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This review intends to provide an overview of historical and recent achievements in studies of microbial degradation of
natural and synthetic rubber. The main scientific focus is on the key enzymes latex-clearing protein (Lcp) from the Gram-
positive Streptomyces sp. strain K30 and rubber oxygenase A (RoxA) from the Gram-negative Xanthomonas sp. strain 35Y,
which has been hitherto the only known rubber-degrading bacterium that does not belong to the actinomycetes. We also
emphasize the importance of knowledge of biodegradation in industrial and environmental biotechnology for waste natu-
ral rubber disposal.

Natural rubber (NR), or poly(cis-1,4-isoprene), is, by qualita-
tive and quantitative criteria, one of the most important

biopolymers. For almost a hundred years, millions of tons of NR-
derived products have been produced by humankind. In addition,
NR and other polyisoprenes are produced by thousands of plant
species (4, 42). As biologically synthesized polyisoprene does not
accumulate in the environment, natural degradation must occur.
In spite of all of the efforts which have been made since 1914 to
investigate microbial rubber degradation (58), the first genes in-
volved in this process were identified and characterized only quite
recently. However, the biochemical mechanisms of biological
rubber degradation are still not widely known.

Analyses of degradation products of natural and synthetic rub-
ber indicate an oxidative cleavage of the double bonds in the poly-
mer backbone. A similar degradation mechanism was postulated
for the cleavage of squalene, a biosynthetic precursor of steroids
and triterpenoids. Aldehyde and/or carbonyl groups were de-
tected in most of the analyzed degradation products of different
rubber-degrading strains. The occurrence of degradation prod-
ucts of 104 to 106 Da from poly(cis-1,4-isoprene) in nearly all
analyzed rubber-degrading strains without detection of interme-
diates remained to be elucidated. Data on rubber degradation on a
molecular genetic basis and analysis of degradation products in
detail have opened a gate to in-depth understanding of these new
enzymatic reactions.

NR represents approximately 30 to 35% of the constituents of
NR latex (4). About 99% of the commercially used NR is produced
by Hevea brasiliensis, originally native to Brazil (72). A potential
alternative source of NR is the Russian dandelion (Taraxacum
kok-saghyz). This is a rubber dandelion plant that was specially
cultivated in the former Soviet Union during World War II to
satisfy the demand for NR.

Total world rubber production increased to 24.3 million tons
in 2010, a rise of 11.9% from 21.7 million tons in 2009 (25). The
products comprised 42.4% NR and 57.6% synthetic rubber. NR is
an industrially important polymer and is used for many technical
applications such as fabrication of automobile tires, for which
most NR is used (53, 62). NR is a polymer composed of many
C5H8 isoprene units (Fig. 1C), each containing one double bond
in the cis configuration and linked at C1 and C4. Rubber is a ma-
terial with properties that differ widely from those of the viscous

sap of the rubber tree. Elasticity and extensibility are features most
typical for rubber (7, 13, 20, 21).

As a consequence of the difficulties in reusing rubber material
and of the widespread use of rubber products, huge amounts of
waste rubber material are stockpiled all over the world. In the
United States, about 2 to 3 billion used tires are currently stored in
landfills (26). Due to the large volume produced and their dura-
bility, these tires are among the largest and most problematic
sources of organic waste. The most common methods to cope
with this problem are to burn the tires in cement kilns and power
plants or to use them as artificial reefs. However, these methods
induce further environmental pollution (19).

One way of overcoming the environmental problems is pro-
vided by microbial transformation of rubber into useful products
(9, 12, 37, 49, 66, 67). There are some specific advantages of bio-
technological processes compared to chemical and physical ones.
Biotechnology does not produce any harmful or toxic chemicals
and is normally not energy intensive. However, there are still some
obstacles, most notably the sensitivity of microorganisms toward
many chemical substances, including rubber additives, which are
used to improve stability and function of tires over a wide temper-
ature range.

Microbial deterioration of rubber products has attracted much
interest (66), and many studies have been carried out on the deg-
radation of both pure rubber elastomers and vulcanized rubber
products. It is important to conduct further molecular and bio-
chemical studies in the field of microbial degradation of natural
and synthetic polyisoprenoids in order to find ways to solve the
global problem of excess rubber material.

