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ARTICLE INFO ABSTRACT

Keywords: About 90% of natural rubber is obtained from tapping of the rubber tree (Hevea brasiliensis) for latex, which is
Rubber tree circulated in the laticifers. Nowadays, the world supply of natural rubber is not sufficient for global demand, thus
Transcriptome the increased latex yield was significantly underlined. In addition, the demand for wood (as a xylem part) from
Phlf’?m rubber tree was also increased as renewable resource for various applications. Laticifers are found in the sec-
;e;tllec:;ers ondary phloem containing tissue of rubber tree trunk-inner soft bark. The number of laticifers varies in con-

sistent with latex yield and in responses to jasmonic acid level. This present study was committed to comparative
transcriptome analysis in laticifers containing mature phloem, mature xylem and newly developed stem tissues
of high latex-yield clone (RRIT251, with more laticifers) and high wood-yield clone (RRIT402, with less lati-
cifers) of rubber tree to classify the genes and pathways involved with phloem (with laticifers) and xylem cell
differentiation. There were 49, 54, 46 and 50 of vascular development-related genes in primary and secondary
tissues of phloem and xylem, respectively. Differentially expressed genes in jasmonic acid signaling pathway was
established with their highest expression in phloem tissue with laticifer cells of RRIT251, while genes in auxin
signaling and secondary cell wall biosynthetic pathways were up-regulated in xylem tissue of RRIT402 for high
wood yield. Promoter analysis of candidate-differentially expressed genes suggested the related pathway and
putative regulatory elements for gene regulation. This genome-wide exploration of vascular development-related
genes unraveled a largely unknown gap of this special vascular development containing laticifers in rubber tree.

Vascular development-related genes

growth and development. Vascular tissues are responsible to transport
these factors to other parts of plants. Plant vascular tissues consist of

1. Introduction

Plants contain a distinct feature which continuously generates or-
gans along their entire life cycle. During plant organ development, the
controllable of cell proliferation and cell differentiation are co-
ordinately occurred, when cell division rate is reduced, rate of cell
differentiation will be increased instead for organogenesis [1]. The in-
itiation of plant organogenesis is the cell division for high number of
cells in meristem zone and then, the cell division will be decreased for
undifferentiated cell organogenesis process to maintain plant life [2].
Generally, water, ions, and organic solutes are key factors for plant

two major cell types, including xylem and phloem. Xylem serves as a
death cell which plays role in water transportation from roots to leaves.
In addition, xylem is the main source of wood as plant biomass. By
contrast, phloem is a living cell which typically displays for sugar
transportation from source to sink. These two vascular tissues are dif-
ferentiated from vascular cambium as a middle ring between xylem and
phloem. Although the xylem and phloem are known to be originated
from vascular cambium, but the knowledge of gene regulatory system
underlying these two tissue-differentiations is not fully elucidated.

Abbreviations: L, High latex-yield clone (RRIT251; MP, Mature phloem; MX, Mature xylem; NS, Newly developed stem; RRIT251, Rubber Research Institute of
Thailand 251; RRIT402, Rubber Research Institute of Thailand 402; W, High wood-yield clone RRIT402
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Plant differentiates itself for huge biomass of wood which partici-
pates in xylem tissue. The acquired wood is important as fuel energy for
human being activities. The wood formation-regulatory molecular
mechanism was extensively elucidated. For xylem cell differentiation,
secondary cell wall biosynthesis and programmed cell death were es-
tablished, respectively. The molecular mechanism exploration of xylem
cell differentiation revealed that VASCULAR-RELATED NAC-DOMAIN6
(VND6) and VND7 as NAC domain transcription factors were identified
as transcriptional regulator to alternate between metaxylem and pro-
toxylem cell differentiation [3]. MYB46 and MYB83 as downstream
regulator of NAC domain transcription factors were characterized as
second layer regulators which directly controlled secondary biosyn-
thetic genes [4]. For intensive elucidation, the downstream gene groups
of these regulators were associated with secondary cell wall synthetic
and programmed cell death pathways. Secondary cell wall of plant is
deposited along the xylem vessel to strengthen plant structure during
plant primary growth. Cellulose is one of major composition of sec-
ondary cell wall which is formed in the hemicellulose and lignin matrix.
CELLULOSE SYNTHASE4/IRREGULAR XYLEMS5 (CESA4/IRX5), CESA7/
IRX3, and CESA8/IRX1 were identified as cellulose biosynthetic genes.
On the contrary, IRX7, IRX8, IRX9, IRX10, IRX14 and IRX15 were re-
sponsible for hemicellulose biosynthesis. While, IRX4 and IRX12 were
characterized in lignin biosynthesis [5-13]. At the end, programmed
cell death genes, including XYLEM CYSTEINE PEPTIDASE] (XCP1) [14]
and METACASPASE9 (MC9) [15] were up-regulated for xylem hollow
tube formation. Current research emphasized some distinctive points
about the auxin responses which concerned to xylem cell differentiation
in Arabidopsis. For example, ARF5/MONOPTEROS, an auxin-dependent
transcription factor, involved directly in attenuating the activity of
WOX4 to stop the stem cell number. Moreover, upon the ARF5 induc-
tion, the cell proliferation was decreased, while undifferentiated cells
were differentiated to xylem cells in higher ratio than phloem cells.
Thus, ARF5 played a dominant role in the transition stage from un-
differentiated cell to xylem cell differentiation [16].

Para rubber tree (Hevea brasiliensis Muell. Arg.) is the main source of
natural rubber which almost utilized for various commercial rubber
products. Rubber tree was in Hevea genus of Euphorbiaceae family.
Actually, the origin of rubber tree was firstly found in Amazon rain-
forests and it is normally cultivated in tropical areas e.g. Southeast of
Asia. Natural rubber is the synthesized polymers from various plants
and one type of natural rubber is latex which consists of cis-1,4-poly-
isoprene, protein and fatty acid [17]. This specific polymer component
provides the flexibility, impermeability and abrasion resistance prop-
erties in latex for commercially applicable products [18]. In general,
90% of natural rubber in the world-wide market comes from latex of
rubber tree, although the demand of natural rubber has also increased
in every year for over 4000 industrial products [19]. Although, the area
of rubber tree plantation has gradually increased every year and con-
sequently leading to the higher volume of latex yield to support the
global demand, the latex is still not enough to supply the global market.
Therefore, extensive studies in molecular latex biosynthesis and its re-
lated mechanism are required to pave the way for high latex yield
improvement. In rubber tree genome, the diploid chromosome
(2n = 36) was identified with 1.47 Gb genome, RRIM600 [20,21],
Reyan7-33-97 [22], and BPM24 [23]. Recently, the high-quality
genome assembly of Eucommia ulmoides, hardy rubber tree, which is an
important producer of Eucommia rubber (trans-polyisoprene) was per-
formed, and genomic and the gene differences in rubber synthesis were
identified and compared with H. brasiliensis. There were the differences
in the genes responsible for the synthesis of polyisoprene in the format
of cis-polyisoprene (H. brasiliensis) and trans-polyisoprene (E. ulmoides)
suggesting that the polyisoprene biosynthesis has evolved in-
dependently between these two rubber trees [24].

