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Natural rubber is a unique biopolymer of strategic
importance that, in many of its most significant appli-
cations, cannot be replaced by synthetic alternatives.
The rubber tree Hevea brasiliensis is the almost exclu-
sive commercial source of natural rubber currently and
alternative crops should be developed for several
reasons, including: a disease risk to the rubber tree that
could potentially decimate current production, a pre-
dicted shortage of natural rubber supply, increasing
allergic reactions to rubber obtained from the Brazilian
rubber tree and a general shift towards renewables. This
review summarizes our knowledge of plants that can
serve as alternative sources of natural rubber, of rubber
biosynthesis and the scientific gaps that must be filled to
bring the alternative crops into production.

Introduction
Natural rubber is a biopolymer consisting of isoprene
units (C5H8)n linked together in a 1,4 cis-configuration
(Figure 1). It has unique properties as a polymer owing to
its intrinsic structure, its high molecular weight and ill-
defined contributions of minor components, such as
proteins, minerals, carbohydrates and lipids, which are
all present in the latex (a colloidal suspension of rubber
particles). Although rubber has been found in over 2500
plant species, the Para rubber tree (Hevea brasiliensis
Muell. Arg.) [1] is presently the almost only commercial
source of natural latex. Box 1 list several scientific, tech-
nical and societal issues illustrating gaps in our knowl-
edge and thus the urgency of developing alternative
sources.

Natural rubber is of strategic importance because it
cannot be replaced by synthetic alternatives in many of
its most significant applications. This is owing to its unique
properties, which include resilience, elasticity, abrasion
and impact resistance, efficient heat dispersion and mal-
leability at cold temperatures [2,3]. Six decades of indus-
trial research have not produced synthetic rubber
materials (such as styrene butadiene rubber, butyl rubber,
chloroprene or polyisoprene) with price–performance
ratios that match those of natural rubber. Consequently,
natural rubber is used in over 40 000 products, including
more than 400 medical devices, surgical gloves, aircraft
tires and countless engineering and consumer products.
The market share of natural rubber has increased
from close to 30% in the 1970s and 1980s to the present
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40%. Over 90% of natural rubber is produced in Asia,
particularly in Malaysia, Thailand and Indonesia.

Several factors highlight the urgency of developing
novel alternative sources of natural rubber [4]. Synthetic
rubbers are derived from petroleum and uncertainties
concerning the availability and price of petroleum [5] along
with a high demand for rubber from rapidly expanding
economies (such as China and India) has led to rapid
increases in the prices of both natural and synthetic rub-
bers. At the same time, rubber-tree plantations are being
replaced by more profitable palm-oil plantations to meet
the increasing demand for biofuel [6]. Moreover, harvest-
ing rubber is labor intensive and cannot be mechanized,
requiring the daily tapping of hundreds of trees by each
worker (Figure 2a).

Of strategic concern is South American Leaf Blight
(SALB), a fungal disease threatening the rubber tree.
SALB has all but ended large-scale Hevea rubber pro-
duction in South America and can be expected to have a
similar devastating effect if it spreads to Asia, considering
the very narrow genetic basis of rubber trees [7]. Currently,
the only barrier to prevent the spread of SALB to Asia is a
strict quarantine, which is likely to fail at some point.
Extensive efforts in plant breeding have thus far not
yielded resistant rubber-tree clones [8]. The strict growing
conditions, which limit its cultivation to specific tropical
environments, also prevent expansion of theH. brasiliensis
acreage to non-tropical countries [9].

An additional motivation to develop alternative natural
rubber sources is the increase in allergic reactions to the
proteins in H. brasiliensis latex, which are responsible for
moderate to severe allergic reactions. The incidence of such
reactions has increased dramatically in the past 15 years
and it is now accepted that 1–6% of the general population
suffer from latex allergies. Some studies have shown that
up to 17% of healthcare workers are at risk of reactions
[10].

