a 0.75 b 1.81 b
TR_5 0.32 a 1.39 b 1.75 b
ST_1 0.00 a 0.01 a 0.44b
ST_2 0.04 a 0.06 a 1.25b
ST_3 0.11 a 0.92 b 2.19 c
ST_4 0.54 a 1.89 b 3.13 c
ST_5 0.89 a 2.28 b 3.25 c

Table 3   Classification of the best Hevea brasiliensis genotypes by group

CR: Completely resistant, PR: Partially resistant, HS: Highly susceptible

Group Best genotypes by group

1 ECC 1 (CR) followed by ECC 5 (CR), ECC 13 (CR), ECC 14 (CR), ECC 27 (CR), ECC 36 (CR), 
ECC 53 (CR), ECC 55 (CR), ECC 64 (CR), ECC 68 (CR), ECC 97 (CR), ECC 99 (CR), IAN 873 
(CR), ECC 82 (PR), ECC 7 (PR), ECC 23 (PR), ECC 31 (PR) and ECC 83 (CR)

2 ECC 75 (HS) followed by ECC 80 (HS), ECC 41 (HS), ECC 8 (HS), ECC 34 (HS) and ECC 37 (HS)
3 ECC 32 (HS) followed by ECC 35 (HS), ECC 24 (HS) and ECC 20 (HS)
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average scores were recorded for all SALB variables 
(AT, TR, and ST). This correspond with the findings 
of (Sterling et al., 2019a, 2019b, 2019c) and (Guyot 
et al., 2014), who confirmed that the greatest SALB 
attack occurs at average temperatures between 21 and 
28 °C.

During dry periods (periods 1 and 4) a reduction in 
AT was observed, coinciding with a decrease in rela-
tive humidity and precipitation during these periods. 
In period 1 (dry 1), mild attack (maximum score of 
1) were recorded, primarily in the ECC 49, ECC 74, 
ECC 77, ECC 83, and ECC 88 genotypes. Although 
there was a slight increase in AT during period 4 (dry 
2), this increase was not significant (p > 0.05). This 
suggests a strong correlation between the decrease in 
P. ulei infection and the reduction in these climatic 
parameters, consistent with findings from previ-
ous studies (Jaimes et al., 2016; Rivano et al., 2015; 
Sterling et  al., 2021). In this regard, Sterling et  al., 
(2019a, 2019b, 2019c), found that rubber crops in the 
Caquetá department exhibited enhanced performance 
and lower levels of SALB severity during the dry 
period.

On the other hand, an increase in sporulation inten-
sity (TR) in young leaves and stromal density (ST) in 
mature leaves was also evident with the rise in AT, 
especially in period 5 (rainy 2). During this period, 
the highest number of genotypes (76) with high sus-
ceptibility to SALB was reported. This aligns with 
findings from previous studies where SALB symp-
tom expression has shown a strong correlation with 
disease signs, mainly influenced by increased rainfall 
and relative humidity (Jaimes et  al., 2016; Rivano 
et  al., 2010; Sterling & Melgarejo, 2014; Sterling 
et al., 2021).

In this study, 16 completely resistant genotypes 
(CR) (TR < 3 and ST = 0) were identified in the field 
(ECC 1, ECC 5, ECC 13, ECC 14, ECC 27, ECC 36, 
ECC 53, ECC 55, ECC 58, ECC 64, ECC 66, ECC 
68, ECC 83, ECC 97, ECC 99, and IAN 873). These 
genotypes did not exhibit lesions with stromata dur-
ing the five evaluated periods, which represents a key 
genetic barrier in the host–pathogen interaction, as it 
disrupts the sexual stage of P. ulei, where the high-
est physiological variability of this pathogen occurs 
(Sterling et  al., 2010;  Gasparotto et  al., 2012; Hora 
Júnior et al., 2014).