Latex production is localized in specific cells of rubber tree called
laticifer cells, which were located and differentiated from vascular
cambium along with secondary phloem in soft bark area of rubber tree
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stem. For high latex yield, three main key factors composed of number
of laticifer cells in bark, the prolonged time of latex flow after tapping,
and the regenerated capacity of latex between tapping were underlined
[25,26]. Our research focused on the increasing number of laticifer cells
in rubber tree. Previously, exogenous jasmonic acid (JA) was demon-
strated as the laticifer cell enhancer which could induce high number of
secondary laticifer cells in secondary phloem of rubber tree [27,28]. In
JA-signaling pathway, upon JA induction, JAZ was targeted to SCF"
complex for 26S proteasome degradation [29], and led MYC to bind
with JA-responsive gene target for transcriptional enhancement [30].
Later research explored into JA-responsive genes, COI1, MYB, ARF8 and
HBS8, and provided their expression profiles correlated with more lati-
cifer differentiation upon the methyl-jasmonate treatment [28]. In the
meantime, transcriptome analysis in coronatine (as an active jasmonate
mimic) treated-rubber tree revealed the induction of secondary laticifer
cell differentiation involving in Ca®* signal transduction and CLA-
VATA-MAPK-WOX signaling pathway as a downstream of MYC in JA-
signaling pathways [31]. Normally, CLAVA (CLV) signaling pathway
was established in controlling balance of cell proliferation and cell
differentiation in plants [32,33], and this signaling pathway manipu-
lated MAPK signaling pathway as downstream gene family [34,35].
During the up-regulated genes in CLV and MAPK signaling pathway,
WOX was down-regulated to inhibit the cell proliferation and provided
laticifer cell differentiation instead in vascular cambia tissue sample
upon coronatine treatment [31]. For another independent Ca%* sig-
naling pathway, CDPK1 as Ca®" signal transduction gene was char-
acterized in development process of Medicago truncatula root [36]. In
addition, from suppression subtractive hybridization (SSH) and tran-
scriptome sequencing information, CDPK1 was up-regulated in vascular
cambia-containing tissue sample of rubber tree during the coronatine
induction, which was supposed to have some roles in secondary laticifer
cell differentiation in rubber tree [31,37].

In this study, two different clones with distinct characteristics of
rubber tree recommended from Rubber Research Institute of Thailand
were used; RRIT251 (selected from illegitimate clonal seed of RRIT,
recommended clone for high latex yield with 2,140-2,980 kg/hectare/
year) with more laticifers and RRIT402 (Chachoengsao50, selected
from illegitimate clonal seed of RRIC110, recommended clone for high
wood yield with 113 m®/hectare of 9-year-old tree) with less laticifers.
Transcriptomic analysis of three different tissues, including mature
phloem, mature xylem and newly developed stem, of two rubber clones
were investigated by RNA-sequencing. Taken together, vascular-de-
velopment-related genes were acquired and divided into their related
tissue groups; primary and secondary phloem and xylem. The differ-
entially expressed genes with their involved pathways had relevance to
each distinctive characteristic of rubber clone. The molecular reg-
ulatory system of phloem (with laticifers) and xylem cell differentiation
processes in rubber tree was demonstrated to fulfill a gap knowledge
and may possibly trigger an improvement of rubber tree breeding
program for high latex-yield or high wood-yield requirement.

2. Materials and methods
2.1. Plant materials

The high latex/low wood-yield clone, RRIT251 (L) and low latex/
high wood-yield clone, RRIT402 (W) were selected for this study. Each
rubber tree clone was at the age of 15-year-old and grown at the Rubber
Research Center at Chachoengsao Province. In each clone, three mature
branches from three trees were used in the experiments to collect RNA
samples. Each mature branch contained newly developed stems. Each
branch was separated into three main tissues; mature phloem (MP),
mature xylem (MX) and newly developed stem (NS). Mature phloem,
mature xylem and newly developed stem samples from each branch of
each rubber clone were extracted for total RNA to be used in this study.
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2.2. Anatomical study of vascular components in mature branch and newly
developed stem of rubber tree under microscope

Mature branch samples were cross section-cut by the sharp blade for
investigation of their vascular components, consisting of phloem,
cambium and xylem under stereo microscope. Newly developed stem at
the EU1 position was cross section-cut into 5 mm long and soaked into
FAA (FORMALIN-ACETO-ALCOHOL) solution for 48h at room tem-
perature. Then, the soaked samples were washed in glacial acetic acid,
treated with iodine and bromine in glacial acetic acid, and followed
with paraffin embedding protocol [28]. The samples were fixed in
paraffin and were cut by microtome (Leica Microsystem Inc., Ban-
nockburn, IL, Germany) into 18 um thick sections. The sample sections
were observed under light microscope to notify the laticifers with
brown color of latex from iodine-bromine staining.

2.3. Total RNA extraction, mRNA enrichment and purification

Mature phloem, mature xylem and newly developed stem samples
from each rubber clone were extracted for total RNA by modified CTAB-
LiCl TRIzol method. Each sample was ground in liquid nitrogen. Then,
the 65°C-prewarmed extraction buffer (2% CTAB, 1.4 M NaCl, 20 mM
EDTA pH 8.0, 100 mM Tris-HCl pH8.0, 2% p-mercaptoethanol) and
20% SDS were added and incubated at 65°C for 10 min. The crude
extract was extracted by equal volume of chloroform:isoamyl (24:1) for
three times and supernatant was separated to be precipitated. The pellet
was washed by cold isopropanol alcohol and cold 70% ethanol, re-
spectively. For selective RNA precipitation, 1/3vol of 8 M LiCl were
added to dissolved solution and stored at 4°C for overnight. The crude
pellet was dissolved in TRIzol reagent (Invitrogen, USA) and subse-
quently mixed with chloroform for cleaning up. The attained super-
natant was re-precipitated by cold isopropanol alcohol, followed by
washing up pellet with cold 70% ethanol. Eventually, total RNA sample
was dissolved in 25-40 ul DEPC water. Total RNA quality and quantity
were measured by NanoDrop One Microvolume UV-vis spectro-
photometer. For RNA-seq, at least 75 ug of total RNA and 1.8-2.0 of
absorbance 260/280 ratio for high quality of total RNA sample were
required.

Poly (A) mRNA was isolated from total RNA by using Dynabeads™
mRNA Purification Kit (Thermo Fisher Scientific Baltics UAB,
Lithuania). Firstly, 75ug of total RNA was adjusted to final volume
100 ul by DEPC water. Then, Dynabeads Oligo (dT)»s was added to
100 pl of total RNA sample for Poly (A) mRNA purification. For elution
step, the isolated mRNA was eluted by 20 pl of 10 mM Tris HCI pH 7.5.
Fragment Analyzer (Advanced Analytical Technologues, Inc., USA) was
committed to quantify the concentration and quality of isolated mRNA
by DNF-472M33 kit (HS mRNA 15 nt). According to this kit, mRNA was
diluted to 2500 pg/ul and two pl of diluted of mRNA was used to
measured. For fragmented mRNA purification, Magnetic Bead cleanup
Module (Thermo Fisher Scientific, USA) was performed. Finally, pur-
ified mRNA was eluted by 5l of pre-heated nuclease-free water.

2.4. RNA library construction

RNA libraries were constructed from the purified mRNA (5 pl) using
Ion Total RNA-Seq kit v2 protocol (Life Technologies Corporation, USA)
by ligating mRNA with Ion Adapter Mix v2. Ligated mixture was in-
cubated at 30 °C for 1h on Veriti 96 well Thermal Cycler (Applied
Biosystems, USA.). Next, cDNA was synthesized by SuperScript® III
Enzyme Mix along with 42 °C for 30 min incubation. Then, magnetic
bead cleanup module was utilized for cDNA purification. After that,
purified cDNA was eluted by 6 pl of pre-heated nuclease-free water.