Alternative plant sources
A need to develop alternative sources of natural rubber has
been recognized at various times, leading to research and
development programs during which many plants have
been investigated [11]. No less than eight botanical
families, 300 genera and 2500 species have been identified
that produce natural rubber in their latex, although only
two species in addition to the Para rubber tree are known
to produce large amounts of rubber with high molecular
weight [12] (an essential determinant of rubber quality): a
shrub named guayule (Parthenium argentatum Gray) and
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Figure 1. Structure of natural rubber. The molecular weight of an isoprene

monomer in natural rubber (C5H8) is 68 Da. With farnesyl diphosphate (FPP) as the

initiator molecule, the number of trans-bonds is two. At an average molecular

weight of H. brasiliensis rubber of 1200 kDa, n is approximately 18 000; in the case

of goldenrod (300 kDa), n is near 4500.

Box 1. Outstanding issues in natural rubber production

Main scientific issues

� Identity of rubber polymerase [2]

� Mechanism of polymerization [39]

� Mechanism determining molecular weight [39,55]

� Function of rubber particle-associated proteins [2,35]

� For H. brasiliensis: resistance to Microcyclus ulei [8]

Technical issues for alternative plant sources of natural rubber

� Full domestication and development of germplasm [56]

� Agronomics, harvesting and transport [16]

� Extraction, processing and utilization of side-products [13]

Societal or strategic issues for H. brasiliensis

� Biological threat by Microcyclus ulei [7]

� High labor costs and increasing land competition [6]

� Increasing allergic reactions [10]
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the Russian dandelion (Taraxacum koksaghyz). These
plants were considered promising enough as alternative
rubber sources that they justified large research programs,
especially during WWII. Other alternative rubber-produ-
cing plants have not yet been studied in sufficient detail to
establish their utility or they produce rubber of inferior
quality (Table 1). The ideal rubber-producing crop plant
would be an annual, fast-growing plant producing large
amounts of biomass with a high concentration of rubber.
Figure 2. Sources of natural rubber. (a) Tapping of the Para rubber tree (H. brasiliensis

Yulex Corporation; http://www.yulex.com/); (c) Russian dandelion (T. koksaghyz) (kindl
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Annual crops can be planted and plowed-out readily in
response to market needs and farmer-production consider-
ations and are also included more readily in on-farm crop
rotations and farming systems.
); (b) a field of Guayule (P. argentatum) at Ehrenberg, Arizona (kindly provided by

y provided by Dirk Prüfer); (d) Canadian goldenrod (S. canadensis).

http://www.yulex.com/


Table 1. Alternative sources of poly-cis-isoprene

Rubber source Content (%) Rubber Mw

(kD)a
Protein Mw

(kD)b
Production T/Y

(year)

Yield (kg

haS1 yS1)

R and D related to rubber Refs

Rubber tree 30–50 in latex, 2%

of tree dw

1310 14.6 (REF) 24

(SRPP)

9 000 000 (2005) 500–3000 All facets [4,36,48,49]

H. brasiliensis

Guayule 3–12 1280 26 (GHS) 10 000 (1910) 300–2000 Domestication, Processing,

Rubber polymerase

[1,4,26,45]

P. argentatum Gray 44 (RPP)

Russian dandelion Trace–30 2180 - 3000 (1943) 150–500 WWII emergency projects

USSR and USA

[4,21,22]

T. koksaghyz

Domestication

Rubber rabbitbrush <7 585 - - - WWII emergency project US [1,26,50]

Chrysothamnus

nauseosus

Goldenrod 5–12 of root dw 160–240 - - 110–155 Demonstration project in

1931

[1,26]

Solidago virgaurea

minuta

Sunflower 0.1–1 279 - Research stage - Characterization, genetic

engineering

[1,22,26]

Helianthus sp. 69

Fig tree 4 in latex 190 25, 48? - - Biochemistry [51]

Ficus carica 0.3 in bark

Ficus bengalensis 17 in latex 1500 31, 55? - - Biochemistry [52]

Ficus elastica 18 in latex 1–10 376 (LPR) - - Biochemistry [2,53,54]

Lettuce 1.6–2.2 in latex 1380 Research stage - Characterization, genetic

engineering

[12]

Lactuca serriola

Abbreviations: dw, dry weight; GHS, guayule homologue of SRPP; LPR, large protein from rubber particles; REF, rubber-elongation factor; RPP; rubber-particle protein; SRPP,

small rubber particle protein.
aAverage molecular weight.
bMain protein(s) associated with rubber particles or implicated in rubber biosynthesis.
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Guayule

