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Living organisms are packaged in en- 
velopes that consist of polymeric struc- 
tural components; in terrestrial orga- 
nisms a waterproofing mixture of lipids, 
collectively called waxes, are associated 
with this outer layer. The structural com- 
ponent in animals is either an mino ac- 
id polymer (protein) or a carbohydrate 
polymer (chitin), whereas in higher 
plants it is a biopolyester, cutin, in the 
aerial parts, and suberin, a polymer con- 
taining polyester domains, in the under- 
ground parts and at wound surfaces. 
Such polyesters not only constitute the 
major protective barrier between the 
plant and its environment but also func- 
tion as a rather permanent biological bar- 
rier within a variety of organs so that dif- 
fusion of molecules can be controlled, a 
role essential to plant life. During the 
past decade considerable progress has 
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been made in our understanding of the 
composition, biosynthesis, and biodeg- 
radation of these phytopolymers. In this 
article I summarize these recent findings 

Location and Ultrastructure 

Cutin is the structur component of 
the plant cuticle, which is attached to the 
outside of the epidermal cell wall in the 
aerial parts of both angiosperms (1) and 
gymnnosperms (5). Even primitive plants 
such as liverworts (6) and the moss 
Mnium cuspidatum (7) have cutin. Cutin 
is present on virtually every aerial organ 
of plants such as stem (except possibly 
the bark of woody plants), petiole (8), 
leaf, including substomatal cavities (1), 
flower pars (8, 9), fruits (1), seed coats 
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(8), and even internal parts such as juice 
sacs of citrus (7). The thickness of the 
polymer layer varies among the different 
species and among organs within the 
same species. In leaves, thickness and 
mass were reported to be in the range of 
0.5 to 14 micrometer and < 20 to 600 mi- 
crograms per square centimeter, respec- 
tively (1). In special cases such as inter- 
stomatal cavity, a very thin cutin layer 
(0.15 to 1.0/gm) might be found, whereas 
in organs such as fruits with well-devel- 
oped cuticle, the cutin content may 
reach 1.5 milligrams per square centime- 
ter (4, 10, 11). Development of cuticle 
may have been a crucial factor in the cob- 
onization of lands by plants (12). How- 
ever, the occurrence of cutin does not 
appear to be limited to land plants since 
the polymeric material from a sea grass, 
Zoestra marina, which grows submerged 
on coastal shorelines contains covalently 
attached hydroxy fatty acids identical to 
those found in the cutin of land plants 
(7). Cutin in land plants is embedded in 
wax, and in some instances the wax oc- 
curs in layers so that the cuticle shows a 
lamellar structure, although more often 
the cuticle presents an amorphous ap- 
pearance under the electron microscope 
(1, 9, 13) (Fig. 1). 
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Underground parts of plants such as 
roots and tubers (14, 15) as well as 
wound periderm formed on any organ, 
irrespective of the location of the organ, 
are protected by a different type of poly- 
mer, called suberin, which contains 
polyester domains (16, 17). Like cutin, 

the polymer, respectively (19, 20). Ultra- 
structural and cytochemical evidence in- 
dicates that suberin-type polymers are 

present in other plant organs such as 
the endodermis (Casparian bands), epi- 
dermis, hypodermis, and exodermis of 
roots (21), the bundle sheaths of grasses 

Summary. Cutin, a biopolyester composed of hydroxy and epoxy fatty acids, is the 
barrier between the aerial parts of higher plants and their environment. Suberin, a 
polymer containing aromatics and polyesters, functions as a barrier in underground 
parts, wound surfaces, and a variety of internal organs. The composition and prob- 
able structure of these polymers are discussed. The biosynthesis of the hydroxy, 
epoxy, and dicarboxylic acids of the polyesters from the common cellular fatty acids is 
elucidated. An extracellular enzyme transfers the hydroxy and epoxyacyl moieties 
from their coenzyme A derivatives to the growing polyester. The enzymes acting in 
the biodegradation of the polyesters have been isolated from fungi, pollen, and mam- 
mals and characterized. The function and possible practical implications of these 
polyester barriers are briefly discussed. 

suberin is also deposited at an extra- 
cellular location, on the plasma mem- 
brane side of the cell wall (18). Electron 
microscopic examination of the suber- 
ized regions show a lamellar structure 
comprised of light and dark bands (Fig. 
1) most probably representing waxes and 

(22), the boundary between the secretory 
organs (such as glands and trichomes) 
and the rest of the plant (23), the sheaths 
around idioblasts such as those contain- 

ing ammonium oxalate crystals or muci- 

lage (24), and pigment strands of grains 
such as wheat (25). 