In cDNA amplification process, barcodes were mix into 6l of
purified cDNA samples. The barcoded cDNA libraries were constructed
by using Platinum® PCR SuperMix High Fidelity, Ion Express™ RNA 3’
Barcode primer and Ion Express™ RNA-Seq Barcode BC primer. The BC
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primers included BC1-BC9 for RRIT251 samples and BC9, BC11-B14
and BC16 for RRIT402 samples. For cDNA amplification, the thermal
cycler was set as the following; at first, the mixture reaction was in-
cubated at 94°C for 2min. Next, two cycles were committed as fol-
lowed; 94°C for 30s, 50°C for 30s and 68°C for 30s. After that 14
cycles were amplified at 94°C 30's, 62°C for 30 s and 68°C for 30s. At
the end, the reaction was hold at 68°C for 5 min. After cDNA amplifi-
cation, the amplified cDNA was cleanup by magnetic bead cleanup
module. Then, 15 pl of 37°C pre-heated nuclease-free water was used to
elute the purified cDNA.

For amplified cDNA quality and concentration determination,
Fragment Analyzer (Advanced Analytical Technologies, USA) was uti-
lized to measure by using DNF-474-33 kit (HS NGS fragment 1-6,000
bp). To measure, cDNA library was diluted to be 2500 pg/ul. Finally,
two pl of diluted cDNA was conducted for measurement.

2.5. Ion-torrent sequencing and differentially expressed genes analysis

Throughout this experiment, Ion proton sequencing was performed
based on the Ion 540™ Kit-OT2 instruction. Firstly, each cDNA library
with barcode was diluted to 100 pM. All libraries were pooled together.
Subsequently, six pl of mixed sample was assigned as a template. For
template enrichment, pooled cDNA with template-positive Ion 540™ ion
sphere particles (ISPs) were used as described in Ion 540™ Kit-OT2 kit.
Then, the mixture reaction was explored by Ion One Touch™2 instru-
ment for amplified enrichment. Eventually, the enriched template was
loaded to Ion 540™ Chip and performed the sequencing by Ion S5™ XL
semiconductor sequencer.

After sequencing by ion torrent (Ion 540™), the initial data of Ion
Sphere Particle (ISP), total bases and total reads were generated. Then,
the total reads were automatically filtered polyclonal, low quality and
adaptor dimer out by internal Ion Torrent™Suite Software version 5.4.0
and obtained usable reads with their mean, median and mode of read
length. Finally, the usable reads were blasted to SILVA (releasel28)
[38] and Rfam (version 14.0) [39] database as rRNA database with
criteria of e-value = 10~ to remove rRNA reads out.

Attained reads were mapped to available rubber tree genome da-
tabase (https://www.ncbi.nlm.nih.gov/assembly/GCF_001654055.1)
by STAR version 020201 program with default parameter. Then,
mapped reads in gene were counted by HT-seq count version 0.9.1 with
union option. Obtained read count was normalized by R package
DEseq2 with default parameter. Finally, the differentially expressed
genes were determined by the log2 fold-change calculation between
tissue and rubber clone comparison with set point criteria p-value <
0.05. The raw transcriptome reads and processed transcript data were
submitted to NCBI/SRA database, available at https://www.ncbi.nlm.
nih.gov/sra/PRJNA549803, and all identified differentially expressed
genes in three different vascular-containing tissues of two different
rubber tree clones are available at https://doi.org/10.7910/DVN/
EO3QSX.

2.6. Coexpression network analysis of seven candidate genes

Coexpression relationships of seven candidate genes (MPKKKS5,
MPKK9, CDPK1, TPR3, ARF5, WOX13 and MPK3) were investigated
from PlaNet (http://aranet.mpimp-golm.mpg.de/index.html) [40] with
default parameters. Since the plant organisms were limited in this
program, thus coding sequences of candidate genes in Arabidopsis
thaliana as plant model were submitted instead to represent the rubber
tree candidate gene coexpression network.

2.7. Promoter analysis of seven candidate genes
The 3000 bp upstream promoter regions of MPKKK5, MPKK9,

CDPK1, TPR3, ARF5, WOX13 and MPK3 genes were retrieved from
whole-genome shortgun contigs of Hevea brasiliensis of BPM24 rubber
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clone from NCBI database [20] (Supplement Table S1). Then, promoter
region of each gene was analyzed by PlantPan2.0 (http://plantpan2.
itps.ncku.edu.tw/promoter.php) [41] to investigate vascular develop-
ment-related cis-acting elements.

2.8. Validation of candidate genes by quantitative real-time RT-PCR

To validate differentially expressed genes from RNA-sequencing
results, seven vascular-development-related candidate genes were per-
formed by qRT-PCR. Total RNAs were extracted using CTAB-LiCl with
TRIzol reagent method and converted to cDNA by Super-scriptIll
Reverse Transcriptase (Invitrogen, USA) with oligo (dT) primers. The
primers for MPKKK5, MPKK9, MPK3, CDPK1, TPR3, ARF5 and WOX13
were designed (Supplement Table S2) and validated for specific-gene
amplification by RT-PCR. Quantitative real-time PCR was performed on
the CFX96 Touch” Real-Time PCR Detection System (Applied
Biosystems, USA) using iTaq" Universal SYBR® Green Supermix (Bio-
Rad, UK). Each gene was explored by nine replicates in total volume of
20 pul PCR system containing 1X SYBR master mix, 100 mM forward and
reverse primers, and 2l of the 1:2 diluted cDNA. The PCR thermal
cycler conditions were included 95°C for 30 s, followed by 40 cycles of
95°C for 15s, 57°C for 1 min and 72°C for 30s. At the end, final ex-
tension was held on 72°C for 7 min. The relative gene expression levels
were calculated by 22" method using actin gene as internal control.
Significant difference of qRT-PCR results among tissues and two rubber
tree clone samples were analyzed by one-way ANOVA (Tukey HSD's
compare means) with P-value < 0.05. Throughout statistical analysis
was conducted by SPSS (v.18.0.0) software.

3. Results
3.1. Confirmation of xylem and phloem containing tissue sample separation

Mature branches were collected from RRIT251 (high-latex, low-
wood-yield clone) and RRIT402 (low-latex and high-wood-yield clone).
Each mature branch was separated into two main vascular tissues;
phloem and xylem, and the newly developed stems of each branch
clone were also collected (Supplement Fig. Sla, S1b and Slc). The
mature branch cross sections were observed under stereo microscope to
indicate parts of each vascular containing tissue (Fig. 1a). This histo-
logical analysis confirmed that each xylem and phloem tissue was
correctly separated. From this observation, samples from RRIT251
contained higher number of laticifer cells (132+4 laticifer cells/
4 mm?) than those from RRIT402 (70 + 3 laticifer cells/ 4 mm?) (Fi g. 1b
and c). This observation was correlated with each rubber clone char-
acteristic in which RRIT251 provided more latex yield than RRIT402.

To verify the perfect tissue separation of phloem and xylem, RT-PCR
by tissue-specific marker genes, such as HRT as a specific marker gene
for latex (in phloem tissue), IRX1 as a specific marker for xylem tissue
and actin as a house keeping gene in both tissues was conducted. The
presence of specific transcripts in each specific tissue, HRT can only be
amplified in phloem tissue while IRX1 can only be amplified in xylem
tissue, confirmed the completed separation between phloem and xylem
tissue (Supplement Fig. S2). Thus, sampling phloem and xylem tissues
were accurately and completely performed.

3.2. Comparative RNA-seq analysis

In this experiment, nine and six barcoded cDNA libraries from three
different tissue RNA samples of RRIT251 and RRIT402 were committed
to Ion-torrent sequencing technology, respectively, which were sepa-
rated into two runs. For first run, the total bases were around 12.5G
with Ion Sphere Particle (ISP) loading 91%. Total reads were
138,122,376 reads. After polyclonal, low quality and adapter dimer
filtration, usable reads were remained 91,731,940 reads or around
67%. Mean, median and mode of acquired read length were 136 bp,
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162 bp and 164 bp, respectively. For second run, total bases were
11.9 G with ISP loading 84%. The total reads were 127,967,454 reads.
The usable reads after filtration were 88,176,581 reads or about 69.4%.
And mean, median and mode of read length are 135 bp, 162 bp and 164
bp, respectively. Then, usable reads in each tissue samples were
mapped to rRNA database and the mapped rRNAs reads were removed
away from usable reads (Supplement Table S4 and S5).