Guayule, a shrub growing in semi-arid regions in Mexico
and the Southern USA (Figure 2b), is the only non-tropical
plant that has been used in the early 20th century as a
commercial alternative source of natural rubber and is
again being developed as a source of hypoallergenic latex
by Yulex Corporation. It appears to be a viable alternative
to H. brasiliensis because it produces relatively high
amounts of high-quality rubber with essentially the same
molecular weight as the material obtained from the rubber
tree (Table 1). In the 1980s, guayule dry rubber was tested
successfully in army-truck and -airplane tires [13]. In the
context of the emerging requirement for hypoallergenic
rubber, guayule rubber is special in that it has a much
lower protein content than the H. brasiliensis-based pro-
duct. In addition, only a few proteins are associated with
purified rubber particles from guayule compared with the
rubber tree. Moreover, rubber particle-associated proteins
of guayule do not cross-react with immunoglobulin (Ig)E
(Type I latex allergy) and IgG antibodies to H. brasiliensis
latex proteins [14]. This makes allergic reactions to
guayule rubber by consumers sensitized to H. brasiliensis
rubber unlikely.

Guayule does have several disadvantages, which – in the
past – have presented major barriers to its commercializa-
tion. It is only domesticated partially and does not tolerate
the low winter temperatures in much of Europe and the
USA. It is introduced currentlyasabiannual ormultiannual
crop, also because most of the rubber is produced during
winter months [15]. Stand establishment and optimal har-
vesting year and method have not been optimized fully.
Cultivation systems in which the crop is harvested several
times by cutting of the branches and enabling the plant to
regrow gives higher yields than simple harvesting of the
whole plant after 2–5 years [16]. This system is now used in
the commercial cultivation of guayule.
www.sciencedirect.com
In contrast to Hevea rubber production, which is
extremely labor intensive, guayule cultivation, harvesting
and latex production can be mechanized fully. However,
processing of the guayule shrub is technically complicated
and involves significant capital and operating costs [13].
This is because the rubber is produced as mm-size particles
in the bark parenchymal cells and not as free-flowing latex
as with the rubber tree. To harvest the rubber, the plant
material has to be disrupted thoroughly to release the
rubber particles from the individual cells. In subsequent
steps, the rubber can be separated either by pressing out
the latex, followed by centrifugation and creaming steps to
purify the latex [17], or by solvent extraction [13]. Major
issues during processing guayule for bulk rubber using
solvent extraction are mainly technical. For example, the
difficult separation of the viscous extractant from the finely
dispersed solids, accumulation of terpenes and fine
particles in the recycled solvents, separation of a low
molecular weight rubber fraction and loss of solvents must
be solved.

Processing of guayule for latex used in hypoallergenic
products has been commercialized by Yulex Corporation.
An issue that needs to be addressed to further develop
guayule latex is the presence of resins, which cannot be
separated without a solvent-extraction step [13]. The low
molecular-weight rubber fraction present in solvent-
extracted rubber is not found in latex [18] and the limited
oxidative stability of freshly harvested latex can be
addressed by stabilization with additives, such as ammo-
nia, KOH (potassium hydroxide) or amine and phenolic
antioxidants [13,17].

The price of the guayule rubber or latex is not public,
although it is clearly higher than US$2.60 per kg, the
current price of Hevea latex. Current cultivation, harvest-
ing and transport practices of guayule alone already lead to
estimated costs of US$2.20 to 2.85 per kg rubber or latex, to



Review TRENDS in Biotechnology Vol.25 No.11 525
which significant processing costs must be added [19].
However, the higher cost is justified by the added value
of hypoallergenic latex used in personal protection (e.g.
gloves, condoms) and medical applications (e.g. tubing,
catheters). Coproducts from guayule processing range from
fuel (the bagasse remaining after rubber extraction),
adhesives, coatings, organic pesticides, wood preservatives
and specialty chemicals (e.g. resins, low molecular-weight
rubber, leaf waxes) and these need to be used to improve
the economic viability of guayule rubber.