Composition of Phytopolyesters 

Since a pectinaceous layer is used to 
attach the cuticle to the epidermal cell 
wall, disruption of this layer by chem- 
icals such as ammonium oxalate and 
oxalic acid, ZnCl2 and HC1, or cupram- 
monium ion and hydrolytic enzymes 
such as pectinase can be used to isolate 
the cuticle (1, 2). Enzymatic removal of 
the residual carbohydrates and removal 
of soluble waxes by solvent extraction 
leave behind the insoluble polyester cu- 
tin (Fig. 1). But suberin, being attached 
tightly to cell walls, can be obtained only 
as an "enriched" preparation by tech- 
niques similar to those employed for the 
isolation of cutin. The insoluble poly- 
meric material can be depolymerized by 
(i) alkaline hydrolysis, (ii) transesterifi- 
cation with sodium methoxide or boron 
trifluoride in absolute methanol, and 
(iii) hydrogenolysis with LiAlH4 in tet- 

rahydrofuran (Fig. 2). Depolymeriza- 
tion with LiAID4 introduces deuterium 
at specific positions, indicating the na- 
ture of the reducible groups originally 
present in the polymer, and therefore 
is very useful in structural studies. The 

Fig. 1. Electron micrographs illustrating amorphous (left top, Tropaeolum majus) and lamellar (left middle, Atriplex semibaccata) cuticle, lamel- 
lar structure of potato suberin (left bottom), and scanning electron micrograph (right) of the tomato fruit cutin showing the protrusions that help to 
anchor the polymer to the fruit by fitting into the intercellular grooves. Cu, cuticle; CW, cell wall. 
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mixture of monomers obtained from the 
depolymerization techniques can be 
subjected to thin-layer chromatography 
(TLC) and combined gas-liquid chioma- 
tography-mass spectrometry (GLC-MS) 
(Fig. 2). The aliphatic carbon chains con- 
taining functional groups such as carbon- 
yls and hydroxyls undergo diagnostic 
cleavages so that, in most cases, the 
mass spectra provide sufficient informa- 
tion for the identification of the mono- 
mers. 

Cutin is composed of two families 
of hydroxy and epoxy fatty acids-a C16 
family and a C18 family (Fig. 3). The ma- 
jor component of the former is dihy- 
droxypalmitic acid, in which one hy- 
droxyl group is at the w-carbon and the 
other at C-10, C-9, C-8, or C-7; usually a 

mixture of positional isomers is present 
with one positional isomer dominating. 
The dihydroxypalmitate from papaya 
and tomato cutin has the L configura- 
tion, and it is probable that this configu- 
ration is a general property of the dihy- 
droxypalmitate of cutin from all sources 
(26). The major components of the C18 
family are oleic acid, o)-hydroxyoleic 
acid, o-hydroxy-9,10-epoxystearic acid, 
and 9,10,18-trihydroxystearic acid, to- 
gether with analogous compounds con- 
taining an additional double bond at C- 
12. In plant organs, which rapidly ex- 
pand, the C16 family of monomers pre- 
dominates, whereas in slower growing 
organs with thicker cuticle a mixture of 
the two families of monomers is found 
(2, 8). Small amounts of phenolic acids 

such as p-coumaric acid and ferulic acid 
are also esterified to cutin, and other 
types of compounds might also be cova- 
lently attached (27). Cutin preparations 
from most plants leave 10 to 30 percent 
of the mass as insoluble residue after the 
depolymerization procedures. Whether 
this residue represents linkages, such as 
ether bonds, that are resistant to the 
cleavage techniques used, or the pres- 
ence of polymers other than cutin itself is 
not known. However, it is clear that cu- 
tin is largely a polyester comprising main- 
ly hydroxy and epoxy fatty acids. 

