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Abstract

Rubber tree (Hevea brasiliensis) provides the sole commercial source of natural rubber in the world. Over the past three decades, a number of
latex physiological parameters has been applied to construct tapping systems, enhance natural rubber production, monitor tapping panel
dryness, and evaluate rubber clone performance. Inorganic phosphorus and sucrose content (Pi and Suc) are two well-interpreted parameters to
describe the latex metabolic status of rubber trees, whereas the candidate genes responsible for requlating Pi and Suc have never been reported.
Here, a natural population consisting of 218 rubber tree individuals was exploited to identify candidate genes associated with Pi and Suc. The
phenotype of this population was measured over a period of two years. Genome-wide association study (GWAS) was conducted using mixed
linear models and 7,835,736 single-nucleotide polymorphisms (SNP). A total of 26 and 11 SNPs were significantly associated with Pi and Suc,
respectively. By combining the GWAS results with genomic annotation data, 57 and 29 candidate genes within 50 kb of the significant SNPs were
identified for Pi and Suc, respectively. The expression patterns of these candidates were further investigated, and five for Pi and three for Suc were
identified to be specifically expressed in the latex. A DOF transcription factor and a histone H2A gene have been interpreted, while the
annotations for the other candidate genes remain limited. These findings contribute to understanding the genetic foundation of Pi and Suc in the
latex as well as the breeding of high-yielding rubber clones by employing latex physiological parameters.
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Introduction

Natural rubber (NR), primarily composed of cis-1,4-polyiso-
prene, is a natural polymer compound. It is considered the only
renewable industrial material and strategic resource, and is
often grouped with steel, petroleum, and coal as one of the
four major industrial raw materials'l. High molecular weight
natural rubber possesses excellent characteristics such as elas-
ticity, abrasion and impact resistance, efficient heat dissipation,
insulation, impact resistance, and fatigue resistancel?. As a
result, it finds extensive applications in agriculture, industry,
transportation, machinery manufacturing and healthcare, and
cannot be replaced by synthetic alternatives. Although more
than 2,500 plant species are known to biosynthesize rubber-like
hydrocarbon polymers, the Para rubber tree (Hevea brasiliensis)
is the only plant widely cultivated in agricultural®l. Several
alternative rubber-producing crops, including Parthenium
argentatum Gray, Taraxacum kok-saghyz, T. brevicorniculatum,
and Lactuca sativa, have been developed, while the Hevea tree
is the almost sole commercial source of natural rubber due to
its high latex production, good quality, and long economic
lifespan9l. To date, over 98% of the global total natural rubber
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production originates from the Hevea tree. Given the escalat-
ing global demand for NR, it is imperative to acquire a compre-
hensive understanding of the influence of harvesting systems
on latex physiology to effectively optimize NR productiontl.
Several latex physiological parameters, encompassing latex pH,
total solid content (TSC), sucrose content (Suc), inorganic phos-
phorus content (Pi), thiols content (RSH), redox potential (RP),
bursting index (Bl), and magnesium content (Mg2*), were iden-
tified as key factors associated with both latex yield and
tapping panel dryness(®. This knowledge has facilitated the
development of latex diagnosis.

Similar to a human blood test, latex diagnosis (LD) utilizes a
series of physiological parameters of latex to gain valuable
insights into the metabolism status of the rubber-producing
laticifers. A number of LD parameters, i.e., TSC, Suc, Pi, RSH, BI,
RP, and MgZ*, have been developed to effectively determine
and evaluate the diagnosis of latex®. However, in daily prac-
tice, four main parameters, namely TSC, Suc, Pi, and RSH, are
commonly employed. These parameters represent reliable indi-
cators of the latex regeneration level, carbohydrate availability,
metabolic activity, and antioxidant status’-°. Among them,
TSC is primarily focused on converting fresh yield to dry yield,
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whereas RSH is commonly used to assess the level of stress
encountered by the plant. Therefore, some studies have exclu-
sively focused on the physiological parameters of Suc and Pi in
latex!’011], A meta-analysis indicates that TSC, Suc, and RSH
show a decreasing trend as stimulation intensity increases,
whereas Pi demonstrates a reverse parabolic patternl'2l, After
analyzing a total of 158 scientific papers, it was observed that
Suc is the parameter most frequently analyzed, followed by Pi
and RSH, whilst TSC was the least frequently examined para-
meterl’3l, LD parameters are extensively employed for yield
optimization in agronomy, physiological mechanism compre-
hension in physiology studies, as well as investigation of
growth and yield-related traits in breeding studies!'3l. For
example, the exploration of new tapping systems, e.g., double
cutting, ultrasound, and low-frequency tapping accompanied
by stimulation, has been evaluated using LD parameters!0.14151,
LD parameters are developed to detect the production of free
radicals and scavengers, and to monitor the stress level in lati-
cifers to prevent tapping panel dryness!'®l. Besides, LD parame-
ters are also utilized for the characterization of clonal typology
and performance assessment of rubber clonesl'7], At present,
our understanding of the regulatory genes that determine the
content of latex physiological parameters remains limited.