Russian dandelion

Russian dandelion (Taraxacum koksaghyz) was identified
in Kazakhstan in the course of a strategic program in
1931–1932 to develop a native source of natural rubber
in the USSR [20] (Figure 2c). The root is a source of high
quality rubber and was used for rubber production during
WWII [1,21]. Tires made from Russian dandelion rubber
were as resilient as those produced from H. brasiliensis
and, furthermore, were better than guayule rubber-
derived tires [21], probably owing to the extraordinarily
high molecular weight of the dandelion rubber [22].

An attractive feature of the Russian dandelion is that it
could be developed as an annual rubber crop for the
temperate regions because it can be grown in a similar
way to chicory. Although Russian dandelion has laticifers
(pipe-like anastomized cell systems, which produce latex)
like the rubber tree, the rubber cannot be harvested by
tapping; instead, plant roots must be homogenized and the
rubber pressed out or extracted.

Turning Russian dandelion into a profitable crop would
require an increase of vigor and more favorable agronomic
properties, for example, by hybridization with the common
dandelion (T. officinale). Specific targets include breeding
for larger roots that are easier to harvest and increased
rubber accumulation. In addition, the low yield per
hectare, labor-intensive cultivation, crosses and seed con-
tamination with other dandelions and weed potential
should be tackled [e.g. by developing apomictic Russian
dandelion (reproducing asexually)] [23]. Modernmolecular
approaches are required to increase the understanding of
rubber biosynthesis, rubber-particle formation, structure
and physiology and might enable us to modulate the
rubber-synthesis process. For example, DuPont has shown
that T. koksaghyz genes encoding cis-prenyltransferases
show similarities to the corresponding H. brasiliensis
genes [22].

Fast-track breeding methods or the overexpression or
downregulation of key genes that are involved in rubber
biosynthesis and rubber accumulation are applicable more
readily to Russian dandelionwith its short life cycle than to
species, such as H. brasiliensis, which needs several years
of growth before clear phenotypes can be determined.
Similarly, improvements in rubber production in guayule
can only be assessed after 1–2 years. A further advantage
of Russian dandelion is that it is amenable both to
tissue culture and to transformation and detectable rubber
phenotypes can be obtained within 6 months.

One potential disadvantage of Russian dandelion is that
rubber particles contain more associated proteins than
does H. brasiliensis. This raises the possibility that people
www.sciencedirect.com
might be sensitized to rubber from Russian dandelion, as
has happened with H. brasiliensis rubber [24]. Therefore,
Russian dandelion should also be considered for conven-
tional, non-medical applications, such as tires and other
dry rubber applications.

To make rubber from Russian dandelion competitive
economically, it is necessary to consider this crop in
the context of a biorefinery, in which all components of
the plant would be used ideally. Side products from Rus-
sian dandelion processing include inulin, themajor storage
sugar of dandelions (25–40% of dry-root weight), which
could be used directly in food and non-food applications.
The remaining bagasse could then be fermented to bioetha-
nol and biogas.

Other sources

Several other plants that are able to grow in temperate
climates were tested for rubber production, especially in
times when price or accessibility of natural rubber was an
issue (1920s, WWII, 1970s). When the price of rubber
soared in the late 1920s, Thomas Edison, Henry Ford
and Harvey Firestone established the Edison Botanic
Research Company, which screened over 17 000 plants
for quality and quantity of rubber. Extensive research
showed that goldenrod (Solidago altissima, Figure 2d
shows S. canadiensis), a common weed growing to an
average height of 1 m, produced a 5% yield of latex.
Through hybridization, Edison produced goldenrod in
excess of 3 m, yielding 12% latex. Unfortunately, the
resulting rubber was of inferior quality, based on tests
with four tiresmade out of thematerial byHenry Ford [25].
The reason for the inferior rubber was discovered later
when rubber from several goldenrod species was shown to
have a molecular weight of only 300 kDa [26] (Table 1).

A recent study showed that lettuce contains small
amounts of rubber with a molecular weight similar to that
of the rubber tree and guayule. This provides a new
opportunity to study rubber biosynthesis in plants on a
molecular level, however, its potential as a domestic source
of rubber is unclear [12].