In RRIT251, remained read range of LMP, LMX and LNS libraries
was from 601,556 to 5,968,134 reads (Supplement Table S4), while in
RRIT402 remained read range was from 1,031,310 to 6,906,039 reads
in WMP, WMX and WNS libraries (Supplement Table S5). Obtained
reads were mapped to rubber tree genome database [22] and provided
percentage of mapping reads in range from 72% to 95% and from 89%
to 94% in RRIT251 and RRIT402 samples, respectively. After obtaining
mapped reads, the mapped reads were performed the read count. The
read count result in each sample was analyzed the differentially ex-
pressed genes. In this analysis, Log2FoldChange method was used to
determine the differentially expressed genes in each compared condi-
tion (Supplemental Table S1 and S2). After differential gene expression
analysis in each compared samples, the number of differentially ex-
pressed genes (DGEs) were shown as up-regulated and down-regulated
genes (Fig. 2). In different tissues of the RRIT251; LMP vs LMX, LMP vs
LNS and LMX vs LNS, the number of up and down-regulated genes were
227 vs 204, 399 vs 527 and 102 vs 444, respectively. In different tissues
of the RRIT402; WMP vs WMX, WMP vs WNS and WMX vs WNS, the
number of up and down-regulated genes were 58 vs 183, 94 vs 601 and
120 vs 452, respectively. In different clones of the same tissue type;
LMP vs WMP, LMX vs WMX and LNS vs WNS, the number of up and
down-regulated genes were 261 vs 108, 122 vs 260 and 72 vs 79, re-
spectively. After obtaining list of DEGs in each comparable table, these
DEGs list were clustered by gene cluster 3.0 software with centroid
linkage clustering method. The attained clustering results were per-
formed in graphical heat map by javatreeview (Supplement Fig. S8).

From Log2FoldChange data of each pair of tissue comparison, all
highly expressed genes and related genes were classified into their
vascular-containing tissue groups, including primary xylem (1X, highly
expressed in NS > MX), secondary xylem (2X, highly expressed in
MX), primary phloem (1P, highly expressed in NS > MP), and sec-
ondary phloem (2P, highly expressed in MP), and demonstrated in
Venn-Euler diagram (Fig. 3 and Supplement Table S6). There are 421,
514, 309, and 430 of highly expressed genes found only in primary and
secondary phloem followed by primary and secondary xylem, respec-
tively. As in this study we aimed to identify tissue specific vascular
development-related genes, thus various vascular development-related
genes from plants have been retrieved from a number of review lit-
eratures [12,31,42-54]. All retrieved vascular development-related
genes were used to analyze together with the RNA-sequencing data,
which were divided into four main groups based on four different tis-
sues; primary xylem (1X), secondary xylem (2X), primary phloem (1 P),
and secondary phloem (2P) (Fig. 3 in bracket and Supplement Table
S7). From Venn-Euler diagram, there were 49, 54, 46, and 50 of highly
expressed vascular development-related genes found only in primary
and secondary phloem followed by primary and secondary xylem, re-
spectively.

Taken together, the differently expressed genes in each tissue were
analyzed and defined their gene product functions by Blast2GO [55].
The enrichment of each annotated function was demonstrated in the
bar chart of cellular component function (Supplement Fig. S3), mole-
cular function (Supplement Fig. S3.1) and biological process function
(Supplement Fig. S3.2) of highly expressed genes in each different
tissue. The obtained bar chart contained the annotated gene functions
in phloem and xylem differentiation. According to the biological pro-
cess enrichment, some xylem-related genes revealed the function in
cellulose biosynthetic process, cell wall organization, cell wall biogen-
esis, regulation of cellulose biosynthetic process, plant-type primary
and secondary cell wall biogenesis and xylan biosynthetic process
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Fig. 1. Cross section of mature branch and newly developed stem at extension unit 1 (EU1) position of two different rubber tree clones. (a) Histological analysis of
RRIT251 (high latex-yield clone) and RRIT402 (high wood-yield clone) mature branches under stereo microscope. These cross sections of mature branches showed
each part of vascular containing tissues, arrow indicating bark (red), phloem (yellow), cambium (green), xylem (dark blue), and xylem vessel (purple and blue circle).
(b) Cross section of newly developed stems and their vascular components and laticifer cells (red arrow) of two rubber clones under microscope. (c) The average
number of laticifer cells per 4 mm? of newly developed stem at EU1 of two rubber clones. Twenty observed fields were randomly visualized and counted for number
of laticifer cells under microscope. Statistical analysis using one-way ANOVA performed the significant differences shown in different letters (a, b) with p
value < 0.05.
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Primary Phloem (1P) Primary Xylem (1X) Fig. 3. Venn-Euler diagram of all unigenes in each

vascular-containing tissue sample obtained from log2-

421 309 fold change relative expression in each pair tissue

Secondary Phloem (2P) (49) (a6) Secondary Xylem (2X)  comparison. From all obtained unigenes, the log2-fold

which mainly associated with cell wall biosynthesis. In addition, some
genes were established in auxin-related processes, including auxin-ac-
tivated signaling pathway, auxin polar transport, auxin homeostasis,
auxin efflux and positive regulation of auxin metabolic process (Sup-
plement Fig. S3). While, some phloem-related genes were enriched in
protein modification processes, including protein stabilization, phos-
phorylation, O-linked mannosylation, glycosylation, dephosphorylation
and autophosphorylation, in various transport processes, including,
transmembrane transport, ion transmembrane transport, carbohydrate
transport, calcium ion transmembrane transport, borate transmem-
brane transport, protein transport, maltose transport and sucrose
transport, in ATP-related processes, including electron transport chain,
ATP metabolic process, ATP hydrolysis coupled proton transport, ATP
hydrolysis coupled cation and anion transmembrane transport, in
growth and development processes, including gynoecium development,
flower development, embryo development, cell division, cell differ-
entiation, positive regulation of organ growth, pollen development, uni-
and multi-dimensional cell growth, regulation of shoot system devel-
opment and regulation of mitotic cell cycle, and in kinase activity, in-
cluding activation of MAPK activity, MAPK cascade and activation of
protein kinase activity (Supplement Fig. S3). As phloem tissue contains
laticifer cells which produce latex, some phloem-related genes were
also found in isopentenyl diphosphate biosynthetic process as a latex
biosynthetic process (Supplement Fig. S3).
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change was used to analyze the relative expression in
each pair tissue. From log2-fold change information of
each pair tissue, each highly expressed and related
unigene was categorized into each vascular tissue-
containing group, including primary/secondary
phloem and primary/secondary xylem (Supplement
Table S6). The number of vascular-development re-
lated genes based on review literatures which were
selected from highly expressed genes in each vascular
tissue-containing group was in bracket (Supplement
Table S7).