The results of chemical analyses con- 
ducted on the polymeric materials from a 
variety of plant tissues (1, 2, 4, 7-9, 15, 
16, 28, 29) suggest that a high content of 
phenolics and the presence of a high pro- 

0C 
0- Poymer 

(CH2)A 
CH-OH 

(CH2)5 

CH;2O- lPolymer 

KOH o KH 
-HOCH2-(CH2)5-CH-(CH2)e-C/ 

OHO 

BF3 orNaOCH3 H 
i HOCH2-(CH2)5-CH H-(CH2)8-C in CH30H OH OCH3 OH OCH3 

LiAID4 - HOCH2-(CH2)-CH -(CH2)8-CD2-OH 
OH 

318-, 

2C -(CH )7-DHC - ( 

u-Si(CH3)3 

149 

150 

0- CUTIN 
CH2-(CH2)-HC-CH-(CH2)7 C 

CUTIN-O LiAID, LAID 
lC/ -D BSA BSA \ 

CH--(CH2)7 CO- CH2-(CH2)7 H CHD-(CH2)7-CD2 

3-Si(CH3)3 O-i(CH3)3 O-Si(CH3) O- Si(CH3)3 -SiCH 

-305 305 20 
303 

200 250 300 

318 

/x9 

1 II ill I 

350 

431 
(M9) 506 

(Mt90) (Mtl5) 521 

400 440 500 520 

m/e 
Fig. 2. (Top left) Chemical methods used to depolymerize the polyesters; (top right), thin-layer and gas-liquid chromatograms (as trimethylsilyl 
derivatives) of the monomer mixture obtained from the cutin of peach fruits by LiAlD4 treatment. In the thin-layer chromatogram the four major 
spots are, from the bottom, C18 tetraol, C18 triol, C18triol, and diols. N1, C16 alcohol; N2, C18 alcohol; M1, C16 diol; M2, C18 diol; D1, C16 triol; D2 and 
D3, unsaturated and saturated C18 tetraol, respectively. (Bottom) Mass spectrum of component D3 in the gas chromatogram; BSA, bis-N, O-tri- 
methylsilyl acetamide. 

Peach 

Time (min) 

100- 

m 

(U) a) 
0. 

a) cn (U 
m 

.0 

U) 
C 
a) 

C 

a) 

a) 
'P 

103 

105 

50- 

I,, lll 
100 

If 

I1 

IA7 .1 
I 5zo 

I i.,. I. ,11, 1. ll 1. 

SCIENCE, VOL. 208 992 



portion of o-hydroxy acids (mainly o-hy- 
droxypalmitic acid and o-hydroxyoleic 
acid), the corresponding dicarboxylic 
acids and fatty acids as well as alcohols 
containing more than 18 carbon atoms 
distinguish suberin from cutin (2, 15). 
The more highly oxygenated epoxy and 
polyhydroxy acids that are major com- 
ponents of cutin are usually only minor 
components of suberin although there 
could be exceptions to this general- 
ization (2, 28). Alkan-2-ols with an odd 
number of carbon atoms (C15 to C21) 
were recently found in the polymeric ma- 
terials obtained from several species of 
plants, and this component appears to be 
more common in suberin than in cutin 
(7). In general, monomer composition of 
suberin is much more complex than that 
of cutin. 

Proposed Model for Cutin and Suberin 

In cutin, the monomers are held to- 
gether largely by intermonomer ester 
linkages. X-ray diffraction studies 
showed that cutin is an amorphous poly- 
mer with no indication of crystallinity 
(30). The composition of the monomers 
shows that hydroxyl groups are in excess 
of the number of carboxyl groups, and 
depolymerization of cutin with LiBH4 
(which reduces only esterified but not 
free carboxyl groups) showed that only a 
few percent of the monomers have free 
carboxyl groups (7). Chemical modifica- 
tion of the free hydroxyl groups in the 
polymer by two different techniques, fol- 
lowed by depolymerization and product 
analyses, reveals that most of the free 
hydroxyl groups in the polymer are sec- 
ondary hydroxyl groups (3, 11). Thus, 
most of the ester linkages in the polymer 
involve primary hydroxyl groups. In 
agreement with this conclusion, pancre- 
atic lipase, which catalyzes hydrolysis of 
primary alcohol esters, catalyzed exten- 
sive depolymerization of cutin (31). Such 
studies also indicated the presence of 
cross-links involving secondary hy- 
droxyl groups, although the extent of 
cross-linking could not be measured ac- 
curately (3, 11). On the basis of the avail- 
able information the model shown in Fig. 
3 was proposed for cutin composed of 
only the C16 family of monomers (3). 