An alternative way to improve rubber quality is by
generating transgenic plants that yield commercially
viable amounts of high molecular-weight rubber. These
strategies require a thorough understanding of all bio-
chemical factors affecting rubber yield and quality. Other
important issues that need to be addressed are the pre-
sence of antinutrients (toxic compounds harming animals
feeding on the crop) and the separation from food supplies,
as well as acceptance by farmers and the general public
because this strategy involves transgenic plants. The feasi-
bility of this approach is being investigated using sun-
flower [27], which is an agronomically important crop
that contains low molecular-weight rubber [28].

Rubber biosynthesis
The identification and characterization of the genes and
enzymes involved in rubber biosynthesis have been slow
compared with those involved in the synthesis of other
biopolymers. This is especially surprising in view of the
importance and market value of natural rubber products
[2]. To achieve a sustainable production of rubber from



Figure 3. Pathway of rubber biosynthesis from isopentenyl diphosphate. (a)

Natural rubber is produced from a side branch of the ubiquitous isoprenoid

pathway, with 3-hydroxy-methyl-glutaryl-CoA (HMG-CoA) as the key intermediate

derived from acetyl-CoA by the general mevalonic-acid pathway. Mevalonate

diphosphate decarboxylase (MPP-D) produces isopentenyl diphosphate (IPP),

which is isomerized to dimethylallyl diphosphate (DMAPP) by IPP isomerase (IPI).

IPP is then condensed in several steps with DMAPP to produce geranyl

diphosphate (GPP), farnesyl diphosphate (FPP) and geranylgeranyl diphosphate

(GGPP) by the action of a trans-prenyltransferase (TPT). The cis-1,4-polymerization

that yields natural rubber is catalyzed by cis-prenyltransferase (CPT), which uses

the non-allylic IPP as substrate. (b) Structures of IPP, DMAPP, GPP and FPP. In

solution, the diphosphate groups will be partly ionized. (c) Proposed ‘living

carbocationic polymerization’ mechanism (adapted from [39]). In the first step, the

diphosphate group of FPP or a growing rubber chain is removed, leaving a

carbocationic intermediate. In the second step, this intermediate reacts with IPP to

extend the chain. The resulting extended rubber molecule can leave the active site

or undergo a next chain-elongation step. The resulting polymer chain has two

trans- and multiple cis-bonds as shown in Figure 1.
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natural sources, our understanding of the molecular
mechanism of rubber biosynthesis needs to be improved.
This includes factors that are involved directly or indirectly
in supplying the building blocks, in polymerization of the
isoprene monomers and in providing an appropriate
physical environment for rubber-particle and latex for-
mation. Owing to its economic importance, most research
and development efforts have focused on H. brasiliensis.
However, rubber biosynthesis has been investigated to
some extent in several other alternative rubber plants
discussed previously (Table 1).

Precursors

Essential steps of rubber biosynthesis are indicated in
Figure 3. Cytosolic acetyl-CoA is the primary building
block of the isoprenoid pathway and for the synthesis of
rubber. Acetyl-CoA is converted to isopentenyl dipho-
sphate (IPP) through a pathway involving the intermedi-
ate 3-hydroxy-methyl-glutaryl-CoA [29–31]. IPP is
transformed into dimethylallyl diphosphate (DMAPP)
by isomerization. DMAPP primes the sequential head-
to-tail condensations of IPP molecules by trans-prenyl-
transferases to form geranyl diphosphate (GPP, C10,
monoterpenoids), farnesyl diphosphate (FPP, C15, sesqui-
terpenoids) and geranylgeranyl diphosphate (GGPP, C20,
diterpenoids).

Initiation of rubber synthesis

Initiation of rubber synthesis has been studied in several
plants and a common finding is that the end groups found
in rubber are not made up of cis-isoprene units, unlike
the bulk of the rubber [2]. In goldenrod, two trans-iso-
prene units and a dimethylallyl group were detected [32].
In the case of H. brasiliensis leaves (not the rubber
particles), two trans-isoprene units but no dimethylallyl
units were detected. In vitro studies have shown that
several compounds (DMAPP, GPP, FPP and GGPP) can
initiate rubber biosynthesis [33]. However, the low bind-
ing constant of FPP compared with other allylic mol-
ecules and its synthesis in the cytosol of the laticifer, the
same compartment as the rubber transferase, suggest
that FPP is the main initiator in vivo in H. brasiliensis
[34], in accordance with the two trans-isoprene units
detected. FPP also appears to act as the main initiator
in rubber biosynthesis in Ficus elastica [9]. It must be
noted that the end-groups of rubber molecules can only
be determined in low molecular-weight rubber (such as
rubber from goldenrod and H. brasiliensis leaves) and
that all in vitro studies are carried out with latex frac-
tions containing many proteins and small molecules that
might cause artifacts [33].