3.3. Validation of candidate vascular development-related genes in three
different tissues from two different rubber clones by quantitative real-time
PCR

In this experiment, the key vascular development-related genes in
each vascular containing tissue were targeted, thus the phloem (with
laticifer cells)- and xylem-related genes were characterized. Previously,
MAPK signaling related genes, Ca®" signal transduction genes and
WOX13 were identified as key pathways in phloem with laticifer cell
differentiation upon coronatine treatment [31]. Thus, MPKKKS5,
MPKK9, MPK3, CDPK1 and WOX13 were selected as candidate genes in
phloem with laticifer cell differentiation in rubber tree. While, TPR
served as corepressor which could directly or indirectly repress tran-
scription process [56] and [57]. Furthermore, WOX was reported that
could be interacted with TPR to maintain stem cell division [56]. Ac-
cordingly, TPR3 and WOX13 were selected as candidate genes in cell
division in rubber tree. In addition, recently, ARF5 as auxin signaling
related gene was mainly established in xylem cell differentiation in
Arabidopsis [16]. Thus, ARF5 was selected as a candidate gene in xylem
cell differentiation in rubber tree. From RNA-sequencing result, seven
candidate vascular development-related genes, including MPKKKS5,
MPKK9, MPK3, CDPK1, TPR3, ARF5 and WOX13 were selected based
on their high expression in phloem and xylem tissues. The coding se-
quences of each candidate gene were obtained from the acquired ac-
cession number in RNA-sequencing result (Supplement Table S8). For
expression profile of seven vascular development-related genes, the
qRT-PCR with specific candidate primers was performed in three dif-
ferent tissues, including xylem, phloem and newly developed stem of

c MPK3 d CDPK1
13

¢ o012 d g 0021 i
£ o ! g 0018
g £ o015
g 008 £ 0012
2 006 2 0.009
£ o004 bc = 3 b be 5 0.006 b L » N b
= 002 . < 0.003 :

° 0

LMX LMP NS WMX WMP WNS LMX LMP LNS WMX WMP WNS

RRIT251 RRIT402 RRIT251 RRIT402

o

woxi3

0.009
00075 ¢ s B
0.006
0.0045
0.003
0.0015
0

Relative expression

LMX LMP LNS WMX WMP WNS
RRIT251 RRIT402

Fig. 4. The relative expression of seven candidate genes in three different vascular-containing tissues of two different rubber tree clones. Two different clones,
including RRIT251 (L) and RRIT402 (W) were used to perform the qRT-PCR in three different tissues; mature xylem (MX), mature phloem (MP), and newly developed
stem (NS). (a) MPKKKS5, (b) MPKK9, (c) MPK3, (d) CDPK1, (e) TPR3, (f) ARF5, and (g) WOX13. For relative expression, 272 method was used to calculate and
house-keeping gene, actin, was used as reference gene to normalize the expression. Significant difference was analyzed by one-way ANOVA (Tukey HSD's compare

means) with P-value < 0.05.
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RRIT251 and RRIT402 rubber clones. Actin was used as a reference
gene for relative candidate gene expression profile investigation.

MPKKKS5 showed highest expression in LNS of RRIT251 and about
3- and 9-fold higher than LMX and LMP, respectively (Fig. 4a). This
observation was consistent with Log2-fold change RNA-sequencing re-
sult. Moreover, the relative expression of this gene in WNS of RRIT402
was less than one third when compared to LNS of RRIT251. Apparently,
the relative expression of this gene in LMP from RRIT251 was the
lowest as compared with other samples. MPKK9 gene was higher ex-
pressed in LMP of RRIT251 than LMX (Fig. 4b). This relative expression
result was consistent with the RNA-sequencing data. In RRIT402 clone,
this gene remarkably highly expressed in WMP as compared to WMX
and WNS. MPK3 relative gene expression showed the highest expres-
sion in LNS of RRIT251 compared with LMX and LMP (Fig. 4c). This
result was similar to the RNA-sequencing result. A significant different
higher expression of this gene in xylem than phloem tissues was ob-
served in both rubber clones. Apart from MAPK signaling genes,
CDPK1, as Ca>" signaling gene, provided the higher expression in LMP
of RRT251 compared with WMP of RRIT402, which was consistent with
RNA sequencing data (Fig. 4d). Noticeably, this gene was highest ex-
pressed in LNS of RRIT251. In addition, the overall relative expression
of RRIT251 samples was higher than RRIT402 samples when compared
between same tissues with different rubber clones. However, TPR3
served as a negative co-expressor gene which almost involved with
various development processes. The relative gene expression of TPR3 in
WMP of RRIT402 was about 3-fold higher than LMP of RRIT251
(Fig. 4e). This qRT-PCR result was similar to the RNA-sequencing result.
The highest relative expression of this gene was considerable in LNS of
RRIT251, while the lowest expression was apparent in LMP. On the
contrary, ARF5 and WOX13 were defined in auxin signaling pathway.
According to the RNA-sequencing data, ARF5 gene was highly ex-
pressed in WMX of RRIT402 and was also higher than WMP. The qRT-
PCR result was also consistent with RNA-sequencing result (Fig. 4f).
Interestingly, in both rubber clones, this gene was higher expressed in
xylem than phloem tissues. The significantly highest expression was
shown in LNS of RRIT251. The relative expression of WOX13 gene in
WMX of RRIT402 was higher than WMP and WNS (Fig. 4g). This
finding was also consistent with RNA-sequencing result. It was un-
deniable that in RRIT251 clone, this gene was highly and equally ex-
pressed in LMX and LNS. In RRIT402, this gene was higher expressed in
phloem and xylem than in RRIT251. Likewise, WMP of RRIT402 pro-
vided the higher gene expression than LMP of RRIT251.

3.4. Prediction of possible regulatory motifs in promoter region of candidate
genes

The analysis of regulatory motifs in gene promoter was subjected to
gene regulation and gene predicted function in particular tissues or
under various stress conditions [58]. The vascular development-related
genes were focused in this study. To predict the gene regulation and
function of candidate genes, the promoter analysis was used to de-
termine the vascular development-related regulatory elements. The
results revealed overall 192 cis-regulatory elements, which could be
divided into 9 groups based on their functions (Fig. 5a), including de-
fense response, hormone response (stress and growth and develop-
ment), growth and development, cell division, sugar response, drought
stress, light response, transcriptional regulation, and others. For vas-
cular development-related cis-regulatory elements, the hormone re-
sponse (related to growth and development), growth and development,
cell division, and transcriptional regulation were focused. The putative
vascular development-related regulatory motifs on the promoter re-
gions of all candidate genes from the genome sequence of BPM24
rubber clone were revealed in Supplement Table S1. There are total 48
vascular development-related motifs on seven promoters of candidate
genes. From promoter analysis results, all candidate genes contained
putative vascular development-related motifs on their promoter region,
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although the number of putative vascular development-related motifs
on promoter region of each candidate genes was varied. There are 156,
110, 134, 102, 121, 92, and 158 vascular development-related motifs
on MPKKK5, MPKK9, CDPK1, TPR3, ARF5, WOX13 and MPK3 promoter
regions, respectively (Fig. 5b). These candidate genes may have some
functions associated with vascular and development in rubber tree.
According to number of vascular development-related motif on each
candidate gene promoter (Supplement Table S9), G-box variants as
MYC2 binding site were notably found to distribute in each candidate
gene promoter, suggesting MYC2 as a master regulator in JA-signaling
pathway which may bind to these candidate JA-responsive gene pro-
moters for plant growth and development. In addition, coexpression
network analysis of these candidate genes in Arabidopsis also provided
the co-occurrence genes in various pathways, for example defense re-
sponse, hormone signaling pathway (JA, abscisic acid, salicylic acid,
auxin and ethylene), isopentenyl diphosphate biosynthetic process,
isoprenoid biosynthesis pathway, defense response, cell growth and
development, cell wall metabolic process, cell death regulation, ion
transport, oxidative stress, and others (Supplement Fig. S4).
Interestingly, MPKKKK5, MPKK9, MPK3, CDPK1 and TPR3 were asso-
ciated with JA-signaling pathways, while TPR3, ARF5 and WOX13 were
responsible for auxin signaling pathway. This coexpression network
analysis was pertained to the promoter analysis results which can be
conformed with candidate gene function and their related pathways.

