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ABSTRACT: Hevein is a major latex protein that accumulates in the vacuolar compartments, known as lutoids, of
the rubber tree (Hevea brasiliensis). It has been reported to play key roles in plant defense responses and to
participate in the latex coagulation process. This study aims to investigate the molecular mechanism and relation
of the hevein gene to the resistance of rubber trees against Phytophthora spp. Phylogenetic analysis was performed
to evaluate the relationship of hevein from rubber trees with the other PR4 genes within the plant species. The
phylogenetic analysis categorized the hevein homologs into two major clades based on the presence or absence
of sap, demonstrating convergent evolution. The hevein precursor and prohevein from H. brasiliensis shared a close
relationship with prohevein from cassava (Euphorbiaceae) and grouped together with Ricinus communis and Populus
alba (order Malpighiales). The expression of the hevein gene was studied in rubber tree clones PB260, a
Phytophthora-resistant clone, and RRIM600, a susceptible clone, under non-infected conditions through quantitative
real-time polymerase chain reaction (gqRT-PCR) technique. The results indicated that the expression level of the
hevein gene was significantly higher in PB260 than in RRIM600. This result suggests that the expression level of the
hevein gene may be related to pathogenic fungi resistance in rubber tree clone PB260. The potential cis-acting
regulatory elements were identified on the hevein promoter of the RRIM600 rubber tree clone. Several hormone-,
defense-, mineral-, organ specific-, light-, and water stress-responsive elements were present. The promoter of the
hevein gene was found to harbor ethylene-, salicylic acid- and jasmonic acid-responsive elements known to be
involved in plant defense against pathogens. The results from this study provide an understanding of the expression
and regulation of the hevein gene in rubber trees and is beneficial for further improvement of pathogenic fungi-
resistant rubber tree clones in rubber tree breeding programs.
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INTRODUCTION
The rubber tree (Hevea brasiliensis) is one of the most important economic crops of Thailand and belongs
to the Euphorbiaceae family. It is the major source of natural rubber, cis-1,4-polyisoprene, which is collected from

laticifer cells located in the inner soft bark tissue (Ekchaweng et al., 2017). Thailand is the world leader in producing
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natural rubber, and most of the production occurs in the southern part of the country (Pethin et al., 2015). In the
south, the long wet season and overall high humidity promote abnormal leaf fall (ALF), one of the most common
diseases in rubber trees caused by Phytophthora species (Khompatara et al., 2019). In rubber trees, infection
by Phytophthora palmivora causes extensive defoliation of mature leaves. It also attacks the tapping surfaces,
causing dark vertical lines in the panels. These symptoms lead to reduced rubber tree growth and latex productivity
(Deenamo et al., 2018). Rubber tree clones clearly exhibit variable levels of resistance to pathogenic fungal diseases
(Narayanan and Mydin, 2012). Through an analysis of percentage disease index (Joseph et al., 1994) in Southern
Thailand, rubber tree clones PB260 and RRIM600 were reported to be resistant and susceptible to Phytophthora
sp., respectively (Rodesuchit et al., 2009). The widely cultivated clone RRIM600 also showed a high degree of
susceptibility to ALF disease in India (Thanseem et al., 2005).

To protect against pathogen attack, plants have evolved numerous constitutive and induced basal defense
mechanisms, i.e., the deposition of lignin, suberin and callose to reinforce cell walls at the pathogen penetration
site; the accumulation of antimicrobial proteins and phytoalexins; oxidative bursts; defense signaling pathways and
transcriptional expression of pathogenesis-related (PR) genes (Deenamo et al., 2018). PR-proteins are defined as
proteins that are induced when the plant faces stress, pathogen attack or abiotic stimuli. The inhomogeneous group
of PR-proteins has been classified into 17 families. Only PR-1-PR-5, PR-8, and PR-11-PR-16, have exhibited direct
antifungal activity against phytopathogenic fungi (Moosa et al., 2017). The expression of ﬂZ,B—gluconase, a PR-2
gene, resulted in a marked increase in Phytophthora sp. tolerance by the RRII105 rubber tree clone, with a higher
and more prolonged rate of tolerance than the susceptible RRIM600, after P. meadii inoculation.