Rubber polymerization

Rubber particles contain an integral membrane-bound,
rubber-synthesizing cis-prenyltransferase (CPT) enzyme
or enzyme complex (rubber transferase or rubber polymer-
ase, EC 2.5.1.20). This enables the enzyme to access the
hydrophilic FPP and IPP molecules in the cytoplasm and
the hydrophobic polymer chain extruded from the enzyme
can enter the hydrophobic interior of the latex particles.
CPT catalyzes the sequential cis-1,4-condensation of
www.sciencedirect.com
cytoplasmic IPPwith the allylic diphosphate as an initiator
(Figure 3). The identity of the enzyme or enzyme complex
required for high-molecular-weight rubber biosynthesis is
the most important unsolved and challenging question in
rubber biosynthesis. CPT cDNAs have been identified from
H. brasiliensis latex and their expression in E. coli led to
the incorporation of IPP into an FPP-initiated polymer
consisting of 20 isoprene units [35,36]. In the presence of a
latex fraction, the CPT showed much higher activity, pro-
ducing chains with higher molecular weight (3000–15 000
isoprene units) [37], indicating that additional components
present in latex besides CPT are required for high mol-
ecular-weight rubber synthesis.
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Determinants for rubber molecular weight

An indication for a useable natural rubber is its molecular
weight. The rubber tree, guayule, Russian dandelion, let-
tuce (Lactuca serriola) and a few less well characterized
tropical plant species, such as Cryptostegia grandiflora [1],
produce rubber with an average molecular weight over
1000 kDa (Table 1), which correlates with sufficient rubber
quality. Other temperate-zone plants that were tested
produce rubber with a much lower molecular weight
[11,26]. It is not well understood which factors determine
the final molecular weight of natural rubber. In vitro
studies with rubber-tree and guayule cis-prenyltrans-
ferases indicate that the ratio between initiator FPP and
IPP has a major role in determining the length of obtained
rubber [14,34,38]: increasing concentrations of FPP lead to
a reduction in molecular weight, whereas increasing con-
centrations of IPP have the opposite effect.

A chemical perspective on the mechanism of rubber
polymerization has been presented by Puskas et al. [39].
The mechanism of rubber biosynthesis is proposed to be a
so-called living carbocationic polymerization, which is con-
sistent with the broad molecular-weight distribution in
natural rubber. According to this model, growing rubber
molecules leave the active site continuously after the
addition of IPP and compete with other rubber molecules
or FPP to re-enter the enzyme. Chain growth slows down
and stops when the chain reaches a molecular weight
hindering further diffusion to the enzyme. In this model,
the species-dependent chain length is dependent on the
size of the rubber particles, the presence of specific proteins
or other factors affecting diffusion, the ratio of initiator
FPP to IPP and the affinity of the rubber polymerase for
FPP and the growing rubber polymer chains [39]. Clues
for the chain-length-determination mechanism of cis-pre-
nyltransferases might be also found by comparing related
enzymes, such as bacterial, yeast and humanCPTs [29,40],
or by site-directed mutagenesis of such enzymes to change
their processivity [41]. However, these CPTs typically pro-
duce short molecules consisting of less than 20 isoprene
building blocks.

Rubber particles and associated proteins

Natural rubber is located in subcellular rubber particles in
the cytosol of specialized cells called laticifers in the rubber
tree and in Russian dandelion [1] or in the cytosol of bark
parenchyma cells (as in guayule). The size of the particles
in different plant species ranges from 0.2 to 4.0 mm [42].
The particles contain a homogeneous rubber core sur-
rounded by an intact monolayer membrane with a highly
species-specific protein and lipid composition. The hydro-
philic head groups of the phospholipids and sugar groups
attached to the particle-bound proteins render the surface
of the particles hydrophilic [2].

