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Abstract Hevea brasiliensis is the key source of latex for commercial natural rubber production. Genetic improvement of
H. brasiliensis is required to enhance natural rubber production, although the biosynthetic mechanism has not been fully
elucidated. In this study, we established a cell suspension culture from petiole explants of H. brasiliensis clone RRIM 600 for
basic research on the biosynthesis of natural rubber. Calli were induced from petiole explants on callus induction medium
supplemented with 2mg 1™ 2,4-dichlorophenoxyacetic acid (2,4-D) and 0.05mg ™' 6-benzylaminopurine (BA). Then, the
calli were suspension cultured in MS basal medium supplemented with 2mg 1™ 2,4-D and 2mg I"' BA. Although transcripts
of some laticifer-specific genes were detected in the cultured cells, their levels were much lower than those in the other
laticifer-containing tissues. Additionally, there was no detectable activity of rubber transferase in this cell line. The laticifer-
specific genes in the cell line showed transcriptional responses to phytohormone treatments. Among them, up-regulations
of Rubber Elongation Factor by the ethophon treatment were concordant with those in laticifers, suggesting that these cells
retained at least some of the cytochemical properties of laticifers. The cell line established in this study could be useful for
biochemical and molecular studies on natural rubber biosynthesis.
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The Para rubber tree (Hevea brasiliensis) is the key
commercial source of natural rubber, one of the most
important raw materials in the world. This species
produces high yields of natural rubber with excellent
physical properties (Cornish 2001). In H. brasiliensis,
natural rubber is obtained from latex, the milky
cytoplasm of specialized vascular cells known as laticifers
(Hagel et al. 2008). To meet the increased demands for
natural rubber, new technologies to improve natural
rubber production are required. In addition, it is required
to establish a natural rubber over-producing system that
is not affected by environmental conditions, because
H. brasiliensis can only be cultivated in tropical or
subtropical regions.

Plant cell cultures are an attractive alternative to whole
plants as sources of high-value secondary metabolites,
used as organic materials, pharmaceuticals and food
additives (Ramachandra Rao and Ravishankar 2002).
The advantage of plant cell cultures is that the cells can

be grown under strictly controlled growth conditions.
Therefore, cell cultures are not affected by geographical
and seasonal variations or by environmental factors.
Furthermore, plant cell suspension cultures are also
used as a convenient tool for research on a wide range
of phenomena, including early responses to various
environmental stimuli and regulation of secondary
metabolism (Moscatiello et al. 2013). Accordingly,
the establishment of H. brasiliensis cell cultures will be
useful not only for industrial applications, but also for
research on molecular mechanisms for natural rubber
biosynthesis. To date, several studies have focused
on establishing calli from H. brasiliensis. Arokiaraj
et al. (1994; 1996) established anther-derived calli,
and genetically transformed them via particle gun
and Agrobacterium tumefaciens infection methods.
Agrobacterium-mediated gene transfer has also been
developed with friable calli from immature fruit, and
several factors affecting the efficiency of transformation
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of calli were identified (Blanc et al. 2006; Montoro et al.
2003; Montoro and Teinseree 2000; Rattana et al. 2001).
Furthermore, efficient calli regeneration procedures
have been established for producing transgenic H.
brasiliensis plantlets (Blanc et al. 2006; Lardet et al.
2007). However, there are no reports on the generation
of stable suspension-cultured cell lines from vascular
tissues that contain many laticiferous cells. Inducing calli
from vascular tissues, for example, stems or petioles, is a
promising approach to establish cultures of cells with the
properties of laticifer cells. In this study, we established
a suspension cultured cell line from petioles of H.
brasiliensis, and analyzed the transcript levels of some
laticifer-specific genes to evaluate the properties of the
cells.

