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ABSTRACT 

 Gene-specific markers are important tools in genetic analysis, allowing direct estimation of 

functional diversity.  The goal of this study was to develop intron length polymorphism ( ILP) 

markers from candidate genes associated with the secondary growth related traits that underpin the 

economics of rubber tree cultivation.  We performed a BLAST analysis of Eucalyptus spp. 

expressed sequence tag ( EST)  sequences for 23 candidate genes involved in secondary growth. 

From the total 142 shotgun contig hits, 531 introns were identified and 23 polymorphic ILP markers 

representing 23 candidate genes were selected for diversity assessment of 170 Amazonian 

accessions. The markers yielded 140 alleles with an average of 6.1 alleles per locus. Polymorphism 

information content (PIC) values ranged from 0.40 to 0.89, with an average of 0.64, indicating a 

high level of polymorphism in the markers.  Analyses of population structure confirmed that the 

Amazonian accessions fell into two subpopulations grouped by catchment area, supporting 

previous reports.  Among the 23 ILP markers analyzed, 11 revealed private alleles across 

Amazonian populations. The ILP markers developed in this study provide an immediate resource 

for the study of genetic diversity and establishment of marker- trait association for secondary 

growth traits in rubber trees. 
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1. Introduction  
 To improve productivity in rubber 

tree (Hevea brasiliensis) plantations, 

breeding programs attempt to exploit genetic 

variation within a population, to select for 

desired characteristics.  In 1981, therefore, 

the International Rubber Research and 

Development Board (IRRDB) collected wild 

Amazonian rubber tree germplasm from 

several districts in the western states of 

Brazil [ 1] .   This collection was initially 

planted in Malaysia and the Ivory Coast, then 

distributed more widely as the germplasm for 

rubber tree breeding across Southeast Asia 

[ 2] .  To make full use of this germplasm in 

breeding programs, an understanding is 

needed of the genetic diversity among the 

acquisitions from different areas of the 

Amazon. 

Secondary tree growth has been 

extensively studied, and several of the genes 

involved have been identified. Candidate 

genes involved in lignin biosynthesis and cell 

wall structure were reported for Loblolly 

Pine [3]. Transcriptome profiles of xylems 

and phloems isolated from the root-

hypocotyl of Arabidosis demonstrated their 

role in the radial pattern observed during 

secondary growth. Many transcription 

factors are thought to play roles as regulators 

of xylem or phloem activity, cell 

differentiation, and cell wall development 

[4].  

Introns are noncoding sequences that 

are widespread and abundant in eukaryotic 

genomes. Introns are more variable than 

exons, because selective pressure in intronic 

regions is much weaker than that in exonic 

regions [5]. The polymorphic length of 

introns has been investigated as a genetic 

marker, having the advantages of specificity 

and co-dominance, and offering reliable and 

convenient detection [6, 7]. Intron length 

polymorphism (ILP) is a robust marker 

derived from a large volume of genomic and 

transcriptome sequence data. By comparing 

EST sequences with genomic sequences, the 

intron position can be identified, allowing the 

development of ILP markers located in the 

flanking intron region. The primers are 

designed from the conserved nucleotides of 

the two exons flanking the intron region. The 

PCR products are then amplified across 

intron regions. The results reveal the 

polymorphism in intron size [6]. 

The objective of the current study was 

to develop gene- specific markers from 

candidate genes involved in secondary 

growth of the rubber tree.  Twenty- three 

candidate genes were selected for their 

involvement in cellulose and lignin 

biosynthesis, cell expansion, and the 

expression of transcription factors regulating 

secondary cell wall development.  To design 

ILP markers, the sequences of candidate 

genes were aligned with rubber tree genomic 

sequences.  The selected polymorphic ILP 

markers were tested of their potential 

applications for evaluating the genetic 

diversity and population structure of the 

Amazonian accessions.  This allows a better 

understanding to be gained of the germplasm 

resources available for use in rubber tree 

breeding programs. 