The amount of protein associated with rubber particles
varies tremendously among plant species, ranging from
4.8% in Euphorbia lactiflua to less than 0.1% in guayule
[42]. The number of proteins within these complexes also
varies significantly, from less than ten for guayule tomore
than 80 in the case of H. brasiliensis [2]. The major
proteins associated with rubber particles or suggested
to be involved in rubber biosynthesis all have different
www.sciencedirect.com
sizes and abundances if different species are compared
(Table 1).

Two major proteins are associated with rubber particles
from H. brasiliensis: a 14.6 kD rubber elongation factor
(REF) and a 24 kD small rubber particle protein (SRPP).
Genes encoding both proteins have been cloned and
expressed to elucidate their role in rubber biosynthesis.
This also showed that the two proteins show sequence
similarities. Although the role of REF in rubber biosyn-
thesis has remained unclear [43], SRPP expressed hetero-
logously stimulates the formation of long chain-length
rubber [44]. A guayule homologue of the H. brasiliensis
SRPP (GHS) stimulated IPP incorporation into high mol-
ecular-weight rubbers in the same way as the H. brasi-
liensis SRPP [45]. All three proteins show sequence
homology to stress-related proteins in Arabidopsis and
Phaseolus vulgaris, which are plants not known to produce
rubber [29]. The major protein associated with guayule
rubber particles, comprising approximately 50% of
the total protein [46], is a 53 kD cytochrome P450 enzyme
of the CYP74 family. It is highly homologous to allene oxide
synthase (AOS) and is catalytically active as an AOS [47].
Its role in rubber synthesis is unclear.

In an analysis of theH. brasiliensis latex transcriptome,
four groups of expressed genes could be distinguished:
those encoding (i) rubber particle proteins, such as REF
and SRPP; (ii) enzymes involved in rubber precursor syn-
thesis, such as hydroxymethylglutaryl-CoA reductase, and
FPP synthase; (iii) defense-related proteins; and (iv) latex
allergens (proteins that have unknown functions but have
a role in latex allergy). It is interesting to note that the
REF and SRPP genes were highly expressed in latex,
representing 29% of the total ESTs. The transcriptome
analysis did not provide a clear link between cis-prenyl-
transferases and rubber biosynthesis: CPT expression
levels in H. brasiliensis latex were so low that they were
not represented among 1176 ESTs derived from latex.
However, this was also true for enzymes, such as mevalo-
nate kinase, phosphomevalonate kinase, diphosphomeva-
lonate decarboxylase and IPP isomerase, which are known
to be involved in the synthesis of rubber precursors [35].

Thus, in vitro reconstitution of complete long-chain
rubber-biosynthesis machinery from its individual com-
ponents has not been successful, for either guayule or
the rubber tree. Until all components are known and
identified, the molecular functions of the individual com-
ponents cannot be established adequately. It is, however,
tempting to speculate that the cloned CPT enzymes do
represent the elusive rubber polymerases. In this scenario,
these enzymes can only produce high molecular-weight
rubber when aided by other factors, which might include
REF, SRPP, GHS and other proteins.

Conclusions, necessary steps and perspectives
The convergence of numerous factors, including
uncertainty about the planet’s energy reserves and global
warming, has given new impetus to the development of
crops for the renewable production of energy and
materials. Natural rubber, as one of the most important
polymers used in our society, deserves a strong focus. To
secure our access to this essential polymer and to decrease



528 Review TRENDS in Biotechnology Vol.25 No.11
our dependence on petroleum-based synthetic rubber, the
mid- to long-term development of alternative sources of
natural rubber appears essential. Crops synthesizing
rubber could also be used for the sustainable production
of other products, by using all resulting by-products, such
as converting their lignocellulosic residues into bioethanol
or using inulin from Russian dandelion for food appli-
cations or the production of bioethanol. Although alterna-
tive sources for natural rubber were investigated in the
past, it is now necessary to apply advances that have been
achieved in molecular plant sciences with the tools of
genomics, metabolomics and proteomics, as well as
advances at the agronomic level, for example, with mar-
ker-assisted breeding, to a much larger extent. This will
ensure that progress made towards our understanding of
rubber biosynthesis is used for the development of new
rubber-producing crops.
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