To induce somatic callus formation from petiole
explants, petioles (5- to 10-cm long) of young leaves
were collected from the H. brasiliensis clone RRIM 600.
The petioles were sterilized in 70% (v/v) ethanol for 30s,
then in 1% (v/v) sodium hypochlorite solution for 5min,
and then rinsed three times with sterile distilled water.
The explants were cut into 10- to 15-mm transverse
sections and sliced longitudinally to expose the vascular
cambium. The petiole explants were then placed
with the inner side in contact with callus induction
medium (CIM) containing various concentrations
and combinations of phytohormones, to determine the
optimal callus induction conditions. The CIM consisted
of 0.5g I"* MES (pH 5.7), 3.3g I"* Gamborg’s B5 medium
salt mixture (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan), Gamborg’s vitamin mixture (Sigma-
Aldrich, St. Louis, MO, USA), 3% (w/v) sucrose, 2.5¢
1! gellan gum, and various concentrations of the auxins
2,4-dichlorophenoxyacetic acid (2,4-D, Sigma-Aldrich)
and 1-naphthalenacetic acid (Sigma-Aldrich) and the
cytokinin 6-benzylaminopurine (BA, Sigma-Aldrich).
After incubation for 2 weeks under continuous darkness
or illumination of =~60umol s™' m™ at 28°C, callus
initiation was observed on the cut edges of explants.
Eventually, the highest rates of calli induction and growth
were recorded on CIM containing 2mg 1™! 2,4-D and
0.05mg 1™ BA under continuous darkness (Figure la).
These calli were maintained under the same conditions
as those used for callus induction, and were subcultured
onto fresh CIM each month. To establish suspension-
cultured cell lines, 6-week-old calli were divided into
small pieces and transferred into 20 ml MS basal liquid
medium [0.5g 1I"* MES (pH 5.7), 3.3g 1! Murashige and
Skoog salt mixture (Wako Pure Chemical Industries,
Ltd.), Gamborg’s vitamin mixture, 3% (w/v) sucrose, and
different concentrations of phytohormones, 2,4-p and
BA]. The cultures were incubated at 28°C in the dark
with shaking at 130 rpm. The optimal phytohormone
conditions were determined to be 2mg "' 2,4-p and
2mg 1" BA, based on observations that the cells
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Figure 1. Establishment of the suspension-cultured cell line
from petioles of H. brasiliensis. (a) A typical results of the somatic
callus induction from petiole explants on CIM containing various
concentration of 2,4-D and BA for 2 weeks under continuous darkness.
(b) The cells in the suspension culture grown in the MS basal liquid
medium containing 2mg 1™ 2,4-p and 2mg 1"' BA for 2 weeks after
subculturing. Bars, 10 um. (c) Growth of the suspension-cultured cell
line determined by fresh weight of the cells after removing the liquid
medium by centrifugation.

proliferated faster, and formed smaller clumps, under
these conditions. The resulting suspension-cultured cells
were subcultured at 2-week intervals by transferring
I ml culture solution into 20ml fresh media. After
subculturing several times, a stably growing cultured cell
line was established. This culture consisted of spherical
cells (7-10ym) that formed small clumps (Figure 1b,
left panel) and smaller populations of elongated cells
(10-20 um) (Figure 1b, right panel). In the typical growth
curve of suspension cells, the cell proliferation rate
was initially slow during the first 9-10 days. Then, cell
growth increased markedly over the following 10 days, as