The clone IAN 873 used as the control in this 
research, has been commercially planted in the 

Caquetá department since the 1960s and was cho-
sen among the top ten H. brasiliensis clones for its 
phytosanitary performance in the Amazon region 
(Sterling & Rodríguez, 2012). Similarly, it is one of 
the clones reported to have better agronomic perfor-
mance and higher profitability in Guararapes planta-
tions, State of São Paulo, Brazil (Silva et al., 2010). 
In this regard, according to Gasparotto et  al. (2012) 
and Guyot and Le Guen (2018), low levels of sus-
ceptibility are related to the resistance of the plant 
material used and the type of climatic period it faces, 
which aligns with the data obtained for clone IAN 
873, where the development of the pathogen’s sexual 
phase was not observed. This result aligns with that 
was described by (Rivano, 1997), who evaluated the 
IAN 873 clone and found that it had less than 1% 
of leaf surface affected, demonstrating no attack or 
resistance to P. ulei. In contrast, the most recent stud-
ies in the Colombian Amazon have reported high 
susceptibility in IAN 873 clone in large-scale clonal 
trials in a SALB no-escape zone, thus confirming the 
loss of resistance to P. ulei in this cultivar (Sterling 
et al., 2019a, 2019b, 2019c, 2020, 2021).

Rivano et al., (2013a, 2013b), clearly highlight the 
need to focus on the selection of new genotypes that 
exhibit long-lasting resistance to SALB. This entails 
not only evaluating resistance under current condi-
tions but also anticipating and preventing possible 
P. ulei adaptations that could overcome rubber tree 
resistance in the future. Furthermore, it is crucial to 
accurately identify the epidemiological conditions 
that favor SALB development, as emphasized in pre-
vious (Furtado et al., 2008; Souza et al., 2013). It is 
important to emphasize that long-lasting resistance 
benefits not only farmers by reducing crop losses but 
also contributes to the sustainability of the rubber 
industry in the regions where it is cultivated.

In the Colombian Amazon, the evaluation of high-
performance genotypes during the growth and tap-
ping phases have been performed, and there has been 
a priority in searching for new sources of genetic 
resistance to P. ulei through the selection and evalu-
ation of new genotypes of American origin with 
potential for the region (Sterling et al., 2019a, 2019b, 
2019c, 2020, 2021). In this research, obtaining gen-
otypes completely resistant to P. ulei under local 
conditions highlights the need for these materials 
to be considered for future evaluation in large-scale 
designs and controlled conditions, with the goal of 
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their commercial release, leading to an expansion of 
the genetic base of Hevea spp. in the region and the 
country.

A detailed understanding of environmental fac-
tors such as humidity, temperature, and precipitation 
that contribute to increased genotype susceptibility to 
P. ulei is essential for developing effective manage-
ment strategies. Likewise, a comprehensive approach 
that includes plant genetics, pathogen dynamics, and 
environmental conditions is required to achieve long-
lasting resistance in rubber plantations (Guyot & Le 
Guen, 2018; Rivano et al., 2013a, 2013b).

The lack of efficiency and practical control mecha-
nisms for SALB limits the large-scale production of 
natural rubber in South America (Guyot & Guen, 
2018). The selection and production of clones that 
combine low susceptibility to SALB with good agro-
nomic performance and latex productivity levels 
superior to or equivalent to traditionally cultivated 
rubber clones reveal an alternative for rubber pro-
ducers in non-escape areas from SALB. This alterna-
tive should be evaluated over several years on a large 
scale and under different environmental conditions ( 
Rivano et al., 2010, 2015, 2016).

In conclusion, this study has revealed early new 
sources of SALB resistance that remain stable over 
time and under varying climatic conditions, despite 
the observed increase in SALB intensity throughout 
all five monitoring periods. These sources can be cat-
egorized as follows: (i) eight genotypes (ECC 7, ECC 
23, ECC 31, ECC 52, ECC 60, ECC 79, ECC 82 and 
ECC 86) exhibiting partial resistance (PR) (TR ≤ 5 
and ST ≤ 2) to SALB, and (ii) 16 genotypes (ECC 1, 
ECC 5, ECC 13, ECC 14, ECC 27, ECC 36, ECC 53, 
ECC 55, ECC 58, ECC 64, ECC 66, ECC 68, ECC 
83, ECC 97, ECC 99 and IAN 873) showing com-
plete resistance (CR) (TR < 3 and ST = 0). This study, 
conducted with various elite Colombian genotypes in 
a SALB non-escape zone, represents a methodologi-
cal approach in rubber tree genetic breeding, indicat-
ing promising prospects for genotypes with good phy-
tosanitary performance in the Colombian Amazon. 
Nevertheless, it is essential to carry out several years 
of large-scale evaluation under diverse edaphocli-
matic conditions in the region before providing defi-
nite recommendations to local producers.
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