QTL mapping studies of rubber trees are dominated by the
South American Leaf Blight (SALB), growth, and rubber yield
related traits. For instance, one major QTL and four minor QTLs
associated with SALB resistance were identified in the F1 popu-
lation derived from the rubber tree cultivars MDF 180 and PB
260081, Eighteen QTLs related to growth traits, such as plant
height and girth, were detected in a full-sib population result-
ing from the crossing of PB 217 and PR 225['9], Additionally, 11
QTLs for stem growth and 12 QTLs for latex yield have been
detected from a high-density genetic map, developed by SLAF-
seq, in the F1 population crossed between the cultivated vari-
ety CATAS 879 and wild germplasm MT/C/119/67120L. With the
development of efficient and low-cost molecular markers,
genome-wide association studies are conducted in rubber trees
to detect growth and rubber yield traits. For example, four
significant SNPs related to stem diameter are identified using
GWAS in a rubber tree population genotyped by genotyping-
by-sequencing?l. In a separate study, Cheng et all?Z
performed a genome-wide association study using 147 rubber
tree accessions and successfully detected 155 markers signifi-
cantly associated with latex yield. The HbPSK5, responsible for
regulating laticifer differentiation in rubber tree, was discov-
ered through GWAS conducted on a comprehensive collection
of 335 rubber tree accessions(?3l,

Over the past three decades, extensive research has high-
lighted the profound significance of LD parameters in rubber
production, with particular emphasis on Suc and Pil'3l,
However, there is a dearth of literature exploring the candidate
genes that determine Suc and Pi in latex. Here, a natural popu-
lation, comprising 218 open-pollinated progenies, was con-
structed and employed whole-genome resequencing to obtain
high-density SNP markers. We performed a genome-wide asso-
ciation study for Suc and Pi, leading to the identification of 29
and 57 candidate genes, respectively. Furthermore, the expres-
sion patterns analysis revealed that five candidate genes for Pi
and three candidate genes for Suc are latex-specific. Our find-
ings provide valuable insights for the future utilization of LD in
breeding high-yielding and stress-adapted rubber tree clones.

Yan et al. Tropical Plants 2023, 2:24

Tropical
Plants

Materials and methods

Population materials

In 2014, more than 2,000 seeds were randomly collected
from a field garden that planted 400 Whickham Hevea germ-
plasms at National Tropical Plants Germplasm Resource Center-
Rubber Tree (Danzhou, Hainan province, China). Subsequently,
the seeds were germinated in the nursery garden for one
month and transplanted to the experimental farm of Hainan
University (Danzhou, Hainan province, China). The row and
plant spacing were 1.5 m and 3.0 m, respectively. In 2020,
adhering to the technical code of practice for rubber tree
breeding (NY/T 607-2018), the tapping panel was opened at 50
c¢m above the ground, and tapped by the half spiral cut, third-
daily (S/2 d/3) system[?4. A total of ten tappings were
conducted annually from October to November, and the latex
samples were harvested and examined for the last five
tappings. In this study, 218 accessions exhibiting continuous
variations in rubber yield, growth, Pi, and Suc were selected for
genotyping (Supplemental Table S1) and the latex physiologi-
cal parameters were measured in 2021 and 2022 (seventh and
eighth years after planting).