3.5. Differentially expressed genes involved in secondary cell wall
biosynthetic pathway

According to the RNA-sequencing results, the vascular develop-
ment-related genes could be divided base on their involved tissues. Not
only from gene ontology analysis, xylem related genes were found to
almost associate with secondary cell wall biosynthesis (Supplement Fig.
S3). VNI2 (NAC083, LOC110665243) was observed to higher accumu-
late in newly developed stem than mature xylem tissue in both clones.
VND7 (LOC110635279) in mature xylem tissue of RRIT402 clone was
higher expressed than newly developed stem and mature xylem tissue
of RRIT251 clone. REV (LO110648065) was highly expressed in both
mature xylem tissue of two rubber clones as compared with newly
developed stem. MYB46 (LOC110633800 and LOC11065612) was also
demonstrated to highly express in mature xylem tissue of RRIT402
compared to RRIT251. Moreover, this study discovered another
downstream regulator called SND2 or NAC073 (LOC110648261) from
RNA-sequencing data which revealed the higher accumulation in WMX
of RRIT402 than RRIT251. IRX9 (LOC110655034) and IRX15
(LOC110657423) displayed the higher expression in mature xylem
tissue of RRIT402 than RRIT251. MYB52 (LOC110673719), as a
downstream regulator of MYB46, was higher accumulated in mature
xylem tisssue of RRIT251 than RRIT402. On the other hand, MYB4
(LOC110662525 and LOC110660138) was higher expressed in newly
developed stem compared to mature xylem tissue in both rubber clones.

4. Discussion

Plant cells are consisted of two different cell wall types, including
primary and secondary cell wall. To differentiate these two types of cell
wall, the strength and thickness was considered. Secondary cell wall is
stronger and thicker than primary cell wall. The thin and extensible
wall of primary cell wall is defined as the major function in cell elon-
gation and cell expansion [59]. Conversely, the thickness and strength
of secondary cell wall is established by the deposition of cellulose,
hemicellulose and lignin within the xylem cell compartments. The
secondary cell wall provides strength and rigidity in plant tissues and
also assists plant water transportation [60]. The molecular genetics of
secondary cell wall biosynthesis has been studied for long time in
various plants, for example Arabidopsis thaliana [12], loblolly pine
(Pinus taeda, [61,62]), poplar (Populus, spp., [63]), white spruce (Picea
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Fig. 5. Determination of vascular development-related cis-regulatory elements on promoter regions of seven candidate genes. (a) Percentage of cis-regulatory
elements on promoter region of each candidate gene in their group functions. (b) Number of vascular development-related motifs on each promoter region of each

candidate gene.

glauca, [64]), and eucalyptus (Eucalyptus gunnii, [65]). Indeed, these
secondary cell wall-related genes have not been elucidated in rubber
tree, yet. In this study, from gene ontology analysis of RNA-sequencing
data of rubber tree, differentially expressed genes in xylem was mostly
shown in cellulose and primary and secondary cell wall biosynthesis
annotated in both biological process and molecular function. Moreover,
from cellular component results, the most highly expressed genes in
xylem were found to be localized and activated mainly in cell wall.
Based on our observation, these related genes were confirmed to highly
express in xylem. In contrast to the death vessels of xylem, phloem
contains the living cells which have to cooperate with companion cells
for food translocated activities. High metabolic activity and respiration
rates were found in phloem tissue for ATP production [66]. This gen-
erated ATP was facilitated for sucrose translocation from source to sink
[67]. Hence, sugar transport and ATP related functions were focused.
Considering on biological process identified function, most highly ex-
pressed genes were identified in phloem had the function in sugar
transport and ATP related functions. Interestingly, in annotated mole-
cular function analysis result demonstrated that most highly expressed
genes were determined in sugar transporter and ATP binding, activities
and ATPase binding or activities. These highly expressed genes were
confirmed as phloem-related genes. The phloem tissue of rubber tree
contains specialized laticifer cells to produce natural rubber latex. From
the biological process annotated function, most highly expressed genes
in phloem were exhibited in latex biosynthesis of isopentenyl-dipho-
sphate biosynthetic process. Additionally, in molecular function anno-
tation, these highly expressed genes were also involved with iso-
pentenyl-diphosphate delta isomerase activity. The cellular component
results depicted that most highly expressed genes in phloem were ac-
tivated in cytoplasm and chloroplast for latex biosynthetic in MVA and
MEP pathway. Of note, this observation could confirm that highly ex-
pressed genes were organized into the correct groups of xylem- and
phloem-vascular development-related genes. Remarkably, most xylem-
related genes were associated with cell wall biosynthesis, while most
phloem-related genes were involved with sugar transportation, ATP
activities and latex biosynthesis.

VNI2 was identified as the inhibitor which targeted to VND7
(NACO030) and caused the xylem cell prohibition [68]. VNI2 (NACO083,
LOC110665243) was observed to higher accumulate in newly devel-
oped stem than mature xylem tissue in both clones, while VND7
(LOC110635279) in mature xylem tissue of RRIT402 clone was higher
expressed than newly developed stem and mature xylem tissue of
RRIT251 clone. REV, member of the Class III HD-Zip proteins, was
identified as one of the upstream regulators of AtVND7 [43,69,70]. REV
(LO110648065) was highly expressed in mature xylem tissue of both
rubber clones as compared with newly developed stem. MYB46 was

characterized as downstream regulator of NAC domain master reg-
ulators [51,54]. This MYB46 (LOC110633800 and LOC11065612) was
also demonstrated to highly express in mature xylem tissue of RRIT402
compared to RRIT251. Moreover, this study discovered another
downstream regulator called SND2 or NAC073 (LOC110648261) from
RNA-sequencing data which revealed the higher accumulation in ma-
ture xylem tissue of RRIT402 than RRIT251. Other researches have
reported SND2 as the downstream regulator of MYB regulators, which
activated the cellulose, hemicellulose and lignin biosynthesis-related
genes [69]. The secondary cell wall biosynthetic genes comprise of IRX
gene family as a main group because irx mutant exhibited the loss of
secondary cell wall formation in Arabidopsis [12]. IRX9 and IRX15 were
assigned to be hemicellulose biosynthetic genes [7,10]. IRX9
(LOC110655034) and IRX15 (LOC110657423) displayed the higher
expression in mature xylem tissue of RRIT402 than RRIT251, sug-
gesting that SND2 may regulate JRX9 and IRX15 to promote secondary
cell wall formation in xylem tissue of RRIT402 [71]. Thus, from this
study, the higher accumulation of VND7, MYB46 and SND2 transcripts
in mature xylem tissue may manipulate JRX9 and IRX15 to promote
more secondary cell wall formation in RRIT402, which is consistent to
its high wood yielding characteristic. To gain more understanding, we
have noticed that MYB52 (LOC110673719), as a downstream regulator
of MYB46, was higher accumulated in mature xylem tissue of RRIT251
than RRIT402. In previous study, AtMYB52 was defined as the repressor
in lignin biosynthesis or whole secondary cell wall biosynthesis as the
myb52 insertion lines exhibited the high lignin accumulation pheno-
types [72]. Together with our observation, high expression of MYB52 in
mature xylem tissue of RRIT251 inhibited the secondary cell wall bio-
synthesis was consistent with low wood yielding clone characteristic of
RRIT251. On the other hand, MYB4 (LOC110662525 and
LOC110660138) was higher expressed in newly developed stem com-
pared to mature xylem tissue in both rubber clones. This finding was
correlated to previous report that MYB4 was identified as a repressor to
inhibit secondary cell wall biosynthesis and also served as one of
downstream regulator of MYB46 [4,73]. Thus, the high expression of
MYB4 may inhibit the secondary cell wall biosynthesis in newly de-
veloped stem of both rubber clones. This finding was correlated with
high expression of VNI2 gene as inhibitor in newly developed stem of
both rubber clones. From this observation, we suggested that secondary
cell wall was formed more in mature xylem tissue, especially in
RRIT402 clone than newly developed stem of both rubber clones. A
schematic diagram represents the possible regulation of secondary cell
wall biosynthesis in xylem-containing tissues of two different rubber
tree clones was shown in Supplement Fig. S5.