2. Materials and Methods  

2.1 Plant materials  

 The Rubber Research Institute of 

Thailand introduced Amazonian rubber tree 

germplasm from collections in Malaysia and 

the Ivory Coast.  The Amazonian collection 

used in the present study comprised 170 

accessions from three Brazilian states [8]: 14 

from Acre, 64 from Mato Grosso, 91 from 

Rondonia and one of unknown origin (Table 

1) .  The trees were planted at the NongKhai 

Rubber Research Center ( NKRR)  of 

NongKhai Province, in the northeast region 

of Thailand.  Genomic DNA was extracted 

from 500 mg of leaf material using the 

cetyltrimethylammonium bromide ( CTAB) 

method of Gawel and Jarret [9]. 
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Table 1. Amazonian accessions by 

geographical origin. 

State District Code No. of  

    accessio

ns  Acre Assis-Brasil AC/AB 1 

(AC) Feijo AC/F 2 

 Tarauaca AC/T 5 

 Sena 

Madureira 

AC/S 6 

Mato 

Grosso 

Aracatuba MT/A 1 

(MT) Cartriquacu MT/C 19 

 Itanba MT/IT 38 

 Vila Bela MT/VB 6 

 Rondonia Ariquemes RO/A 20 

(RO) Calama RO/C 4 

 Costa arques RO/CM 19 

 Jaru RO/J 30 

 Ji-Parana RO/JP 1 

 Ouro Preto RO/OP 1 

 Pimenta 

Bueno 

RO/PB 16 

Other Unknown BRAZIL

_ 
1 

  UN  

 Total   170 

 

2.2 Development of ILP markers 

 Genes were selected using the 

available sequences in the public NCBI/gene 

database from four function classes:  four 

from cellulose synthesis, eight from lignin 

synthesis, twelve associated with the 

transcription factors regulating secondary 

cell wall development, and three from cell 

expansion.  A total of 36 Eucalyptus spp. 

ESTs from the 27 selected genes were 

aligned with whole-genome shotgun contigs 

of the rubber tree to predict the position and 

number of the introns.  Introns of a 

manageable size (<800 bp) were extracted by 

aligning gene transcripts with their 

corresponding genome sequences using 

BLASTN program search of the whole-

genome shotgun sequences in the NCBI 

database ( WGS Project)  of rubber tree 

cultivar RRIM 600 [ 10] .  To avoid primers 

crossing the predicted exon/intron junctions, 

sequences of approximately 20 bp at the 5' 

and 3' ends of the predicted exon/ intron 

junctions were excluded from the design of 

the intron- flanking primers.  A pair of 

specific primers flanking each of the 

predicted intron positions was designed 

using the Primer3 program [ 11]  with the 

default settings.    Amplification by PCR was 

performed in a 20 l reaction mixture 

containing 10 ng template DNA, 1×PCR 

buffer (20 mM Tris pH 9.0, 100 mM KCl, 3.0 

mM MgCl2) , 200 µM of each of the four 

dNTPs, 1. 5 µM of each of the forward and 

reverse primers, and 0. 5 U Taq DNA 

polymerase.  The following PCR conditions 

were used:  94 oC for 3 min, followed by 30 

cycles of 94 oC for 30 s, 55 oC for 30 s, 72 oC 

for 30 s, and 5 min at 72 oC for the final 

extension.  PCR products were separated on 

6%  denaturing polyacrylamide gels and 

silver- stained, following Benbouza, 

Jacquemin [12]. 

2.3 Data analysis 

 The genetic diversity parameters were 

determined from the genotypic profiles of the 

markers, using the PowerMarker 3. 25 [ 13] 

and POPGENE 1.32 [14] software packages. 

The parameters calculated included the 

number of genotypes (Ng), number of alleles 

( Na) , effective number of alleles ( Ne) , 

expected heterozygosity ( He or gene 

diversity) , observed heterozygosity ( Ho) ; 

Shannon's information index ( I; [ 15] ) , 

polymorphism information content ( PIC; 

[ 16] ) , and inbreeding coefficient ( f) .  