Phenotyping

To quantify the contents of inorganic phosphorus and
sucrose, 1 mL of fresh latex was mixed with 9 mL of 2.5%
trichloroacetic acid (2.5% w/v) for each tapping, centrifuged at
5,000 g for 10 min at 4 °C, and the aqueous solution was then
separated and stored at —20 °C before testing. Inorganic phos-
phate was quantified using the binding principle of ammo-
nium molybdate, followed by reduction with FeSO, in an acidic
reaction. The samples underwent a color change to blue and
were quantitatively analyzed utilizing the INFINTE 200 PRO
TECAN (TECAN, Switzerland) spectrophotometer. The absor-
bance was measured at 1627 nm, following the established
methodology outlined by Taussky & Shorrl?l, The sucrose
undergoes dehydration upon being heated in concentrated
sulfuric acid (70% H,S0,), resulting in the formation of a furfural
derivative. This derivative then reacts with anthrone, resulting
in a blue reaction. Subsequently, the absorbance at 1627 nm
was measured using the INFINTE 200 PRO TECAN (TECAN,
Switzerland), following Dische's anthrone method¢l, All
measures were conducted at least three replicates for each
tapping, and the phenotypic values were averaged from five
tappings. The BLUP (best linear unbiased prediction) values
across two environments (2021 and 2022 vyears) were
conducted using the R package 'Ime4''?7], Histogram plots were
depicted using the 'hist' function in R software to show the
phenotypic distributions under each environment.

Sequencing and polymorphism analysis

Genomic DNA was extracted from young leaves of six-year-
old plants of each accession using the cetyl trimethyl ammo-
nium bromide method8l. The quality and quantity of DNA
were examined using the INFINTE 200 PRO TECAN (TECAN,
Switzerland) and agarose gel electrophoresis. High-quality DNA
with an absorbance ratio of 260/280 between 1.8 and 2.0 and a
concentration greater than 200 ng/uL were utilized for library
construction. Whole-genome resequencing was performed by
using the DNBSEQ-T7 sequencing platform to generate 150-bp
paired-end reads following the manufacturer's instructions. The
resequencing data of each individual was filtered using Trim-
momatic V.0.39 to eliminate low-quality reads and aligned to
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the reference genome of RY 73397 using BWA-MEM software
with the following parameters: -t 40 -M -R[29-31], The BAM files
were sorted, indexed, and duplicates removed using the
SAMtools softwarel®2, Variant calling was conducted utilizing
HaplotypeCaller, CombineGVCFs, GenotypeGVCFs, and Select-
Variant from the Genome Analysis Toolkit (GATK) version
4.1.8.1B331, SNPs were assessed using the following parameters:
'QD < 2.0, MQ < 40.0, FS > 60.0, SOR > 3.0, MQRankSum < —12.5,
ReadPosRankSum < —8.0". The resulting variants were further
filtered using VCFtools with the parameters 'max-missing 0.8,
maf 0.05'34, The SNP density map was generated utilizing the R
package 'CMplot'B35],

Genome-wide association study

GWAS was conducted on 218 open-pollinated rubber tree
progenies, utilizing a dataset consisting of 7,835,736 high-
confidence SNPs. A genome-wide efficient mixed-model analy-
sis was carried out using the GEMMA software to assess the
associations between the traits and SNPsE. To minimize false-
positive rates, the population structure was appropriately
adjusted by incorporating the first three principal components
and a kinship matrix as covariates. Manhattan and quantile-
quantile (QQ) plots were constructed using the R package
'CMplot’, and the genome-wide significance threshold in this
study was set at p < Te-6. Linkage disequilibrium (LD) and
haplotype maps for the most significant SNP associated with Pi
and Suc were generated using the 'LDBlockShow' softwarel371,

Expression analysis by RNA-seq

A 50 kb region upstream and downstream of the significant
SNPs was selected, and the genes encompassed within this
interval being meticulously designated as candidates. Total
RNA was extracted from the bark and xylem of RY 73397 using
the TRNzol Universal Reagent (Catalog Number 4992730) from
TIANGEN Biotech Co., Ltd. (Beijing, China) according to the
manufacturer's instructions. The quality and integrity of RNA

Pi and Suc are identified by GWAS in rubber tree

were evaluated using the INFINTE 200 PRO (TECAN, Switzer-
land) and Agilent 2100 Bioanalyzer (Agilent Technologies, CA,
USA). The mRNA libraries were constructed by using the
NEBNext Ultra RNA Library Prep Kit following the manufac-
turer's instructions, and sequenced by the lllumina NovaSeqTM
6000 platform to generate 150-bp paired-end reads. The RNA-
seq data from leaf and latex of RY 73397 were collected from
our previous published paperB'l. Transcriptomic analysis was
conducted by employing the HISAT2-Stringtie pipeline, while
gene expression levels were normalized as FPKM (fragments
per kilobase of transcript per million mapped reads). The
heatmap of gene expression was visualized using the R pack-
age 'pheatmap’.