Prohevein is a chitin-binding protein from rubber trees and is classified as a PR-4 protein. Post-translational
modification of the hevein precursor (204 amino acids) generates prohevein (187 amino acids; 18.5 kDa) which is
then processed into the N-terminal hevein peptide (43 amino acids; 4.7 kDa) and the C-terminal domain (144 amino
acids; 13.3 kDa) (Berthelot et al., 2016). This process is homologous to the wound-inducible proteins WIN1 and WIN2
from potatoes (Stanford et al., 1989) and to PR-4 from tobacco (Friedrich et al.,, 1991). In the rubber tree, hevein is
one of the major latex proteins that accumulates in the lysosomal microvacuoles called lutoids (Peumans et al.,
2001). It represents about 70% of the soluble protein in the bottom fraction of latex (Archer et al.,, 1969). Hevein
has been reported to play a role in plant defense. It has shown the capacity to inhibit the growth of several chitin-
containing fungi (Van parijs et al., 1991) via penetration through the fungal cell wall, affecting the active-sites involved
in cell wall morphogenesis. Hevein has also been proposed to participate in the latex coagulation processes, when
released from lutoids into the cytosol, through its ability to bind to the N-acetyl-D-glucosamine moiety of the
glycosylated protein located on the surface of rubber particles (Gidrol et al., 1994). Rubber particle aggregation leads
to latex coagulation, which protects the rubber tree trunk by sealing the wound and providing a physical and
biochemical barrier to pathogen invasion (Shi et al., 2019).

Since the difference in PR protein abundance between non-infected tolerant and susceptible clones allows
tolerant rubber trees to respond more efficiently to pathogen attack (Havanapan et al., 2016), this study was
performed to analyze the expression level of the hevein gene in a resistant rubber tree clone (PB260) and a
susceptible clone (RRIM600), to verify its contribution to plant defense against Phytophthora spp. Furthermore, to

reveal its transcriptional regulation, the promoter of the hevein gene from rubber tree clone RRIM600 was also
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analyzed in silico. The information from this study will improve our understanding of the expression and regulation
of the hevein gene in rubber trees and will be beneficial for the improvement of pathogenic fungi resistant rubber

tree clones in rubber tree breeding programs.

MATERIALS AND METHODS
Plant materials

Latex samples were collected from 10-year-old PB260 and RRIM600 rubber tree clones that had been
harvested for rubber for 2 years. The rubber trees were located at Chiang Rai Horticultural Research Center, Thailand.
All rubber trees used in the experiment were non-infected. Three trees of each clone were selected for their similar
girth and latex yield. The tapping system used at the research center was a half spiral downward cut, on an
alternating schedule of one day tapped and one day rest (5/2 d2). Six mL of latex from each tree was collected in
an equal volume of 2X fixation/extraction buffer (50 mM Tris-HCL, 300 mM LiCl, 10 mM EDTA, 10% SDS, pH 9.0). The
latex samples were immediately deep-frozen in liquid nitrogen and stored at -80°C until RNA extraction.
Phylogenetic tree construction

The phylogenetic tree was constructed based on the amino acid sequences of the hevein precursor from
rubber tree and various plants retrieved from the NBC| database. For the multiple sequence alignment, amino acid
sequences were aligned using the CLUSTALW algorithm and adjusted manually, which were visualized using BioEdit
version 7.2.5 (Hall, 1999). The phylogenetic tree was constructed by MEGA-X (Kumar et al., 2018) using Maximum
Likelihood with default settings and the Whelan and Goldman (WAG) model (Whelan and Goldman, 2001). Support
for the tree obtained was assessed by using bootstrapping with 1000 replications (Felsenstein, 1985).
RNA extraction and cDNA synthesis