Deviations from the Hardy- Weinberg 

equilibrium were assessed at each locus 

across all populations and their significance 

was evaluated using a chi- square test.  A 

principal component analysis ( PCA)  was 

performed using NTSYS-pc v. 2.0 [17]. The 

population structure was assessed using 

model- based Bayesian analysis in the 

software STRUCTURE v.  2.3.4 [18] .  The 

analysis was run ten times for each K value 

from K =1 to K = 10. The burn-in length was 

set to 100,000, and number of iterations to 

100,000. The ad hoc statistics defined by [19] 

as Δ K.  were used.  Based on the posterior 

probability of membership ( Q)  of a given 

accession, the accession was classified as 
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admixture with a membership probability of 

Q < 0. 70.  Analysis of molecular variance 

( AMOVA)  and calculation of Fst among 

groups were performed using ARLEQUIN 

3.5 [20] with 100,000 permutations, for both 

the geographical location of the collection 

site and the cluster groups suggested by our 

Bayesian analysis.  Gene flow across 

populations was estimated using an indirect 

method based on the number of migrants per 

generation ( Nm)  [ 21] .  The number of 

different alleles per locus, number of 

effective alleles per locus, number of private 

alleles, observed heterozygosity, expected 

heterozygosity [ 22] , and Shannon's 

Information Index were computed for each 

population using GenAlEx version 6. 501 

[23]. 

 

3. Results and Discussion  

3.1 ILP marker development  
 Of total ESTs aligned to the reference 

sequences, 531 were identified.  Of the total 

predicted introns, 405 had flanking exon 

sequences sufficiently long to allow the 

design of ILP primers and 237 predicted 

introns with sizes smaller than 800 bp were 

selected for primer synthesis and used in the 

evaluation of length polymorphism.  Of the 

237 ILP primer pairs examined, 230 pairs 

( 97. 05% )  successfully amplified genomic 

DNA samples. 

After screening for polymorphism 

using one accession from Acre, six from 

Rondonia, and three from Mato Grosso, a 

total of 23 polymorphic ILP markers 

representing 23 genes were selected for a 

population genetic analysis. The 

characteristics of the selected polymorphic 

23 ILP markers are presented in Table 2. The 

23 polymorphic ILP markers yielded 140 

alleles, with an average of 6.09 alleles per 

locus. The number of alleles ranged from 3 

to 13 and the number of genotypes from 4 to 

55. PIC values were between 0.40 and 0.89, 

with an average of 0.64. One private allele 

was found in eight markers, and two in three 

markers, including Per173, NtLIM168, and 

MOR211. The observed heterozygosity 

ranged from 0.14 to 0.99 and the expected 

heterozygosity from 0.44 to 0.90, with 

average values of 0.55 and 0.68, respectively. 

This difference in average values suggested 

heterozygote deficiency.  Departure from 

Hardy–Weinberg equilibrium was 

significant at p < 0.001 for all loci. 

The goal of the present study was to 

develop ILP markers from candidate rubber 

tree genes involved in secondary growth. A 

total of 36 Eucalyptus spp. ESTs for the 

genes under study were used as queries, and 

the whole-genome shotgun sequences of the 

rubber tree were searched for prediction of 

intron regions. The number and density of 

introns varies significantly between 

organisms, due to differences in the rate of 

lineage-specific intron loss and/or gain [24]. 

Factors such as insertion of transposable 

elements [25] and the frequency and size of 

deletion events [26] may produce changes in 

intron size. 

An ideal molecular marker should be 

reliable and polymorphic, quick and simple 

to apply [ 27] , and inexpensive and 

functional. The 23 selected polymorphic ILP 

markers representing 23 genes were applied 

to a genetic analysis of the Amazonian 

population.  The polymorphisms detected by 

these ILP markers ranged from informative 

to highly informative. The average PIC value 

generated by the ILP markers was 0. 64 and 

the average number of alleles per locus 6.09, 

which is superior to previously reported ILP 

markers [28] and EST-SSR markers [29, 30], 

and comparable to the EST- SSR markers 

reported by Cubry et.al.  [31] .  The range of 

polymorphism detected in these EST 

markers can be attributed in part to the level 

of diversity across the germplasm surveyed. 