Results

Phenotypic variation of inorganic phosphorus and
sucrose content

The Pi and Suc for this natural population in 2021 and 2022
are displayed in Fig. 1 and Supplemental Table S2. The Pi
ranged from 0.83 to 11.55 mM, while the Suc ranged from 0.35
to 19.16 mM. Upon comparing the data spanning two years, we
observed a significant increase in the mean value of Suc in 2022
compared to 2021. Conversely, the mean value of Pi signifi-
cantly diminished in the same period (Supplemental Table S2).
The statistical results of skewness and kurtosis suggested a
non-normal distribution for both Suc and Pi (except in 2022) in
this natural population (Supplemental Table S2). Moreover, the
frequency distribution histograms of Pi and Suc also revealed
non-normal distribution patterns (Fig. 1). The BLUP values of Pi
and Suc were computed across two environments for subse-
quent analysis (Supplemental Table S2).

Distribution of SNPs
The resequencing data were genotyped using GATK toolkit
and subsequently filtered using VCFtools. An extensive analysis
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Frequency distributions of Pi and Suc in the natural population. (a), (b) Frequency distribution of Pi in 2021 and 2022. (c) Frequency

distribution of BLUP data for Pi. (d), (e) Frequency distribution of Suc in 2021 and 2022. (f) Frequency distribution of BLUP data for Suc. The
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of population structure and genetic diversity using various
methods, including linkage disequilibrium decay, principal
component analysis, phylogenetic tree analysis, nucleotide
diversity (), and Tajima's D values, were conducted by Liang et
al. (Unpublished). Finally, a total of 7,835,736 high-confidence
SNPs were identified from this natural population of 218 indi-
viduals. We quantified the frequency of SNPs per mega-base
(Mb) interval and visually represented it through a heatmap
illustrating SNP density (Fig. 2). We observed a non-uniform
distribution of SNPs across chromosomes, with chromosomes
1, 14, and 17 displaying no discernible distribution pattern.
However, other chromosomes exhibited a noticeable trend of
high SNP density at both ends and lower density towards the
middle (Fig. 2).

Tropical
Plants

GWAS for Pi and Suc

The association between the SNP markers and the two latex
physiological parameters traits was investigated using a mixed
linear model (MLM) that controlled for the population struc-
ture and kinship coefficient of varieties. In total, 37 SNPs signifi-
cantly correlated with the Pi and Suc traits were detected using
the BLUP data. They were scattered across 14 of the 18 chromo-
somes in the genome of RY 73397. Significant marker-trait asso-
ciations were identified by negative log10 (p value) and the
results have been presented in form of Manhattan and QQ
plots. A total of 34 and two SNPs were found significantly asso-
ciated with Piiin 2021 and 2022, respectively (Supplemental Fig.
S1). Additionally, 26 SNPs displayed a significant association
with Pi by employing the BLUP data (Fig. 3a). In the years 2021
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and 2022, we identified 14 and 44 SNPs, respectively, that
exhibited significant correlations with Suc (Supplemental Fig.
S2). Meanwhile, 11 SNPs were found to be significantly corre-
lated with Suc by using BLUP data (Fig. 3b).

Candidate genes identification and expression analysis

In this study, the significant SNPs identified from the BLUP
data were utilized to conduct a more in-depth analysis of candi-
date genes. The genomic region spanning a 100 kb interval of
the significant SNPs was precisely captured and compared
against the genome annotation file. The expression levels of
these candidate genes were quantified using RNA sequencing
in four Hevea tissues, including leaf, latex, xylem, and bark.
Simultaneously, candidate genes that exhibited no expression
across the four aforementioned tissues were excluded.