Total RNA was extracted using the LiCl precipitation method adapted from Pujade-Renaud et al. (1994) and
developed by Kongsawadworakul et al. (2004). The amount and purity of RNA were determined by NanoDrop® ND-
1000 UV-Vis Spectrophotometer at wavelengths of 260 and 280 nm. Total RNA was treated with rDNase | (DNA-
free™, Ambion) to remove contaminating DNA from RNA preparation. First-strand cDNA synthesis was performed
using SuperScript” Il First-Strand Synthesis System for RT-PCR (Invitrogen). For each sample, first-strand cDNA
synthesis and gRT-PCR amplifications were performed in triplicate.
Gene expression analysis by gRT-PCR

Specific primers [HevF: 5-ACTGGACACAGATGGGAAAG-3'; HevR: 5-GCCTTGTTGTTGCTTATTGC-37 for the
hevein gene were designed based on the nucleotide sequence (accession number M36986) from GenBank
(http://www.ncbi.nlm.nih.gov) using the Primer3 Plus and OligoAnalyzer 3.1 programs. The gRT-PCR was performed
with the ABI-7500 fast real-time PCR system (Applied Biosystems, Foster City, CA, USA). Each 20 UL gRT-PCR reaction
consisted of 2 ML of 10X PCR buffer, 0.8 ML of 50 mM MgCl,, 0.4 L of 10 mM dNTPs, 0.4 L each of 20 mM forward
and reverse primers, 0.24 L of SYBR® Green | (Sigma), 0.16 L of Platinum® Tag DNA polymerase (Invitrogen) and
2 ML of cDNA (dilution 1:25). Polymerase chain reaction (PCR) was performed for 40 cycles. Two-step PCR included
denaturation at 95°C for 15 sec and annealing as well as polymerization at 57°C for 1 min. The relative quantity of
target gene transcript, compared to a reference of housekeeping gene UBC2a (Li et al., 2011), was automatically

Act

calculated as 2°“" where ACt = Ct of target gene - Ct of reference gene.
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Promoter analysis

The promoter region of the hevein gene was acquired from whole genome shotgun contigs of Hevea
brasiliensis (Willd. ex A. Juss.) MUll. Arg. (taxid:3981) in the NCBI database. The cis-acting responsive elements of the
gene were analyzed through NewPLACE (https://sogo.dna.affrc.go.jp), a database of plant cis-acting regulatory DNA
elements.
Statistical analysis

Significant differences in hevein gene expression between the rubber tree clones were analyzed with an
Independent-Sample T-Test with 95% confidence intervals. Statistical analysis was conducted by PASW Statistics 18
and Microsoft Excel 2016.

RESULTS AND DISCUSSION
Phylogenetic analysis of hevein precursor

In this study, the phylogenetic tree was generated based on the 19 amino acid sequences of PR4 group
proteins from Hevea brasiliensis and other plant species. Hevein precursor from H. brasiliensis exhibited a percent
identity similar to the those from other plant species in the NCBI database with a range between 70-80%. The
highest percent identity was shown with Mehevein from Manihot esculenta (80.81%), a plant belonging to the same
family as the rubber tree (Euphorbiaceae). The lowest percent identity was found with a wound-induced protein
from Actinidia chinensis (70.5%). The Hbhevein HEV1 precursor exhibited a sequence identity at 73.4 and 73.66% to
PR-4-like protein from Vigna unguiculata and Camellia sinensis, respectively.