The tentative model shown in Fig. 3 
was proposed for the structure of suberin 
(3). This polymer contains a phenolic 
matrix that might be structurally some- 
what similar to lignin; to this matrix are 
attached aliphatic domains that might 
have some resemblance to cutin. This 
complex is probably covalently attached 
to the cell wall via phenolic residues in a 
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manner analogous to that found in lignin 
(32). This conclusion is based on the fol- 
lowing observations: 

1) Suberized cell walls respond posi- 
tively to staining tests for phenolics (33); 
and drastic depolymerization tech- 
niques, such as nitrobenzene oxidation, 
give rise to the aromatic aldehydes, such 
as vanillin and p-hydroxybenzaldehyde, 
which are also obtained from lignin un- 
der similar conditions (7). 

2) The aromatic components of suber- 
in are probably less substituted and con- 
tain fewer methoxy groups than those of 
lignin (3, 7, 34). 

3) Depolymerization by alkaline hy- 
drolysis or hydrogenolysis (LiAlH4) lib- 
erates aliphatic components that are 
somewhat similar to those obtained from 
cutin, with the exceptions noted earlier. 

4) Studies with suberizing tissues in- 
dicate that both phenolic acids (35) and 
fatty acids (36) are involved in the bio- 
synthesis of suberin and that phenolic 
acids are not synthesized in tissue slices, 
which do not suberize their cell walls 
(35). 

5) The composition of the aliphatic 
monomers suggests that hydroxyl groups 
are not in excess of the number of car- 
boxyl groups present and that the ali- 
phatic components themselves can hard- 
ly form an extensive polymer. Consis- 
tent with the idea that the aliphatic poly- 
mer participates in cross-linking of the 
phenolic matrix, the o-hydroxyl groups 
of the aliphatic monomers in potato su- 
berin are not free (3). 

Even though there is little doubt that 
suberin contains both phenolics and ali- 
phatics, the possibility that the two poly- 
mers are not covalently attached to each 
other cannot be ruled out. Isolation of 
fragments representing the proposed 
linkages between the aromatic and ali- 
phatic components would be a major ad- 
vance in our understanding of this poly- 
mer. 

Biosynthesis of Cutin 

Application of modern biochemical 
methods to the biosynthesis of the poly- 
esters began with the finding that rapidly 
expanding leaves of Vicia faba incorpo- 
rated labeled precursors into cutin (37). 
Subsequent experiments with labeled 
precursors and labeled synthetic inter- 
mediates demonstrated the steps shown 
in Fig. 4 in tissue slices. More recently, 
the enzymes involved in every step in 
this pathway have been demonstrated in 
cell-free preparations (2). 

The most common members of the C16 
family of monomers of this polyester are 

generated by o)-hydroxylation of palmitic 
acid, with subsequent hydroxylation at 
C-10 or C-9. This sequence was sug- 
gested (i) by the demonstration that ex- 
ogenous [1-14C]palmitic acid was incor- 
porated into both (o-hydroxypalmitic 
acid and dihydroxypalmitic acid and (ii) 
by the direct conversion of exogenous la- 
beled o-hydroxypalmitic acid to dihy- 
droxypalmitic acid in slices of fruit skin 
and leaves. The present co-hydroxylation 
reaction is the only instance of w-oxida- 
tion of a fatty acid with a known func- 
tion. It is catalyzed by particulate prepa- 
rations from V. faba with reduced nico- 
tinamide adenine dinucleotide phosphate 
(NADPH) and 02 as the required cofac- 
tors (38). This hydroxylating enzyme, lo- 
cated in the endoplasmic reticulum, was 
inhibited by agents that inhibit mixed 
function oxidases such as metal ion 
chelators, NaN3, and thiol-directed re- 
agents. Involvement of cytochrome P- 
450 in this reaction remains in doubt be- 
cause light did not reverse the inhibition 
caused by CO. 

The introduction of the mid-chain hy- 
droxyl group involves a direct hydrox- 
ylation, rather than hydration of an olefin 
(39). This mid-chain hydroxylation, cata- 
lyzed by enzymes located in the endo- 
plasmic reticulum, required NADPH and 
02 as cofactors, and photoreversible in- 
hibition by CO demonstrated the in- 
volvement of cytochrome P-450 (38). 
This reaction was also inhibited by thiol- 
directed reagents as well as by inhibitors 
of mixed function oxidases such as NaN3 
and metal ion chelators. Even though 
both o0-hydroxylation and C-10 hydrox- 
ylation occur in the endoplasmic reticu- 
lum, the difference in the sensitivity of 
the two reactions to CO suggests that 
two different hydroxylases are involved. 
It appears that the two hydroxylated 
monomers generated by the endoplasmic 
reticulum are subsequently transported 
to the extracellular location, possibly as 
the activated thioesters (40), and are in- 
corporated into the growing polymer. 
However, little is known about how the 
monomers are transported to the site of 
the polymer synthesis. 