We further performed gene annotation using the association
analysis results obtained from the BLUP data, and a total of 57
candidate genes for Pi were found (Supplemental Table S3).
Five candidate genes (EVM0018877, EVM0041565, EVM0011083,
EVMO0036717, and EVMO0021164), which are specifically and

Pi and Suc are identified by GWAS in rubber tree

highly expressed in latex and implicated in the regulation of Pi,
were identified (Fig. 4a). The SNP most significantly associated
with Pi was found on chromosome 2, and the linkage disequi-
librium block analysis revealed the absence of a robust linkage
region for this specific SNP (Fig. 4b). Nevertheless, in this popu-
lation, the latex Pi of G/T heterozygous was significantly higher
than that of G/G homozygous (Fig. 4c). Furthermore, a candi-
date gene (EVM0003477) was identified for this SNP, whereas its
expression was not detected in any of the four tissues exam-
ined. Functional annotation of latex-specific candidates
revealed that the DOF transcription factor (EVM0041565) was
the sole gene with a well-defined function, whereas multiple
other genes lacked evident homologs.

We identified a total of 29 candidate genes that are corre-
lated with Suc, corresponding to 11 significantly associated
SNPs. Of which, EVM0003464, EVM0014180, and EVM0029135
exhibited a notable and specific expression pattern in latex (Fig.
5a). The Suc-associated SNP on chromosome 2 displayed the
highest level of significance, and the linkage disequilibrium
block analysis revealed a closely linked region for this specific
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Fig. 4 Candidate gene expression patterns and LD block analysis for Pi-associated variants. (a) Quantification of candidate gene expression
levels related to Pi in the leaf, latex, xylem, and bark tissues of RY73397. The color is based on the log, (FPKM + 1) values. (b) LD block analysis of
the most significant SNP correlated with Pi. The red line represents a p-value of 1e-6. (c) Comparison of Pi between GG (n = 143) and GT (n = 75)

haplotypes. ** indicates p < 0.01.

Page 6 of 9

Yan et al. Tropical Plants 2023, 2:24



Pi and Suc are identified by GWAS in rubber tree

a Evmoosseos s D 8
EVMO0034090 | .
EVM0014391 | ¢ % 6
EVM0001309 € 4
EVMO0000892 S
EVMoo34184 4 T 2
EVM0034815 .
oot 2 O
||
EVM0022027 [ U//
EVM0022866 |/ 4
EVMO0028831 | 1
EVM0023217
EVM0042301
EVMO0003464
EVM0014180
EVM0004181
EVM0029135
EVMO0037845 c
EVM0025171 6.951
EVMO0036456 6.904
EVM0010803 % -
g & £ % S s
x 3 o
6.70 4

Tropical
Plants

End:84.882 Mb

R? Color Key

*%k
| I
] 0.0 1.0
6.75
AG AA

Chr2_84831564

Fig.5 Candidate gene expression patterns and LD block analysis for Suc-associated variants. (a) Quantification of candidate gene expression
levels related to Suc in the leaf, latex, xylem, and bark tissues of RY73397. The color is based on the log, (FPKM + 1) values. (b) LD block analysis
of the most significant SNP correlated with Suc. The red line represents a p-value of 1e-6. (c) Comparison of Suc between AG (n = 212) and AA

(n = 6) haplotypes. ** indicates p < 0.01.

SNP (Fig. 5b). The latex Suc of A/A homozygous was signifi-
cantly higher than that of A/G heterozygous in this natural
population (Fig. 5c). Three candidate genes (EVM0028831,
EVMO0021953, and EVMO0035051) were identified for this SNP, of
which two were observed to have no expression (Fig. 5a,
Supplemental Table S3). Functional annotation of the outstand-
ing candidates for latex expression revealed that EVM0029135
corresponds to a histone H2A gene, while the functions of the
other candidate genes remain unclear.