The homologs from phylogram were categorized into two major clades based on the presence or absence
of sap (Figure 1). Clade A indicates members with sap-present characteristics and was composed of H. brasiliensis
(Van Welzen and Chayamarit, 2007), M. esculenta (Calatayud et al., 1994) and Ricinus communis (Holfelder et al,,
1998) from the Euphorbiaceae family; Populus alba (Escher et al., 2004) from the Salicaceae family; as well as
Solanum tuberosum (Duceppe et al., 2012) and Capsicum annuum (Sato et al., 2003) from the Solanaceae family.
The several types of sap (e.g., latex, xylem sap, phloem sap) found in most plant species contain a diversity of
biologically active compounds. Many of these compounds provide resistance to pathogens and herbivores via their
toxicity or antinutritive effects (Lazreg-Aref et al., 2018). In addition, the hevein precursor and prohevein from H.
brasiliensis clearly originated from the same ancestor. They were placed as sister to Manihot and grouped together
with Ricinus and Populus in the Malpighiales order (Tangphatsornruang et al., 2011). Conversely, Clade B mainly
contained members with sap-absent characteristics and was composed of A. chinensis from the Actinidiaceae family
(Li et al., 2012a), Quercus lobata from the Fagaceae family (Huang et al., 1999), C. sinensis from the Theaceae family
(Li et al,, 2012b) as well as Cicer arietinum, Trifolium pretense, Cajanus cajan, Glycine max and V. unguiculata from
Fabaceae, the legume family (Xu et al., 2010).

From an evolutionary aspect, the reconstructed phylogram in this study implies the diversification and
differentiation of the PR4 group in several plant species (Figure 1). Although all amino acid sequences from relevant
taxa in the tree are in the same group of PR4 proteins, the presence of sap is not found in all taxa, evidenced by
the existence of distinct clades. It has been reported that sap production is an adaptive function of plants stemming

from convergent evolution (Agrawal and Konno, 2009). The defense mechanisms in plants via gene evolution plays
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an important role in protection against microbes and pathogens (Zhang et al, 2019). Sap production is an
advantageous mechanism and has a beneficial impact on plant defense (Deyett and Rolshausen, 2019). Both the
structural and chemical composition of sap have apparently shown pathogenic toxicity and work together to weaken
invaders (Konno, 2011). Accordingly, the latex of rubber trees is a type of sap that has a defensive role against plant

enemies.
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Figure 1 Phylogenetic tree of hevein precursor proteins

The amino acid sequences of H. brasiliensis hevein HEV1 precursor [AAA33357.1], HEV1.1 [AAO63571.1], HEV1.2 [AAO63572.1], HEV2.1
[AAO63573.1], HEV2.2 [AAO63574.1] and prohevein [CAA05978.1] were aligned with the sequences of Actinidia chinensis var. chinensis
WIN (Ac [PSS24489.1]), Capsicum annuum WIN1 (Ca [KAF3647357.1]), Cicer arietinum hevein-like preproprotein (Ca [XP_004494704.1]),
Cajanus cgjan WIN (Cc [XP_020212639.1]), Camellia sinensis PR-4-like (Cs [XP_028107225.1]), Glycine max WIN precursor (Gm
[NP_001304638.2]), Manihot esculenta pro-hevein-like (Me [XP_021620009.1]), Populus alba pro-hevein-like (Pa [XP_034908068.1]),
Quercus lobata pro-hevein-like (QU [XP_030959820.1]), Ricinus communis pro-hevein (Rc [XP_002531287.1]), Solanum tuberosum WIN2
precursor (St [NP_001275628.1)), Trifolium pratense chitinase/Hevein/PR-4/Wheatwin2 (Tp [PNY04568.1]), and Vigna unguiculata PR-4-
like (Vu [XP_027931190.1]). Multiple sequence alignment was constructed by MEGA-X (Kumar et al., 2018) using Maximum Likelihood
and the Whelan and Goldman (WAG) model (Whelan and Goldman, 2001). WIN: Wound-induced protein; PR: Pathogenesis-related

protein.

Expression analysis of the hevein gene

In this study, the level of hevein gene expression was monitored in latex samples of PB260 and RRIM600,
the rubber tree clones resistant and susceptible to Phytophthora sp., respectively. The results showed high
expression of the hevein gene in latex, which is consistent with the fact that hevein is one of the major latex proteins

of the rubber tree. The expression level of the hevein gene was significantly higher in the Phytophthora resistant
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clone (PB260) than in the susceptible clone (RRIM600) (Figure 2). This result suggests that the expression level of
the hevein gene may be related to pathogenic fungi resistance in the rubber tree clone PB260.