The scope of this review is to bring further details into the
hardly understood field of rubber degradation.

NATURAL AND SYNTHETIC RUBBER

Two main types of polyisoprenoids that differ according to their
isomerism are almost exclusively synthesized by plants; the first

Published ahead of print 13 April 2012

Address correspondence to Alexander Steinbüchel, steinbu@uni-muenster.de.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AEM.00001-12

MINIREVIEW

July 2012 Volume 78 Number 13 Applied and Environmental Microbiology p. 4543–4551 aem.asm.org 4543

http://dx.doi.org/10.1128/AEM.00001-12
http://aem.asm.org


one is the cis isomer natural rubber (NR) [poly(cis-1,4-isoprene)]
(Fig. 1A), and the second one is the trans isomer gutta-percha
(GP) [poly(trans-1,4-isoprene)] (Fig. 1B).

The rubber tree, H. brasiliensis, grows throughout the tropics
and is cultivated in plantations primarily in Southeast Asia; Ma-
laysia and Indonesia are the most important sources. The sap is
collected, and on exposure to air and mild heat it gives NR. NR has
been used since the 11th century by the natives of Central and
South America for the manufacture of balls. The present English
term “rubber” for poly(cis-1,4-isoprene) was coined by Edward
Nairne and Joseph Priestley due to its property as a pencil eraser.
The economic importance of poly(cis-1,4-isoprene) is confirmed
by its historical development. Until the late 19th century, Brazil
held the absolute monopoly on NR and intended to protect it by
an embargo on exports of scions and seeds. Sir Henry Wickham
smuggled about 70,000 seeds from Brazil to England in 1876,
whereas James Collins, the curator of the museum of the Pharma-
ceutical Society London, failed 3 years earlier. Between 1900 and
1913, rubber produced on plantations in Southeast Asia and East
African countries captured the world market. The discovery of
synthetic polyisoprene by the German chemist Fritz Hofmann in
1909 paved the way for large-scale production of synthetic poly-
(cis-1,4-isoprene) with a molecular structure similar to that of NR
in the United States in 1954. Since all efforts to replace rubber
from H. brasiliensis with rubber of endemic plants failed, all in-
volved countries spent much effort on the development of syn-
thetic rubbers during the First and Second World Wars. Germany
produced some 2,500 tons of methyl rubber (polymer of 2,3-di-
methyl-1,3-butadiene) during World War I but returned to hevea
rubber at the end of the war. Between 1948 and 1951, the fabrica-
tion of synthetic rubbers was prohibited in Germany by the Allies.
Nowadays, more than 15,000,000 tons of natural and synthetic

rubber is produced annually and, as a consequence, an increasing
amount of rubber-containing residual material emerges.

The trans isomer GP is in contrast to NR synthesized only by a
few plants and occurs, e.g., in the Southeast Asian trees Palaquium
gutta and Eucommia ulmoides, the European shrub Euonymus eu-
ropaeus, and the South American tree Couma macrocarpa (Table
1). GP is utilized for a wide range of applications due to its resis-
tance to biological degradation. This polymer has been used for
the past century as insulation material for transatlantic telegraph
cables, and it is still used for the production of conveyers, golf
balls, decorative objects, and chewing gum. This implies that it
does not readily react within the human body, and consequently,
it is used for a variety of surgical devices and for dental applica-
tions during root canal therapy (Table 1).

FINE CHEMICAL STRUCTURES OF NATURAL
POLYISOPRENOIDS AND LATEX PARTICLES

The average composition of latex milk is as follows: 25 to 35%
(wt/wt) polyisoprene, 1 to 1.8% (wt/wt) protein, 1 to 2% (wt/wt)
carbohydrates, 0.4 to 1.1% (wt/wt) neutral lipids, 0.5 to 0.6% (wt/
wt) polar lipids, 0.4 to 0.6% (wt/wt) inorganic components, 0.4%
(wt/wt) amino acids, amides, etc., and 50 to 70% (wt/wt) water
(60).

Within the latex milk, NR occurs in the form of particles as an
emulsion of droplets with a predominant size of 0.1 to 2 �m in
diameter in water (43). These rubber particles are covered by a
layer of proteins and lipids, which separate the hydrophobic rub-
ber molecules from the hydrophilic environment.