Discussion

The LD was utilized to check the physiological status at one
moment of the rubber tree, and frequently used in physiologi-
cal and breeding studies. Several physiological parameters
correlated with latex yield and tapping panel dryness have
been developed. By systematically collecting and analyzing a
total of 158 articles published from 1970 to 2020, it was
detected that Suc and Pi stand out as the two most extensively
investigated parameters('3l. Moreover, they found a wide range
of variation in these two parameters. For the Pi, the minimum
value was 0.15 mM and the maximum was 36.3 mM, the aver-
age was 16.3 mMI'3:38], The Suc displayed a minimum value of
approximately 0.4 mM, while the non-outlier maximum obser-
vation reached 20.2 mM, with an average of 9.2 mMI'339, In this
study, we measured Suc and Pi for two consecutive years.
Notably, both Pi and Suc had significantly changed over the
two-year period. In 2022, the Pi exhibited a substantial

Yan et al. Tropical Plants 2023, 2:24

decrease whereas the Suc demonstrated a significant increase,
compared to the data of 2021 (Supplemental Table S2). These
results suggest that the physiological parameters of Pi and Suc
serve as direct indicators of the growth state of rubber trees,
and their levels may change significantly and rapidly in
response to various factors such as tree age, climate conditions,
tapping stimulation, and panel management.

GWAS aims to identify associations of genotypes with
phenotypes by testing hundreds of thousands of genetic vari-
ants among individuals who share ancestral similarities but
exhibit phenotypic differences!“?l. Population structure, marker
density, and population size are crucial indicators that play a
significant role in enhancing the resolution of GWAS. With the
advancement of techniques such as next-generation sequenc-
ing (NGS), a substantial number of SNP markers have been
identified, resulting in a notable improvement in marker
density. In recent years, there has been a growing interest in
conducting GWAS on rubber trees, primarily focused on investi-
gating yield and growth-related traits?2231 Qur study repre-
sents the pioneering effort to identify candidate genes associ-
ated with the regulation of Pi and Suc using GWAS. The ulti-
mate objective is to provide valuable insights for optimizing
the tapping systems of rubber trees through the effective
modulation of latex physiological parameters. In this study, we
obtained high-density SNPs by resequencing the whole
genome with an average depth of approximately 15x. Finally,
7,835,736 SNPs were obtained after quality control and filter-
ing (Fig. 2). The abundance of SNP markers presents an
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exceptional foundation for conducting comprehensive
genome-wide association study. Moreover, the genome
sequences of various rubber tree varieties are consistently
updated and released. Several candidate genes, including
COBL4 for girth and HbPSK5 for laticifer differentiation, have
been identified through GWAS conducted on rubber trees[23:41],
The GWAS results for Pi over a span of two years revealed a
notable lack of reproducibility. Specifically, in 2022, only two
significant loci were detected on chromosome 4 (Supplemen-
tal Fig. S1). Meanwhile, 14 and 44 SNPs were found to be signifi-
cantly associated with Suc in 2021 and 2022, respectively,
(Supplemental Fig. S2). These findings imply that the substan-
tial variations in phenotypes across different years led to signifi-
cant disparities in the outcomes of the association analysis.
Hence, a BLUP analysis on the phenotypes across two environ-
ments was performed to facilitate subsequent association anal-
ysis.

In this study, we determined a range of candidate genes by
annotating of SNPs that exhibited significant associations with
the BLUP data and conducted a comprehensive transcriptome
analysis to further screen these candidate genes. Among the 57
candidate genes identified as responsible for regulating Pi in
the natural population, only 36 genes were found to be
expressed in at least one of the four tissues (Supplemental
Table S3). Meanwhile, 22 out of the 29 candidate genes
involved in Suc exhibited detectable expression levels. Eventu-
ally, five genes for Pi and three genes for Suc were identified
with a predominant expression in latex by analyzing the
expression levels of these candidate genes in leaf, latex, bark
and xylem (Figs 4 & 5). Laticifer cells are a type of special cell
that has evolved in rubber-producing plants and have obvious
difference and differentiation from other cell types!*2.. We spec-
ulated that the genes governing the regulation of physiologi-
cal parameters in latex predominantly manifest their expres-
sion and functionality within the latex. Therefore, we identified
these candidate genes with latex-specific expression to provide
significant insights for further verification. Gene function anno-
tation provides further evidence that these genes, which are
specifically expressed in latex, do not exhibit significant homol-
ogy in other species, and only two candidate genes have anno-
tated information, while the remaining genes lack any avail-
able annotations. These findings offer valuable insights for
harnessing the potential of LD in the development of high-
yielding and stress-resistant rubber tree clones.
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