Pn-AMPs, the hevein-like anti-microbial proteins from Pharbitis nil, exhibited considerable antifungal activity
against both chitin and non-chitin containing fungi (Koo et al., 1998). Over-expression of hevein Pn-AMP in tobacco
enhances resistance to the fungal pathogen Phytophthora parasitica (Koo et al., 2002). It has been reported that
the expression of hevein-like antimicrobial peptides in transgenic tomato enhances resistance to Phytophthora
infestans (Khaliluev et al.,, 2011). In addition, transgenic tomatoes with Pn-AMP2 showed enhanced resistance against
both Fusarium oxysporum and Phytophthora capsici (Lee et al., 2003). Transgenic tomato plants with recombinant

hevein also demonstrated effective antifungal properties (Lee and Raikhel, 1995).
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Figure 2 Relative expression levels of the hevein gene in PB260 and RRIM600 rubber tree clones
Data corresponds to the means and standard errors of nine independent replicates performed in triplicate (n=27). Different letters

indicate the significant difference between the two rubber tree clones (Independent-Sample T-Test tsy= 5.813 , P < 0.001).

Promoter analysis of the hevein gene

To reveal hevein gene regulation at the transcriptional level, the 3000-bp upstream promoter regions of
the RRIM600 rubber tree clone were retrieved from whole genome shotgun contigs of H. brasiliensis (Willd. ex A.
Juss.) Mull. Arg. (taxid:3981) in the NCBI database to identify cis-acting regulatory elements. The cis-acting regulatory
elements of the hevein gene were analyzed by NewPLACE and separated into 8 groups consisting of the promoter
consensus element, hormone responsive element, defense responsive element, mineral responsive element, organ
specific element, light responsive element, water stress responsive element, and miscellany. The percentage and
composition of each cis-acting regulatory element group on the hevein promoter are shown in Figure 3 and Figure
4, respectively. The promoter consensus elements, including CAATBOX and TATABOX, were commonly found on
the hevein promoter of RRIM600, as these elements were reported to be essential for accurate initiation of basal
transcription in most plant species. Auxin (CACGCAATGMGH3 and NTBBF1ARROLB)-, cytokinin (ARRIAT and
CAREOSREP1)- and gibberellin (PYRIMIDINEBOXHVEPB1 and WRKY710S)-responsive elements were present on the
hevein promoter. This result suggests that auxin, cytokinin and gibberellin may regulate expression of the hevein

gene.
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Figure 3 The bar chart represents the percentage of cis-acting regulatory elements on the hevein promoter of the

RRIM600 rubber tree clone
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Figure 4 The composition of cis-acting regulatory elements on the hevein promoter of the RRIM600 rubber tree
clone

The 3000-bp promoter region is displayed. Different shapes show different cis-acting regulatory elements.

Cis-acting regulatory elements related to ethylene response (ERELEE4) were found on the hevein promoter
of the RRIM600 rubber tree clone. This finding is related to the up-regulation of the hevein gene in the leaves, stems
and latex of rubber trees after treatment with ethephon (chloro-2-ethylphosphonic acid), an ethylene generator or
releaser (Broekaert et al., 1990; Deng et al., 2002). Exogenous application of ethylene to plants resulted in the
activation of antimicrobial pathogenesis-related (PR) genes (Thomma et al., 1999). In addition, over-expression of
ethylene-response factor ERF2 in Arabidopsis increased the transcript accumulation of hevein-like proteins and
elevated its resistance to . oxysporum (McGrath et al., 2005). Moreover, WBOXATNPR1 salicylic acid- responsive
elements were also found on the hevein promoter of the RRIM600 rubber tree clone. It was reported that salicylic
acid activated the expression of wamp genes, a new family of hevein-like AMP denoted as wheat antimicrobial
peptide, in wheat seedlings (Istomina et al., 2016). The jasmonic acid-responsive element (QARBNEXTA) was found
in the antisense orientation of the hevein promoter. Similar misallocation has been reported for the promoter region