13C-nuclear magnetic resonance (NMR) spectroscopy studies
of natural polyisoprenes disclosed the detailed structure of the
rubber molecules, unraveling deviations from the strict trans con-
figuration. Due to these results, natural polyisoprenes are classi-
fied into three groups according to the structure at both chain
ends, with the initiating start point of the chain being referred to as
the �-terminus and the opposite end as the �-terminus (63): (i)
polyprenol type [�-(trans)2-3-(cis)n-�], (ii) natural rubber type
[�=-(trans)2-(cis)n-�=], and (iii) wild rubber type [�=-(cis)n-�].
NR of H. brasiliensis contains two trans-isoprene units and long-
chain fatty acid groups linked to the rubber molecule through
phospholipids (18, 62). Due to the structural pecularities of poly-
isoprenes, conclusions for the initiation and termination during
biosynthesis were made. As a result of the presence of the terminal
dimethylallyl group, followed by two to three isoprene units in
trans configuration for rubber of the polyprenol type, it was con-
cluded that the chain elongation starts from derivatives of farnesyl
diphosphate and geranyl diphosphate, which are acting as primers

FIG 1 Chemical structure of poly(cis-1,4-isoprene) (natural rubber, NR) (A),
poly(trans-1,4-isoprene) (gutta-percha) (B), and isoprene (2-methyl-1,3-bu-
tadiene) (C).

TABLE 1 Important rubber-producing organisms

Organism type Examples Rubber type Contents/applications Reference(s)

Higher organisms Hevea brasiliensis (rubber tree), Taraxacum kok-saghyz
(Russian dandelion), Parthenium argentatum
(guayule), Dyera costulata (jelutong)

cis isomer Technical applications (e.g.,
fabrication of automobile
tires)

5, 30, 44, 62

Lower organisms/two major
classes of fungi

Ascomycetes, Basidiomycetes Low-mol-wt rubber 61

Plant species Eucommia ulmoides (Tochu), Euonymus europaeus
(Celastraceae), Manikara zapota (chicle), Mimusops
balata (balata), Palaquium gutta (gutta-percha)

trans isomer Cable insulation, belting,
conveyors, decorative
objects, golf ball covers,
chewing gum

1
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for the subsequent addition of further isoprene moieties from
isopentenyl diphosphate in cis configuration.

BIOSYNTHESIS OF ISOPRENE AND POLY(cis-1,4-ISOPRENE)

Isopentenyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP) represent the basic modules for biosynthesis of all iso-
prenoids and were identified in all organisms, occurring as equiv-
alent to isoprene. DMAPP is the starting subunit for the prenyl-
transferase [EC 2.5.1.20], which uses IPP for elongation yielding
acyclic polyprenoles. Currently two autonomous biosynthesis
pathways with different distribution processes are known to sup-
ply the needed precursors IPP and DMAPP.

Incorporation of radioactive labeled isotopes in precursors of
cholesterol and ergosterol biosynthesis led to the discovery of the
mevalonate (MVA) pathway for isoprenoid biosynthesis (6, 46,
57, 73). The activated form of acetate, acetyl coenzyme A (acetyl-
CoA), serves as a starting compound (Fig. 2). The MVA pathway
occurs particularly in archaea and eukaryotes, as, e.g., in the cyto-
sol of higher plants (31). The alternative MVA-independent
methylerythritol phosphate (MEP) pathway was discovered later
in eukaryotes, algae, and higher plants by intensive incorporation
experiments using radioactive isotopes (47). In contrast to the
MVA pathway, isoprenoids synthesized via the MEP pathway rep-
resent carbohydrate metabolites and not metabolites synthesized
derived from acetyl-CoA (Fig. 2). The first two precursors of the
MEP pathway are pyruvate and glyceraldehyde phosphate, which
are directly derived from glucose metabolism. The final key en-
zyme, IPP isomerase, which converts the two products IPP and
DMAPP into each other, occurs in both the MEP and the MVA
pathway. All essential isoprenoids, which are correlated with the
photosynthetic apparatus (phytol of chlorophylls, carotenoids,
and prenyl side chains of plastoquinones), as well as secondary
metabolites such as isoprene and mono- and diterpenes, are syn-
thesized via the MEP pathway, which occurs in many bacteria and
in chloroplasts of all plants. Plants synthesize polyisoprenoids in
the cytosol via the MVA pathway and in the chloroplasts via the
MEP pathway. Streptomyces aeriouvifer also possesses both path-
ways, but they are not coevally expressed (54, 55).