The biosynthetic pathway for the C18 
family of monomers (Fig. 4) was sug- 
gested by the specific incorporation of 
exogenous, labeled oleic acid, linoleic 
acid, and linolenic acid, but not of stearic 
acid, into the appropriate 18-hydroxy 
acids, 18-hydroxy-9,10-epoxy acids, and 
9,10,18-trihydroxy acids in slices of fruit 
skin and leaves (41). Conversion of exog- 
enous, labeled co-hydroxyoleic acid into 
the epoxy and trihydroxy acids and the 
direct conversion of synthetic labeled 
18-hydroxy-9,10-epoxyoleic acid into 
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9,10,18-trihydroxy stearic acid were also 
demonstrated with tissue slices (42). 
Pentahydroxystearic acid, which is a 
component of cutin in some plants (43), 
was shown to be derived from linoleic 
acid by stepwise epoxidation and hydra- 
tion of the double bond at C-9 and sub- 
sequently at C-12 in the leaves of Rose- 
marinus officinalis (44). 

The two reactions characteristic of the 
synthesis of the C,1 family of acids, 
namely epoxidation and epoxide hydra- 
tion, were demonstrated with cell-free 
preparations from leaves and fruit skin. 
Epoxidation of 18-hydroxyoleic acid was 
catalyzed by a particulate (the sediment 
from centrifugation at 3000g) prepara- 
tion from young spinach leaves with 
NADPH, 02, adenosine triphosphate 
(ATP), and coenzyme A (CoA) as re- 
quired cofactors. This reaction, which 
apparently required activation of the car- 
boxyl group seven methylenes away 

from the epoxidation site, involved cyto- 
chrome P-450 (45). A free hydroxyl 
group at the w-carbon and the cis double 
bond were essential structural features 
for the substrate. Epoxide hydration of 
18-hydroxy-9,10-epoxystearic acid was 
catalyzed by a similar particulate prepa- 
ration obtained from the skin of rapidly 
expanding apple fruits (46). Consistent 
with the natural abundance of the threo- 
diastereoisomer in apple cutin, the hy- 
drase generated threo-9,10,18-trihy- 
droxystearic acid from 18-hydroxy-cis- 
9,10-epoxystearic acid. This enzyme, 
unlike the catabolic epoxide hydrases 
from animals, was specific for the 18-hy- 
droxyepoxy acid substrate. It appears 
that epoxidation and epoxide hydration 
are catalyzed by enzymes that are close- 
ly associated with the cuticular matrix, 
and co-hydroxy acids generated by the 
endoplasmic reticulum are presumably 
transported to these enzymes. 

The synthesis of the polyester from 
the monomers involves transfer of 
monomers to the growing polymer from 
an activated intermediate. Thus, incor- 
poration of labeled hydroxy acids into 
cutin, catalyzed by a particulate prepara- 
tion containing cuticular membranes 
(3000g pellet) obtained from the excised 
epidermis of V. faba leaves, required 
ATP and CoA as cofactors (47). That the 
insoluble, labeled material generated in 
such preparations represented cutin syn- 
thesis was shown by the observation that 
only cutinase, but no other polymer-hy- 
drolyzing enzymes, released the label 
from the insoluble residue. The polymer- 
synthesizing enzyme could be dis- 
sociated from the endogenous primers 
contained in such particulate prepara- 
tions by ultrasonic treatment, resulting 
in a soluble enzyme preparation that re- 
quired exogenous primers. With this pri- 
mer-dependent enzyme preparation it 
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Fig. 3. Structure of the monomers of cutin and suberin and pro- 
posed models of the two polymers. 
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was shown that hydroxyacyl-CoA:cu- 
tin transacylase transferred the hydroxy- 
acyl moiety to the free hydroxyl groups 
present in the primer (Fig. 4). 