Several previous researches discovered that laticifer cell differ-
entiation was induced after wounding or JA treatment in juvenile stem
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of rubber tree [27,28,74,75]. Apart from laticifers induction, different
endogenous JA levels also correlated with different latex yield [75].
From this observation, RRIT251 with high latex yield may accumulate
more endogenous JA for more laticifer cell differentiation than
RRIT402 with lower latex yield, less laticifers but higher wood yield.
The hypothesis of higher level of endogenous JA in RRIT251 than
RRIT402 was consistent to RNA-sequencing result, in which the higher
expression of allene oxide synthase (AOS) (LOC110648229), a rate-lim-
iting gene in JA biosynthetic pathway [76], in both mature phloem and
newly developed stem of RRIT251 than RRIT402. JA served as a major
hormone for plant to improve their response to wounding and also
assist some role in secondary metabolite biosynthesis [77]. COI1 was
identified as a JA receptor which formed a complex with the E3 ubi-
quitin ligase type, SCF°°" to interact with JA-Ile as bioactive form of
JA [78,79]. JASMONATE ZIM DOMAIN (JAZ) was the target of SCFE°™
complex for 26S proteasome degradation [29]. Without JA-Ile, JAZ will
bind to MYC2 to inactivate its transcription process and on the con-
trary, the increased of JA-Ile level formed complex with SCF™ -JAZ
and brought the JAZ out for degradation by 26S proteasome, leading to
release MYC2 transcription factor to bind to JA-responsive genes to
promote the transcription process [30]. G-box cis-regulatory element on
promoter of each JA-responsive genes was signified for MYC2 binding
and enhance the transcription process [80-82]. In this study, the can-
didate genes consisted of MPKKK5, MPKK9, CDPK1, TPR3, ARF5,
WOX13 and MPK3 were investigated their expression profile in dif-
ferent vascular-containing tissues; xylem, phloem, and newly developed
stem of two different rubber clones. Each candidate gene promoter was
predicted to contain the G-box motif types, including 5-CACATG-3’
(MYCATRD22), 5-CACGTG-3’ (CACGTGMOTIF), 5-AACGTG-3’ (T/
GBOXATPIN2), 5’-CATGTG-3’ (MYCATERD1), and 5’-CACGAG-3’ (G/A-
box, GBOXSORBC1) [78,83-86]. Thus, it can be assumed that MYC2
may be the regulator of these candidate genes. Recent report has been
established that MYC2 was a regulator in JA signaling pathway via
coronatine treatment (as an active isoleucine conjugate of JA imitation)
and manipulate MAPK signaling and Ca®* signal transduction path-
ways for laticifer cell differentiation in rubber tree [31]. From our RNA-
sequencing results, MYC2 was higher expressed in newly developed
stem of RRIT251 than mature phloem tissue. The high latex yield
character of RRIT251 consistent to high endogenous JA accumulation
which may cause free MYC2 for JA-responsive gene enhancement.
Higher expression in newly developed stem of RRIT251 may help in
promote more laticifer cell differentiation.

CLAVA (CLV) signaling pathway was identified as homeostasis
control in stem cell proliferation and differentiation [33]. MAPK sig-
naling pathway was characterized to mediate CLV signaling pathway in
downstream regulation [34,35]. Interestingly, MAPK signaling pathway
gene components, including MPKKKs, MPKKs, and MPKs, were up-
regulated in vascular cambia-containing tissue samples treated with
coronatine, suggesting that these MAPK cascades may have some roles
to dominate the laticifer cells differentiation [31]. MPKKK5 gene was
highly expressed in newly developed stem of RRIT251 than RRIT402.
Based on the assumption that there was more endogeneous JA accu-
mulated in RRIT251, thus this gene performed the high expression to
induce more laticifer cell differentiation in newly developed stem of
RRIT251. Consistently, MPKK9 and MPK3 gene were also demonstrated
the higher expression in newly developed stem of RRIT251 than
RRIT402. This finding was also consistent to RNA-sequencing data on
MYC2 gene expression. All together, this study indicated that more
endogeneous JA accumulation in newly developed stem of RRIT251
may play the key role for CLV and MAPK signaling pathway stimulation
to increase more laticifer cell differentiation via MYC2 regulator. This
was also correlated with the expression of JA-biosynthetic gene, AOS
gene which highly expressed in newly developed stem of RRIT251 to
provide more endogenous JA for JA-signaling pathway activation.

In general CDPKs were up-regulated upon wounding to enhance JA
accumulation, and CDPK1 was reported to play role in root
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development as well as in response to cold, drought and wounding
stresses [36,87-89]. Additionally, MAPK signaling pathway was de-
monstrated to be independent to Ca®* signal transduction pathway.
CDPK5 and CDPK6 were identified to trigger the ethylene accumulation
by wounding, but wounded seedling of Arabidopsis double mutant of
cdpk5 cdpk6 was still showed activation of MPK3 and MPK6 [90]. In-
terestingly, the previous results from suppression subtractive hy-
bridization and Illumina sequencing of vascular cambia-containing
tissue samples treated with coronatine revealed that CDPK1 and Ca®™*
signal transduction genes were up-regulated, suggesting that these
genes in Ca®* signal transduction pathway may be associated with
secondary laticifer cell differentiation in rubber tree [31,37]. Consistent
with qRT-PCR expression results in this study, CDPK1 was highly ex-
pressed in newly developed stem of RRIT251, while low expression was
observed in RRIT402, thus this gene may display some crucial roles in
phloem and laticifer cell differentiation in RRIT251 clone to promote
more phloem and laticifer cell differentiation than RRIT402. Although
this gene was shown to lowly express in mature phloem tissue than
newly developed stem of RRIT251, it was still higher expressed than
mature phloem tissue of RRIT402. This finding suggested that CDPK1
may mainly regulated in newly developed stem of RRIT251 to promote
phloem together with laticifer cell differentiation at early stage. In
contrast to RRIT251, this gene was performed the low expression in
RRIT402, thus led to lower number of laticifers. TOPLESS gene family
contains TPL and TPL-related (TPR) genes which can interact with
transcription factors directly or indirectly as co-repressors to suppress
the transcription processes [56,57]. Moreover, these repressor com-
plexes were related to inhibition of auxin and JA-responsive genes and
to stabilize the meristem homeostasis and defense response [56,91-94].
Of note, TPL/TPR was interacted with NINJA to fuse with JAZ and
bound on JA-responsive genes for transcriptional inhibition [92]. From
gqRT-PCR result in this study, TPR3 was depicted the higher expression
level in mature phloem tissue of RRIT402 than in RRIT251, thus the
high expression of this gene in RRIT402 may affect the low expression
level of JA-responsive genes then alleviate laticifer cell differentiation.
Conversely, low expression of TPR3 in mature phloem tissue of
RRIT251 may lead to the low JAZ protein binding to JA-responsive
genes and stimulated laticifer cell differentiation. A schematic diagram
represents the differential expression of JA-signaling related genes and
their possible regulation in phloem with laticifer cell differentiation of
two different rubber tree clones was shown in Supplement Fig. S6.