BIOSYNTHESIS OF POLYISOPRENE AND NR VIA cis- AND
trans-PRENYLTRANSFERASES

Biosynthesis of NR proceeds at the surface of rubber particles,
where IPP is incorporated by a reaction with the terminal allyl
diphosphate group of the rubber molecule. The enzyme catalyzing
the rubber synthesis is designated rubber transferase or prenyl-
transferase (EC 2.5.1.20) (1, 14, 34, 35). It was proposed that the
prenyltransferase synthesizes the hydrophobic rubber polymer
out of the cytosol into the rubber particle, using the cytosolic
hydrophilic substrate IPP (41). Due to their catalytic properties,
prenyltransferases are divided into two different classes, cis- and
trans-prenyltransferases (Fig. 3) (40). In both prokaryotes and
eukaryotes, trans-prenyltransferases catalyze the formation of iso-
prenoid compounds, such as geranyl diphosphate (GPP) (C10),
farnesyl diphosphate (FPP) (C15), and geranylgeranyl diphos-
phate (GGPP) (C20), which serve as initiating molecules to pro-
duce many other longer-chain isoprenoid compounds necessary
for cellular growth and survival. Soluble trans-prenyltransferases
occurring in plants are involved in NR biosynthesis, where they
synthesize allylic diphosphates serving as initiator molecules for
the polymerization process (14). Polymerization of NR is cata-

lyzed by cis-prenyltransferases (EC 2.5.1.20), which require diva-
lent cations such as Mg2� and Mn2� for their activity.

Simplified, NR biosynthesis is divided into three biochemical
processes: (i) initiation, where a trans-prenyltransferase synthe-
sizes allylic diphosphates, (ii) elongation, where the cis-1,4 poly-
merization of isoprene units starting from allylic diphosphates
and IPP is catalyzed by a cis-prenyltransferase (EC 2.5.1.20), and
(iii) termination, where the synthesized polymer is released by a
cis-prenyltransferase (EC 2.5.1.20).

The termination process occurs after a definite chain length,
thus defining the molecular weight of the synthesized rubber (41).
Therefore, cis-prenyltransferases are classified into three subfam-
ilies with respect to product chain length, i.e., short-chain (C15),
medium-chain (C50 –55), and long-chain (C70 –120) cis-prenyl-
transferases. Modification of the prenyl chain length determina-
tion mechanism of the undecaprenyl diphosphate (UPP) (C55)
synthase of Micrococcus luteus strain B-P 26, which catalyzes cis
condensation to synthesize UPP, through its structural manipu-
lation was described by Kharel et al. (29). UPP is required as a lipid
carrier of glycosyl residues in synthesis of the bacterial cell wall.
Replacements of specific amino acid residues resulted in shorter
ultimate products with C20 –35, whereas insertion of specific resi-
dues originating from long-chain cis-prenyltransferases resulted
in lengthening of the ultimate product chain, leading to C60 –75.
These results will help to understand the reaction mechanisms of
cis-prenyltransferases, including regulation of the ultimate prenyl
chain length, which have not yet been completely elucidated (29).

RUBBER-DEGRADING FUNGI

The first investigations on degradation of rubber by fungi were
performed by De Vries (17). He cultivated different strains of
Penicillium and Aspergillus in liquid medium containing NR and
10% (wt/vol) NaCl and documented an increase of biomass of 6%
and a decrease in weight of the applied rubber material of 15.5 to
30.9% after incubation periods lasting from 19 months to 5 years.
Schade observed good growth of the fungi Monascus rubber and
M. purpureus on purified NR (50). Kalinenko described Aspergil-
lus oryzae and different strains of Penicillium sp. as rubber-utiliz-
ing fungi, which was, however, not confirmed by other scientists
(28, 39, 56). Further experiments revealed a decrease in weight of
vulcanized rubber after incubation with Fusarium solani (32) and
of NR and isoprene rubber (IR) after incubation with Penicillium
variabile (71). Furthermore, strains of Cladosporium cladospori-
oides, Paecilomyces lilacinus, and Phoma eupyrena (10) were de-
scribed as NR-degrading fungi, and three strains of Aspergillus
(33) were found to be able to degrade vulcanized rubber.