indicated by the accumulation of fresh weight. Typically,
the maximum fresh weight was recorded at day 20. At
this point, the fresh weight was more than 30-times
greater than the initial fresh weight (Figure 1c). The cells
remained in the stationary phase for a further 20 days
and then the fresh cell weight declined (data not shown).
To analyze rubber transferase activity in this cell line,
crude proteins were prepared as follows: cells collected
from the suspension culture were ground in liquid
nitrogen with a mortar and pestle, and homogenized
in protein extraction buffer [50mM Tris-HCI (pH 7.5),
50mM KCl, 5mM MgCl,, 5% (w/v) glycerol, 3mM
dithiothreitol, a suitable amount of Complete Protease
Inhibitor Cocktail without EDTA according to the
provider’s instruction (Roche, Basel, Switzerland), and
5% (w/v) Polyclar VT (Sigma-Aldrich)]. Cell lysates
were centrifuged at 300Xg for 5min at 4°C to remove
intact cells and insoluble Polyclar VT, and then the
supernatants were further centrifuged at 20,000Xg for
30 min at 4°C to separate the insoluble and soluble crude
fractions. The rubber transferase assay was conducted
using an aliquot of the crude soluble or insoluble
fraction and the substrates, farnesyl diphosphate and
[1-'*Clisopentenyl diphosphate (IPP) (58 Ci mol™,
GE Healthcare, Little Chalfont, UK), as reported
previously (Takahashi et al. 2012). The reaction mixture
was incubated at 30°C for 16h, and then the reaction
products were extracted by stepwise extraction with
diethylether, 1-butanol, and toluene/hexane (1:1)
(T/H). The molecular size distribution of the radioactive
products in the T/H extracts was analyzed by gel
permeation chromatography as reported previously
(Takahashi et al. 2012). The incorporation of [1-'*C]IPP
into the T/H extracts, in which high-molecular weight
polyisoprenoids were included, was quite low, and no
radioactive products corresponding to natural rubber
were detected in the assays with either insoluble or
soluble crude fractions from the cells (data not shown).
Although the precise biosynthetic pathway of
natural rubber has not been fully elucidated, many
genes have been suggested to participate in natural
rubber biosynthesis. Most of these genes are expressed
specifically in laticifers (Aoki et al. 2014). No detectable
rubber transferase activity in the cultured cell line
derived from laticifer-containing tissues suggested
that there was very low transcription of natural rubber
biosynthesis-related genes, and that the properties of
laticiferous cells had been lost during dedifferentiation.
To test this hypothesis, we compared the transcript
levels of four natural rubber biosynthesis-related genes,
expressed specifically in laticifers (Aoki et al. 2014),
between the suspension-cultured cell line and various
tissues of H. brasiliensis; leaves, stems, and latex, the
cytoplasm of laticifers obtained by tapping of the bark
of the tree trunks. The targets selected for these analyses
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were Rubber Elongation Factor (REF) (Dennis and
Light 1989), Small Rubber Particle Protein (SRPP) (Oh
et al. 1999), Hevea Rubber Transferase 1 (HRT1) and
Hevea Rubber Transferase 2 (HRT2) (Asawatreratanakul
et al. 2003). GenBank accession numbers for each
target gene are as follows: REF (X56535), SRPP
(AF051317), and HRT2 (AB064661). REF and SRPP
are well-studied latex-abundant proteins localized on
the surface of rubber particles, and are thought to be
related to natural rubber biosynthesis (Dennis and
Light 1989; Shamsul Bahri and Hamzah 1996; Yeang et
al. 1996). HRT1 and HRT2 are cis-prenyltransferases
considered to function as key enzymes in natural
rubber biosynthesis (Asawatreratanakul et al. 2003;
Takahashi et al. 2012). Total RNA was extracted from
cultured cells grown for 10 days after subculturing
based on the phenol/SDS method (Palmiter 1974).
Contaminating DNA was removed from the total
RNA sample by treatment with DNase I (RNase-
free; Takara Bio, Ohtsu, Japan) at 37°C for 30 min.
Total RNAs from other tissues of H. brasiliensis clone
RRIM600 were prepared as reported elsewhere (Aoki
et al. 2014). Reverse-transcription quantitative PCR
analyses were carried out using a One-step SYBR RT-
PCR kit (Takara Bio), according to the manufacturer’s
instructions, with the following gene-specific primers:
REF-S (5'-TTGTTT CAGCAATTCGAGCT-3') and
REF-A (5'-TCAACACTCAGGATGAGA AC-3") for
REF; SRPP-S (5'-CGGTAGCTCAAGATGCTCCA-3')
and SRPP-A (5'-GGCACAACTACATTTGCCAC-
3') for SRPP; HRT1-S (5'-GTATTTTGTCTTTTT
TGAATTTTGGC-3') and HRT1-A (5'-CGGTACTTG
AGCTCATCT ACAG-3') for HRTI; HRT2-S (5'-CCT
CTA AGG ATA AAT TGA AAT CCG-3") and HRT2-A
(5"-AGTTGCTCAGACGGGTCTC-3") for HRT2;
and 18SrRNA-S (5'-CAAAGCAAGCCTACGCTCTG-
3’) and 18SrRNA-A (5'-TGCTTTCGCAGT TGTTCG
TC-3") for 18S rRNA, which served as the control gene.
Among the laticifer-specific genes, transcripts for HRTI
could not be detected in the cultured cells (data not
shown), consistent with the fact that HRT1 transcripts
are detectable only in latex (Aoki et al. 2014). Although
transcripts of the other three genes were detected in
the cultured cells, their levels were much lower in the
suspension cells than in the other tested plant tissues
(Figure 2). Because leaves and stems of H. brasiliensis
contained latex, the transcripts detected in each tissue
include those in the laticifers of each tissue. Relatively
higher transcript levels of each laticifer-specific gene in
the stems might reflect the higher accumulation levels of
latex in the stems than in leaves. It was inferred from the
low transcript levels of the laticifer-specific genes that the
suspension cell population contained very few laticifer-
derived cells, or that the cells had lost the properties of
laticifers. Therefore, their ability to biosynthesize natural
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rubber was very poor.