PIC values greater than 0. 5 have been 

suggested to indicate an informative marker, 

and loci with values greater than 0.7 as being 

appropriate for genetic mapping [32].  
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In the current study, 20 of the ILP markers 

showed PIC values greater than 0.5, and 

seven greater than 0.7, suggesting high levels 

of polymorphism. These ILP markers for 

genes associated with secondary growth in 

the rubber tree provide an immediate 

resource for the study of genetic diversity, 

the establishment of marker-trait association, 

and the identification of genes that regulate 

secondary growth traits. This will help 

accelerate marker-assisted selection in 

rubber tree breeding programs. 

3.2 Genetic structure of the Amazonian 

population  
Two methods were applied: model-

based Bayesian analysis and PCA. The 

model-based Bayesian analysis, combined 

with computation of the Evanno ΔK statistics 

(Fig 1), suggested two clusters (K=2) with 

admixed accessions.  Cluster 1 comprised 13 

accessions from Acre, one from Mato 

Grosso, and 63 from Rondonia. Cluster 2 

comprised 50 accessions from Mato Grosso 

and two from Rondonia. Forty accessions 

had a membership probability (Q value) 

below 0.7, and were defined as admixtures. 

Of these, one originated from Acre, 13 from 

Mato Grosso, and 26 from Rondonia (Table 

3). The accession with unknown origin 

(BRAZIL_UN) was placed into Cluster 2.   

The results were in agreement with those 

from the PCA (Fig. 2), in which the first two 

principal components identified two clusters 

and admixed accessions from Rondonia.  

 

Fig. 1. The genetic structure of 170 Amazonian 

accessions inferred through Bayesian analysis of 

the most probable number of clusters (K), 

estimated using ad-hoc K statistics.  
 

Table 3. Division into two clusters (K = 2) 

from the model-based Bayesian analysis. 

Cluster (C) Number C1 C 2 Admixture1 

Acre 14 13 0 1 

Mato Grosso 64 1 50 13 

Rondonia 91 63 2 26 

BRAZIL_UN 1 0 1 0 

Total 170 77 53 40 
1Accessions with a membership probability (Q 

value) below 0.7 were classified as Admixture 
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Fig. 2. Principal component analysis (PCA) of 170 Amazonian accessions based on 23 ILP markers. 

Accessions shown in red were assigned to Cluster 1, those in green to Cluster2, and those in black as 

admixtures, corresponding to Bayesian analysis based on K = 2. 

 

As a further test of their potential 

applications, the 23 polymorphic ILP 

markers were used to evaluate the genetic 

diversity and population structure of the 170 

Amazonian accessions. The population was 

divided into two clusters. Analyses of 

pairwise genetic distance suggested that the 

Mato Grosso population was genetically 

more distant than the Acre and Rondonia 

populations. This can be partly explained by 

the hydrographical network of the 

Amazonian region [33-36]. The relatively 

low Fst value suggested little differentiation 

between populations. This might be 

attributed to gene flows, reflected in the high 

rate of migration. The results reported in 

previous studies suggest a history of gene 

flows between populations, possibly due to 

the outcrossing mode of reproduction of 

these species and the dispersal of seeds 

through the network of rivers in the Amazon 

basin [8, 35-36]. Our results confirmed the 

conclusions of these previous studies that 

Amazonian accessions are grouped by 

catchment area. The substantial admixture 

observed in the Rondonia population was 

attributed to its borders with the Mato Grosso 

and Acre regions. Genetic differentiation 

occurs, but is attenuated by the highly 

connected nature of the Amazon basin, and 

the associated gene flow 

3.3 Diversity and differentiation among 

population  
Diversity statistics across all 170 

accessions and within each of the three 

populations based on geographical origins 

( Table 4)  were computed.  The number of 

different alleles per ILP locus ranged from 

4. 30 ( Acre)  to 5. 87 ( Rondonia)  with an 

average of 5. 19.  The observed 

heterozygosity (Ho) ranged from 
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Table 4. Genetic diversity within each population assessed using 23 ILP markers. 