RUBBER-DEGRADING BACTERIA

The most potent rubber-degrading bacteria are members of the
CNM (Corynebacterium, Nocardia, Mycobacterium) group. They
require direct contact with the rubber substrates (37) and do not
produce translucent halos. The other group of rubber-degrading
bacteria form clear zones on natural rubber latex agar plates and
generally belong to the actinomycetes (Actinoplanes, Streptomyces,
and Micromonospora) (24).

The Streptomyces strains were classified by Waksman and
Henrici on the basis of morphology and cell wall chemotype (68).
Today, the main emphasis is on 16S rRNA similarities, in addition
to cell wall analysis, as well as fatty acid and lipid patterns (70, 71)
(Table 2). Streptomycetes are Gram-positive, aerobic, spore-
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forming bacteria that show slow growth in soil or water as a
branching substrate and aerial mycelia. The substrate hyphae are
approximately 0.5 to 1.0 �m in diameter and often lack cross walls
during the vegetative phase. Many members of the genus Strepto-
myces possess the ability to secrete enzymes, which are able to
metabolize or cleave biopolymers (52).

Several bacteria are well known as poly(cis-1,4-isoprene)-de-
grading strains, such as a Gordonia sp. (2), Nocardia sp. strain
835A (66, 23), a Streptomyces sp. (49), and Xanthomonas sp. strain
35Y (27, 37) (Table 1). All these strains do not utilize the trans
isomer of polyisoprene, i.e., gutta-percha (69). Even purified
RoxA, which is responsible for poly(cis-1,4-isoprene) cleavage by

FIG 2 Schematic representation of the reaction mechanisms of the mevalonate (MVA) and the methylerythritol phosphate (MEP) pathways for isoprenoid
biosynthesis. Both pathways possess the final key enzyme isopentenyl diphosphate (IPP) isomerase, which converts the two products, IPP and dimethylallyl
diphosphate (DMAPP), into each other (modified according to reference 47).

Minireview

4546 aem.asm.org Applied and Environmental Microbiology

http://aem.asm.org


Xanthomonas sp. 35Y, was incapable of cleaving poly(trans-1,4-
isoprene) in vitro (11).

All hitherto known rubber-degrading bacteria had in common
that they produced translucent halos on solid media containing
poly(cis-1,4-isoprene) in the form of latex. The first gordoniae
capable of utilizing poly(cis-1,4-isoprene) as a source for carbon
and energy were described by Linos et al. (36). Surprisingly, these
isolates did not produce clear zones on latex-containing solid me-
dia, but they nevertheless degraded the substrate very effectively.
Presumably, this group of rubber-degrading bacteria had not been
recognized earlier due to the method applied for enrichment and
characterization. Later studies resulted in the description of the
two novel species Gordonia polyisoprenivorans (36) and G. west-

falica (36), which are distinguished by their adhesive growth dur-
ing rubber degradation.

The molecular basis of rubber degradation is still only scarcely
understood, but one can presume that the hydrophobicity of the
cell surfaces of gordoniae affected by the presence of mycolic acids
is significantly involved in this process. Probably, besides the oc-
currence of mycolic acids, the production of biosurfactants is im-
portant for the formation of biofilms, enabling direct contact with
cis-1,4-polyisoprene in solid rubber materials, which is required
for rubber degradation by these strains. In general, biosurfactants
can be subdivided into low-molecular-weight compounds such as
glycolipids and lipopeptides and high-molecular-weight poly-
meric compounds such as polysaccharides, lipoproteins, and lipo-
polysaccharides. Production of surface-active compounds has
been reported for several Gordonia strains (3). For example, G.
amarae is the most extensively studied species of the genus (2). By
morphological and physiological means, it has been shown that G.
amarae is strongly associated with foaming activated sludge in
wastewater treatment plants, as also confirmed by phylogenetic
hybridization-based experiments and comparative rRNA se-
quence analysis (16). The direct contact is required for rubber
degradation by these two novel species Gordonia polyisopreniv-
orans (36) and G. westfalica (3, 36). Nocardia sp. strain 835A,
which exhibited reasonable growth on natural and synthetic rub-
ber, was one of the first strains that was investigated in detail with
regard to rubber biodegradation, and it was postulated that oxi-
dative cleavage of poly(cis-1,4-isoprene) occurs at the double
bond (9, 12, 37, 49, 66, 67). Like Gordonia species, Nocardia spp.
do not produce translucent halos and require direct contact to the
rubber substrates.