Many studies have shown that certain phytohormones
are involved in laticifer development or affect latex
yields in H. brasiliensis, making them important factors
in natural rubber production. Previous studies showed
that ethylene stimulates latex production (Coupé
and Chrestin 1989) and jasmonic acid (JA) induces
differentiation of lactiferous cells (Hao and Wu 2000).
A recent study showed that treatment of bark with
ethephon, an ethylene releaser, induced the expression
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Figure 2. Transcript levels of the laticifer-specific genes in various
tissues and the suspension cultured cells. The transcript levels of genes
of interest were determined as the copy number in an amount of total
RNA extracted from latex, leaves, stems, and cultured cells and then
normalized as relative copy numbers by the level of the 18S rRNA in
corresponding samples. The results are presented as the means of three-
independent determinations *SDs.

of REF, and the transcript level of REF was correlated
with latex yield (Priya et al. 2007). The ethylene and
JA signaling pathways have been intensively studied to
explore the molecular mechanisms regulating laticifer
differentiation and natural rubber metabolism. Therefore,
the suspension-cultured cell line established in this
study can serve as a model for such studies, if the cells
retain their phytohormone signaling pathways. To
investigate the responsiveness of the laticifer-specific
genes to phytohormones in the cultured cell line, we
analyzed the transcript profiles of REF and HRT2
after treatment with ethylene, JA, or methyl jasmonate
(MeJA). For these analyses, suspension cells were
subcultured into maintenance media supplemented with
100 uM ethephon or 50 uM JA/Me]JA, and then collected
at each time point. The ethylene and MeJA treatments
stimulated transcription of REF, and MeJA had a
stronger promoting effect than did ethylene (Figure 3a).
The REF transcript levels were immediately up-regulated
as early as 2h, followed by a decline to the control level
within 5h after the MeJA treatment, while they slowly
increased at least until 10h and then declined after the
ethephon treatment. The ethylene-induced transcription
of REF is concordant with the results of a previous report,
in which the REF transcript levels in latex are shown
to be increased until 48 after the ethephon treatment
on barks by spreading 2.5 or 5% (v/v) ethephon in
palm oil over the tapping cut after scraping (Priya et al.
2007). More persistent increase of the REF transcripts
in latex than those in the cultured cells may be due to
sustained releases of ethephon treated on barks. As far
as we know, this is the first report showing that MeJA
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Figure 3.