Population N Na He Ho I F Pa   

Acre 14 4.30 0.60 0.53 1.10 0.12 0   

Rondonia 91 5.87 0.68 0.58 1.35 0.14 11   

Mato Grosso 65 5.39 0.64 0.52 1.24 0.19 2   

Overall population 170 5.19 0.64 0.54 1.23 0.15 13   

N = Sample Size; Na = Mean number of alleles per marker; He = Expected heterozygosity;  

Ho = Observed heterozygosity; I = Shannon's Information index;  

F = Fixation index; Pa = Number of private alleles 

 

0.52 (Mato Grosso) to 0.58 (Rondonia), with 

a mean of 0.54.  The genetic diversity (He) 

was higher than Ho in all cases, with values 

ranging from 0.60 (Acre) to 0.68 (Rondonia), 

and a mean of 0.64. Wright’s fixation index 

(F) values were positive, with a mean of 0.15 

across the three populations. No private 

allele was found in the Acre accessions, 

whereas those from Rondonia had 11 private 

alleles and those from Mato Grosso had two. 

For Per173 and MOR211, one private allele 

was identified in each of the Mato Grosso 

and Rondonia populations.  NtLIM168 had 

two private alleles in the Rondonia 

accessions. CesA016, CaS106, 4CL069, 

CAD072, COMT084, CCoAMT090_2, 

NAC149, and COB185 had one private allele 

in the Rondonia accessions. These private 

alleles were always found at low frequencies 

(< 4%) The genetic differentiation among 

populations (FST = 0.062 at P< 0.001) was 

significant as indicated by the permutation 

test. The pairwise genetic distances between 

geographical regions were 0.12 for Mato 

Grosso–Acre, 0.28 for Mato Grosso–

Rondonia, and 0.14 for Acre–Rondonia. 

These results supported the population 

structure that grouped Acre and Rondonia in 

the same cluster.  

The average estimated gene flow 

among populations (Nm) was 3.52. A 

hierarchical analysis of variance revealed 

statistically significant values (P<0.001). 

Between-cluster variation accounted for 

6.04% of the total genetic variance, whereas 

within-cluster variation accounted for 

93.96%. 

An assessment using the ILP 

markers revealed high levels of genetic 

diversity between the Amazonian accessions, 

which is consistent with previous reports [34, 

35]. An average Ho of 0.54 was detected 

across all accessions. The estimated genetic 

variability (heterozygosity) was lower than 

that reported in previous studies using SSR 

markers [34, 35], a result that could be 

anticipated from the specific molecular 

nature of the two marker types. The number 

of different alleles per ILP locus identified 

across the three populations was proportional 

to the sample size, and some of the 

differences seen here may be attributed to 

sampling differences. Of the 23 ILP markers 

analyzed, 11 revealed private alleles. The 

presence of unique alleles is a measure of the 

genetic individuality of plant populations, 

which reflects genetic adaptation to 

ecological conditions. The ILP markers 

displaying private alleles therefore constitute 

valuable markers for genetic diversity and 

DNA fingerprinting, and can be used to guide 

selection of parents in a breeding program, as 

discussed by Chen et al.[37].  

4. Conclusion 
Polymorphic ILP markers were 

developed from candidate genes involved in 

secondary growth of rubber trees.  These 

were then used to investigate the genetic 

diversity and population structure of the 

Amazonian population.  The results 

suggested that the intronic regions were 

sufficiently varied to be used as marker 

resources for genetic analyses of the rubber 

tree.    These markers will support the 
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construction of genetic linkage maps for 

identification of QTL and candidate gene 

association mapping.  The ability to identify 

markers associated with secondary growth 

related traits will allow selection for such 

traits at the seedling stage, accelerating the 

progress of rubber tree breeding programs. 
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