A latex-clearing protein (Lcp) was identified in the Gram-pos-
itive Streptomyces sp. strain K30 by Rose et al. (48). In contrast,
RoxA (rubber oxygenase A) was identified in the clear-zone-form-
ing Xanthomonas sp. strain 35Y, which is the only known rubber-
degrading bacterium that does not belong to the actinomycetes
but is a Gram-negative bacterium (11, 27).

Imai et al. reported on the isolation of a Gram-negative rubber-
degrading bacterium other than gammaproteobacteria (24).

FIG 3 Comparison of the reactions catalyzed by trans- and cis-prenyltransferases using allylic diphosphates and isopentenyl diphosphates (IPPs) (modified
according to references 29 and 40).

TABLE 2 List of rubber-degrading bacteria mentioned in this review

Strain designation
Type of rubber
degradationa Reference

Actinomadura sp. strain E6 B 27
Actinomyces candidus ? 39
Actinomyces elastica ? 58
Actinomyces fuscus ? 58
Actinoplanes (three species) B 27
Dactylosporangium sp. B 27
Gordonia polyisoprenivorans VH2 A 37
Gordonia polyisoprenivorans Y2K A 2
Gordonia westfalica Kb1 A 36
Micromonospora aurantiaca W2b B 37
Micromonospora (five strains) B 27
Mycobacterium fortuitum NF4 A 37
Nocardia sp. strain 835 ? 66
Nocardia farcinica S3 A 23
Proactinomyces ruber ? 39
Streptomyces (31 strains) B 27
Streptomyces sp. strain K30 B 48
Thermomonospora sp. strain E5 B 23
Xanthomonas sp. strain 35Y B 67
a A, rubber-degrading bacteria forming clear zone on latex overlay agar plates; B,
adhesive-growing, rubber-degrading bacteria, which are not able to grow or form halos
on latex overlay plates; ?, not known. Type of rubber degradation refers to reference 37.
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Three novel bacteria, Streptomyces sp. strain LCIC4, Actinoplanes
sp. strain OR16, and Methylibium sp. strain NS21, were isolated.
The lcp gene of LCIC4 showed 99% amino acid sequence identity
with that of Streptomyces sp. strain K30. It is located next to oxiB.
The results suggested that the lcp homologs are involved in rubber
degradation in LCIC4 and OR16 (24).

DEGRADATION OF POLY(cis-1,4-ISOPRENE)

Gel permeation chromatography (GPC) analysis of the degrada-
tion products formed during the degradation of NR by the Gram-
positive Nocardia sp. strain 835A (65) and by the Gram-negative
Xanthomonas sp. strain 35Y (11) identified 12-oxo-4,8-dimethyl-
trideca-4,8-dienal as a major and 8-oxo-4-methyl-4-nonenal as a
minor component. Based on the location of 18O in the degrada-
tion products, the authors postulated an oxidative cleavage at the
double bond in the polyisoprene backbone. Bode et al. (9) identi-
fied (6Z)-2,6-dimethyl-10-oxo-undec-6 enoic acid, (5Z)-6-meth-
yl-undec-5-ene-2,9-dione, and (5Z,9Z)-6,10-dimethylpentadec-
5,9-diene-2,13-dione as degradation products in a liquid culture
of Streptomyces coelicolor strain 1A after cultivation of the cells on
vulcanized rubber. This bacterium belongs to the first group of
NR-degrading bacteria. Based on the postulated oxidative cleav-
age (45) and on the identified degradation products, a pathway for
the degradation of NR was proposed, including (i) the oxidation
of an aldehyde intermediate to a carboxylic acid, (ii) one cycle of
�-oxidation, (iii) oxidation of the conjugated double bond yield-
ing a �-keto acid, and (iv) its subsequent decarboxylation (8).