Changes in transcription levels of REF (a) and HRT2 (b) in the suspension-cultured cells grown for 2 weeks after subculturing by the

treatments with phytohormones, ethephon, JA and MeJA. The results are expressed as relative changes, with relative copy numbers (GOI/18S rRNA)
at zero time of treatments taken to be 1.0. The results are presented as the average of three independent determinations with +SDs.



also transcriptionally activates REF. In a search for
possible cis-acting elements in a 5'-upstream sequence
of REF (accession number: AB861873) against a
database of Plant Cis-acting Regulatory DNA Elements
(PLACE) (Higo et al. 1999), we could find out three
motifs corresponding to ‘AWTTCAAA” (PLACE ID:
S000037), an ethylene responsive element identified in
5’ flanking sequences of E4 in tomato (Montgomery et
al. 1993) and GST1I encoding glutathione-S-transferase
in carnation (Itzhaki et al. 1994). We also found a motif
corresponding to “AACGTG” ((PLACE ID: S000458),
which was identified as a T/G-box motif recognized by
the MeJA-inducible bHLH-Leu zipper proteins, JAMYC2
and JAMYCI10 (Boter et al. 2004). These motifs in the
5'-upstream sequence of REF may be attributed to the
up-regulation of REF transcription in response to the
phytohormone treatments.

Interestingly, the transcript levels of HRT2 were
inversely related to those of REF; that is, there was a fast
and significant down-regulation of HRT2 in response
to ethephon and MeJA treatments and up-regulation in
response to JA treatment (Figure 3b). Opposite effects
of JA and MeJA on the transcript levels of HRT2 were
inconsistent with the well-studied positive correlation
between the effects of JA and MeJA on gene expression
(Sasaki-Sekimoto et al. 2005; Taki et al. 2005). In JA
signaling, a JA-Ile conjugate ((+)-7-iso-jasmonoyl-L-
isoleucine) plays a pivotal role as the most bioactive
ligand of JA receptor (Fonseca et al. 2009). Based on the
fact that JARI, an ATP-dependent adenylate-forming
enzyme that catalyzes conjugation of JA to Ile, accepts JA
but not MeJA as a substrate (Staswick et al. 2002), MeJA-
induced responses appear to involve initial hydrolysis
of MeJA to JA, followed by formation of JA-Ile by JAR1
(Wasternack and Hause 2013). The difference between
the effects of JA and MeJA on the HRT2 transcripts
suggested relatively slow conversions between MeJA
and JA and involvement of a JA-Ile-independent MeJA
signaling mechanism in the cultured cells.

In higher plants, such as Arabidopsis thaliana (Kera et
al. 2012; Surmacz and Swiezewska 2011) and Solanum
lycopercicum (Akhtar et al. 2013), cis-prenyltransferases
are encoded by a multigene family, and their transcripts
are induced in response to various abiotic stimuli.
These reports suggest that some cis-prenyltransferases
and their products functions in different tissues and/or
participates in different cellular processes in response to
varjous environmental stimuli. However, transcriptional
regulation of cis-prenyltransferase via phytohormone
signaling is not yet understood well. The significant
responses of HRT?2 transcript levels to phytohormones
in the cultured cells may reflect, at least in part, strict
phytohormonal regulation of natural rubber biosynthesis
in laticiferous cells, correlated with a probable role
of natural rubber in latex as plant defensive agent. The
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suspension cell line obtained in this study retained the
ability to respond to phytohormonal stimuli, and has
the potential to be a model system for studying complex
signaling pathways related to natural rubber biosynthesis.
In summary, we successfully established a cell suspension
culture from petioles of H. brasiliesis. We evaluated the
cytochemical characteristics of the cells, including the
transcript profiles of laticifer-specific genes. Currently,
we are developing an optimized Agrobacterium-
mediated transformation technique for the suspension-
cultured cell line. This will provide not only the means
to genetically modify H. brasiliensis to enhance natural
rubber production, but also a useful molecular biological
tool for in-depth studies on natural rubber biosynthesis.
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