In auxin signaling pathway, AUXIN RESPONSE FACTORS (ARFs)
were identified as mediator to motivate or suppress the auxin-re-
sponsive genes for transcription process [95]. Interestingly, ARF5 was
defined to reduce the cambium cell proliferation to promote more
xylem cell and less phloem cell differentiation instead [16]. Consistent
to our study, the lower expression of this gene in MP than MX of both
rubber clones, supporting that highly expression of this gene in MX may
promote xylem cell differentiation. According to CLAVA (CLV) sig-
naling pathway, there are CLV3/Embryo Surrounding Region-related
(CLE), CLV1 and WUSCHEL (WUS) or WUS-related homeobox (WOX)
as major components [96-99]. WUS and WOX gene family was signified
as stem cell regulator by feedback loop to enhance CLV signaling gene,
CLV3 [100-103]. On the other hand, CLV signaling pathway was also
suppressed WUS and WOX through MAPK signaling pathway. These
MAPK cascades inhibited WUS and WOX to stop stem cell proliferation,
which in turn to start stem cell differentiation for laticifer cell differ-
entiation in rubber tree [31]. WOX13, a member of WOX gene family,
was defined to play role in flowering, root development and fertility
[104,105], and WOX13 was reported to be essential in cellular pro-
cesses on cellular reprograming during the stem cell initiation and cell
growth in moss [106]. From qRT-PCR result in this study, WOX13
performed the lower expression in mature phloem tissue of RRIT251
than in RRIT402. Consistent with illumina sequencing of vascular
cambia-containing tissue, this gene was also down-regulated under
coronatine treatment to provide laticifer cell differentiation [31]. Thus,
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Fig. 6. A schematic diagram represents the possible regulation of JA-signaling related genes and their possible regulation in phloem with laticifer cell differentiation,
secondary cell wall biosynthesis in xylem-containing tissues, and auxin-signaling related genes and their possible regulation in xylem cell differentiation. From qRT-
PCR analysis and RNA-sequencing data, differential expression of candidate genes depicted the correlation to the different characteristics of more laticifers/high
latex-yield and more xylem/high wood-yield rubber tree clones. (1) and (2) Set of differentially expressed candidate genes in newly developed stem and mature
phloem tissues underlying JA-signaling and their possible regulation in phloem with laticifer cell differentiation. (3) and (4) Set of differentially expressed candidate
genes in mature xylem tissues underlying auxin-signaling and secondary cell wall biosynthesis and their possible regulation in xylem cell differentiation.

the lower expression of this gene may prohibit stem cell proliferation
and start to promote phloem as well as laticifer cell differentiation in
LMP of RRIT251.

Another point of view is that WOX can interact with TPR as a co-
repressor for stem cell maintenance [56]. These two genes exhibited the
lower expression in RRIT251 to form a co-repressor to maintain the
meristem homeostasis for laticifer cell differentiation. WOX13 showed
the highest expression in mature xylem tissue of RRIT402, suggesting
that it may play role stem cell division in xylem. However, the ex-
pression of TPR3 in mature xylem tissue of RRIT402 is lower than
RRIT251, whereas ARF5 performed the opposite expression to TPR3.
The RNA-sequencing results showed low expression of IJAA1 and TPR3
in mature xylem tissue of RRIT402. The arrayed transcription factor
library together with Arabidopsis Interactome Mapping Consortium
reported that TPR3 can interact with IAA1 in Arabidopsis [107,108].
Recently, WOX4 was predicted as the target suppression of ARF5 to
transform the undifferentiated to differentiated more xylem and less
phloem influent on wood formation in Arabidopsis [16]. Accordingly,
low expression of TPR3 and IAA1 in mature xylem tissue of RRIT402
may lead to high expression of ARF5. The high expression of ARF5 was
forecasted to suppress the WOX4 gene for promoting xylem differ-
entiation in mature xylem tissue of RRIT402. Thus, while WOX4 was
inhibited, WOX13 may be assigned to maintain the stem cell pro-
liferation homeostasis instead. On the contrary, WOX13 gene showed
the similar expression level in both tissues, whereas the expression of
TPR3 and ARF5 was opposite to mature xylem tissue of RRIT402. Thus,
the high expressed level of WOX13 may promote the cell proliferation,
but the high level of TPR3 may lead to low ARF5 expression level. The
low level of ARF5 triggered WOX4 to enhance more cell proliferation
with undifferentiated xylem along with WOX13, so the wood formation
was less in mature xylem tissue of RRIT251 but more in RRIT402,
which supported character of high wood-yield clone. For newly de-
veloped stem, WOX13, TPR3 and ARF5 expression in RRIT251 was
higher than RRIT402. High expression of WOX13 and TPR3 resulted in
high cell proliferation (undifferentiated cells), and high ARF5 expres-
sion may contribute to inhibit WOX4 to induce undifferentiated cells to
differentiated phloem or xylem cells in RRIT251. In newly developed
stem of RRIT251, high cell proliferation and differentiation may lead to
more in phloem and laticifer differentiation than xylem cell differ-
entiation, result in less wood yield in RRIT251. Nevertheless, the low
WOX13 and TPR3 expression in newly developed stem of RRIT402 led
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to the less cell proliferation, and to maintain this homeostasis, while
low expression of ARF5 may release WOX4 for cell proliferation. More
cell proliferation was prepared in newly developed stem of RRIT402,
then more undifferentiated cells were differentiated to be more xylem,
result in more wood yield in RRIT402. A schematic diagram represents
the differential expression of auxin-signaling related genes and their
possible regulation in xylem cell differentiation of two different rubber
tree clones was shown in Supplement Fig. S7.

5. Conclusion

Rubber tree vascular tissues consist of phloem with specialized cells
called laticifer cells, and xylem for latex and wood production, re-
spectively. To investigate the gene regulation in these two different
vascular tissues in rubber tree, the high latex-yield clone (RRIT251) and
high wood yield-clone (RRIT402) were performed the Ion-torrent RNA-
sequencing to discriminate the highly expressed genes in each tissue.
All differentially expressed genes were classified into their four dif-
ferent tissue groups, including primary and secondary phloem and
xylem, and the vascular development-related genes were focused. From
gene ontology, most highly expressed genes in phloem were responsible
for sugar and ATP transporter as well as latex biosynthesis. Conversely,
almost highly expressed genes in xylem were established in secondary
cell wall biosynthetic pathway, and remarkably expressed in RRIT402
for more xylem than RRIT251. The experimental validation by qRT-PCR
of seven candidate genes was consistent to RNA-sequencing results. In
phloem of RRIT251, JA-signaling pathway with its related genes was
elucidated to promote more phloem with laticifer cell differentiation.
The auxin signaling pathway and its related genes were highly ex-
pressed in xylem of RRIT402, for more xylem cell differentiation. These
results were correlated with Arabidopsis candidate genes coexpression
network analysis. Apart from these, promoter analysis of seven candi-
date genes also revealed the putative hormonal JA and auxin responsive
motifs, thus these seven candidate genes should be responsible for JA
and auxin signaling pathways. A schematic diagram represents the
possible regulation of cell differentiation in phloem (with laticifers) and
xylem was proposed in Fig. 6. The obtained RNA-sequencing informa-
tion in two different clones of rubber tree provided better under-
standing in molecular mechanism of phloem with laticifer cell and
xylem cell differentiation. This acquired information may be benefit to
utilize as selectable markers to investigate the suitable clones for rubber
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plant-breeding program for high potential of phloem with more latici-
fers or xylem differentiation. Furthermore, hormonal treatment of JA or
auxin in rubber tree may be the optional procedure to promote high
phloem with more laticifers and xylem cell differentiation, respectively.
For more elucidation, the specific function of each gene in each path-
ways of phloem with laticifer and xylem cell differentiation in rubber
tree should be identified.
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