Purified RoxA degraded poly(cis-1,4-isoprene) by oxidative
cleavage at the double bonds yielding 12-oxo-4,8-dimethyltri-
deca-4,8-diene-1-al as the main cleavage product; other minor
cleavage products differed only in the number of repetitive iso-
prene units (8). In vitro experiments also revealed the occurrence
of two 18O atoms in the reduced degradation product 12-hydroxy-
4,8-dimethyltrideca-4,8-diene-1-ol, thereby disclosing a dioxyge-
nase mechanism (8).

At the same time, Rose et al. (48) identified lcp in Streptomyces
sp. strain K30, which belongs to the first group of NR-degrading
bacteria (36). UV mutagenesis yielded mutants with a clear zone-
negative phenotype on latex overlay agar plates and the inability to
mineralize NR.

TWO IMPORTANT PROTEINS: Lcp AND RoxA

So far, two candidate proteins have been described that are in-
volved in the attack on the polyisoprene carbon backbone. One is
Lcp from Streptomyces sp. K30 (48), and the other one is RoxA
from a Xanthomonas sp. (27). Lcp and RoxA are apparently dif-
ferent polypeptides devoid of any relevant amino acid similarity.
Both bacteria belong to the so-called clear-zone-forming group of
rubber-degrading bacteria, and obviously both bacteria are se-
creted into the extracellular medium leading to the formation of
translucent halos on NR latex. Both enzymes cleave poly(cis-1,4-
isoprene) by an oxidative reaction mechanism (12, 27) (details
will be described in the following sections).

RUBBER OXYGENASE A (RoxA)

During growth on poly(cis-1,4-isoprene), Xanthomonas sp. strain
35Y secretes a heme-containing protein, rubber oxygenase A
(RoxA), into the medium (12). RoxA is a dioxygenase, as it was
shown by isotope labeling experiments (11). A large set of exper-
iments was carried out to investigate the reactivity of the RoxA

heme centers toward substrates, reductants, oxidants, inhibitors
and well-known heme ligands, including imidazole and related
compounds. Upon attack on rubber RoxA releases low-molecu-
lar-mass oligoisoprene units. As mentioned above, 12-oxo-4,8-
dimethyltrideca-4,8-diene-1-al (ODTD) was identified as the ma-
jor product under in vitro conditions together with a homologous
series of minor compounds that differ from the major degradation
product only in the number of repetitive isoprene units between
terminal functions, CHO-CH2- and -CH2-COCH3 (12).

Until now only the oxidative reaction mechanism of RoxA is
well understood (51). RoxA has two c-type heme centers. One of
the two hemes is reduced by NADH, which is similar to the situ-
ation found in bacterial diheme peroxidases. Evidence for an elec-
tron transfer between the two hemes was provided by slow reduc-
tion of the second heme upon incubation of the partially reduced
enzyme. In line with this result, RoxA did not show any peroxidase
activity. Electron paramagnetic resonance (EPR) spectra of puri-
fied RoxA revealed two low-spin Fe(III) heme centers. A weak but
clear signal in a region corresponding to high-spin Fe(III) heme
was obtained; this signal disappeared in the presence of imidazole.
Attempts to provide spectroscopic evidence for binding of the
natural substrate (polyisoprene latex) to RoxA failed. However,
experimental data showed that RoxA is able to subtract redox
equivalents from its substrate or from model compounds. In con-
clusion, RoxA is a novel type of diheme dioxygenase, clearly dif-
ferent from classical cytochrome c peroxidases (51) (Fig. 4).

The roxA gene was cloned and transferred to Escherichia coli
BL21(DE3). Significant expression of RoxA was not obtained
(22). Unfortunately, all attempts to express RoxA in recombinant
E. coli or in other Gram-negative bacteria have failed so far. Even
coexpression of cytochrome maturation genes (ccm genes) from
pEC86 did not result in significant expression of RoxA. However,
formation of the diheme cytochrome Dhc2 from Geobacter sul-
furreducens in E. coli was successfully obtained in the presence of
pEC86 (22).