of the osmotin isoform in tobacco, suggesting the binding of transcription factors with less efficient responses to the
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corresponding stimulus (Sato et al., 1996; Kitajima et al., 1998). In rubber trees, the expression of genes involved in
plant defense, including hevein, ,31,3—glucanase and chitinase, was up-regulated by the application of methyl
jasmonate (Yang et al., 2008). It has been reported that the phytohormones salicylic acid (SA), jasmonic acid (JA)
and ethylene (ET) play important roles in crosstalk for plant defenses against pathogens and insects (Yang et al.,
2015). The SA-signaling pathway triggered by biotrophic pathogens suppressed the JA-signaling pathway, which was
effective against necrotrophic pathogens (Pettongkhao and Churngchow, 2019). Ethylene has been reported to be
involved in the regulation of SA- and JA-signaling (Chen et al., 2011).

W-box, a wounding responsive element, and pathogen responsive elements, including AG-motif, BIHD10S
and GT- 1, were found on the hevein promoter (Table 1). It was reported that expression of the hevein gene was
induced after wounding (Broekaert et al., 1990). Functional analysis of PHev2.1, a promoter of the hevein precursor,
in rice also showed a systemic response to wounding (Pujade-Renaud et al., 2005). The inoculation of M. grisea, the
fungal pathogen of rice blast disease, significantly activated the PHev2.1 promoter. Moreover, three mineral
responsive elements, including CGCGBOX, CURECORECR and SURECOREATSULTR11, associated with calcium, copper
and sulfur responses, were shown on the hevein promoter of the RRIM600 rubber tree clone.

The presence of organ specific elements, CACTFTPPCA1, EBOXBNNAPA, GTGANTG10, POLLENILELATS52,
ROOTMOTIFTAPOX1 and TAAAGSTKST1, which were associated with mesophyll, seed, embryo, pollen, root and
guard cell-specific responses, was verified. As shown in rice, GUS activity driven by PHev2.1 was observed in leaves,
immature flowers, pollen bags, pollen grains, immature seeds and root vascular tissues (Pujade-Renaud et al., 2005).
Five light responsive elements, including GT-1, GATA-box, I-box, INRNTPSADB and SEFAMOTIFGMTS, were identified
in hevein promoter regions. Water stress-responsive elements, including ACGTATERD1 and MYCCONSENSUSAT,

associated with dehydration response were also analyzed.

CONCLUSION

Based on the phylogenetic analysis from the amino acid sequences of PR4 proteins from H. brasiliensis and
other plant species, the homologs were categorized into two major clades based on the presence or absence of
sap. Under non-infected conditions, higher expression of the hevein gene was observed in Phytophthora-resistant
rubber tree clone PB260 than in susceptible RRIM600. This study indicates that hevein, which is classified as a PR4
protein, may influence the resistance level to pathogenic diseases in rubber trees. In addition, the presence of cis-
acting regulatory elements on the hevein promoter of rubber tree clone RRIM600 shows that hevein is regulated by
hormones, defenses, minerals, light, water and is differentially expressed in different organs. Functional
characterization and differential expression of the hevein gene are of interest for further investigation, as the hevein

gene may be a candidate gene for molecular breeding of Phytophthora-resistant rubber tree clones.
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Table 1 Defense responsive elements identified on the hevein promoter of the RRIM600 rubber tree clone

Cis-acting
Transcription
Identified motif  regulatory NewPLACE ID  Expected function Reference
factor
element
AGATCCAA AGMOTIFNTMYB2 ~ C2C2-GATA family  S000444 Wound induced or Sugimoto et al., 2003
elicitor treatment
TGTCA BIHD10S HB family S000498 BELL recognition site  Luo et al., 2005
involved in disease
resistance responses
GAAAAA GT1GMSCAM4 GT factor family S000453 Pathogen- and salt- Park et al., 2004
induced
TGACY WBOXNTERF3 WRKY family S000457 Wound induced Nishiuchi et al., 2004
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