LATEX-CLEARING PROTEIN (Lcp)

Analysis of the amino acid sequence encoded by lcp of Streptomy-
ces sp. strain K30 revealed a twin-arginine motif, thus indicating
that Lcp is a substrate of the twin-arginine translocation (Tat)
pathway (74). Clear evidence that Lcp is secreted into the culture
medium was obtained from heterologous expression of lcp in E.
coli (74). Transcriptional analysis revealed basal expression of Lcp
in glucose-grown cells and induction of lcp in the presence of
poly(cis-1,4-isoprene). In contrast, oxiB and oxiA, which are in
Streptomyces sp. strain K30 located directly downstream of lcp and
putatively encode a heteromultimeric aldehyde dehydrogenase
oxidizing the primary cleavage products generated by Lcp from
poly(cis-1,4-isoprene), were expressed only in the presence of
poly(cis-1,4-isoprene) (Fig. 5). All three genes, lcp, oxiB, and oxiA,
seem to constitute an operon, as a polycistronic mRNA compris-
ing these genes was detected (74).

Overexpression of Streptomyces genes in engineered expression
hosts of the same or related species of this genus was successfully
applied to the overproduction of different enzymes. Therefore,
heterologous expression experiments with lcp derived from Strep-
tomyces sp. K30 in different Streptomyces strains were performed
to analyze to which extent the ability for rubber cleavage is trans-
ferable to other bacteria and also to clarify the role of Lcp in rubber
degradation (75). For these analyses, Streptomyces strains were
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used, which are impaired to form clear zones on latex overlay agar
plates. Previous experiments were done with S. lividans TK23 and
plasmid pIJ702 harboring wild-type lcp (48). The parent strain S.
lividans TK23 neither grows on IR nor forms clear zones on NR

latex, whereas the recombinant strain S. lividans TK23 harboring
pIJ702::lcp gained the ability to form clear zones on NR latex over-
lay plates.

New studies indicate that Lcp is responsible for clear zone for-
mation on latex agar overlay plates or that it is at least an essential
constituent of a protein complex forming clear zones by cleavage
of poly(cis-1,4-isoprene). When Lcp from Streptomyces sp. strain
K30 was heterologously expressed in strains TK23 and TK24 of S.
lividans and in a strain of Saccharopolyspora erythraea (formerly
Streptomyces erythraeus), the recombinant cells acquired the abil-
ity to cleave poly(cis-1,4-isoprene), thus confirming the participa-
tion of Lcp in initial polymer cleavage. By using the supernatant of
these Lcp-expressing strains in vitro, it was clearly shown by halo
formation that all three strains secreted a functional Lcp.

In order to verify the role of Lcp in rubber degradation, an lcp
knockout mutant of Streptomyces sp. K30, Streptomyces sp.
K30_lcp�Km, was generated (75). Streptomyces sp. K30_lcp�Km
exhibited reduced growth in liquid mineral salts medium contain-
ing poly(cis-1,4-isoprene) as the sole carbon and energy source.
Additionally, there was no detectable Lcp activity on latex overlay
agar plates.

FUTURE WORK AND CONCLUDING REMARKS

Further studies are necessary to elucidate the rubber degradation
pathway in Gram-positive and Gram-negative bacteria in more
detail. More than 70 years after the first description of clear zone
formation by bacteria on latex media (59), genetic data on the
molecular basis of this observation are now available. One reason
for the scarcity of knowledge on rubber degradation is the ex-
tremely long culture periods of bacteria on polyisoprene, but the
major reason is the difficult expression of Lcp and RoxA in E. coli.
Restriction of the genetic work with some members of the myce-
lium-forming actinomycetes, to which nearly all clear-zone-form-
ing bacteria belong, contributes to the delay as well. The next step
in the investigation of the rubber degradation pathway in Strepto-
myces sp. strain K30 is the purification of Lcp to unravel relevant
biochemical features such as kinetic data and substrate specificity.
The availability of detailed information about this enzyme in-

FIG 4 Proposed dioxygenase reaction mechanism for cleavage of natural rubber by rubber oxygenase (RoxA). Black bars and Me� (metal) indicate the heme
reaction center of RoxA (12).

FIG 5 Degradation pathway of polyisoprene in Streptomyces sp. K30. Lcp,
latex-clearing protein; OxiAB, rubber-oxidizing molybdenum hydroxylase.
Polyisoprene rubber was degraded by Lcp to isoprenoid aldehydes; OxiAB
probably subsequently oxidized these aldehydes to the corresponding acids,
which can be further metabolized via �-oxidation.
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volved in the cleavage of polyisoprene is a prerequisite for its tech-
nical application.
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