Biosynthesis of Suberin 

The finding that wound-healing potato 
tuber disks synthesize suberin with a 
composition similar to that of the natural 
suberin of intact tubers (16) permitted 
the use of the wound-healing potato tis- 
sue for biosynthetic studies on suberin. 
From such studies, a probable pathway 
(Fig. 5) for the biosynthesis of the major 
aliphatic components of suberin was pro- 
posed (2, 3). Incorporation of exogenous 
labeled acetate and oleate into the ali- 
phatic components of suberin suggested 
that the synthesis of the major suberin 
components, co-hydroxyoleic acid and 
the corresponding dicarboxylic acid, oc- 
curred only after a 3-day lag period after 
wounding (36) although chain elongation 
(synthesis of aliphatic chains > C18) was 
induced much earlier (37, 48). It is likely 
that a membranous elongating system 
catalyzes chain elongation with malonyl- 
CoA as the substrate and NADPH as the 
reductant. The CoA esters of the very 
long fatty acids thus generated are prob- 
ably reduced by acyl-CoA reductase as 
described in other plant systems (2). In 
addition to the reactions mentioned 
above, co-hydroxylation and other hy- 
droxylation reactions (38), including the 
hydroxylation of the aromatic monomers 
of suberin, are also catalyzed by endo- 
plasmic reticulum (49). Thus, the appear- 
ance of rough endoplasmic reticulum 
along the plasma membrane during the 
early phases of suberization and of 
smooth endoplasmic reticulum during 
the rapid deposition of suberin (17, 18) 
are consistent with the idea that, during 
the early phase, the membrane-bound 
ribosomes synthesize the microsomal 
enzymes that subsequently catalyze the 
synthesis of suberin. 

The conversion of co-hydroxy fatty 
acids to dicarboxylic acids is the unique 
reaction involved in the biosynthesis of 
the major aliphatic components of su- 
berin. This activity appears in wound- 
healing potato disks after a 3-day lag pe- 
riod (50). Effects of actinomycin D and 
cycloheximide on suberization, and on 
the appearance of co-hydroxy acid dehy- 
drogenase activity, suggested that the 
transcriptional and translational process- 
es directly responsible for the synthesis 
of these aliphatic components of suberin 
occurred between the third and fourth 
day after wounding. The conversion of 
co-hydroxy acids to the corresponding di- 
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carboxylic acids occurred in a two-step 
process involving a co-oxo acid as the in- 
termediate. co-Hydroxy fatty acid dehy- 
drogenase, the enzyme that catalyzes the 
first step, was induced during wound 
healing, but the (o-oxo acid dehydro- 
genase activity, necessary for the sec- 
ond step, was present in the fresh as 
well as in the wound-healing tissue. 

w-Hydroxy fatty acid dehydrogenase 
was purified to homogeneity from 
wound-healing potato tissue (50). This 
NADP specific enzyme is a dimer of 

30,000-dalton protomers. Apparent Km 
(Michaelis constant) values for NADP, 
16-hydroxypalmitate, NADPH, and 16- 
oxo-palmitate were 100 tM, 20 yM, 

5 IxM, and 7 MM, respectively. The equi- 
librium constant at pH 9.5 and 30?C was 
1.4 x 10-9M. Unexpectedly, hydride 
from the A side of the nicotinamide of 
NADPH was transferred to the 16-oxo 
acid by the purified enzyme at nearly the 
same rate as that from the B side. Chem- 
ical modification studies and the effects 
of pH on Km values gave information 
about the active site of co-hydroxy fatty 
acid dehydrogenase (Fig. 5). An arginine 
residue participates in binding of the 
pyridine nucleotide while the e-amino 
group of lysine interacts with the co-car- 
boxyl group of the substrate, and a histi- 
dine residue probably functions as the 
proton donor or acceptor. Studies of 
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substrate specificity strongly suggested 
that a hydrophobic region in the protein 
interacts with the aliphatic chain. It ap- 
pears that the enzyme which catalyzes 
oxidation of o-hydroxy fatty acid utilizes 
a mechanism similar to that used by oth- 
er dehydrogenases, but has evolved a 
binding site which interacts not only with 
the aliphatic chain but also with the dis- 
tal carboxyl group. 

Regulation of Biosynthesis of the 

Polyesters 

Cutin synthesis is a specialized func- 
tion of the epidermal layer of cells. Even 
though this layer of cells is capable of in- 
corporating labeled acetate into the hy- 
droxy fatty acids of cutin in vitro (3), the 
internal photosynthetic tissue might con- 
tribute some fatty acids for cutin syn- 
thesis in intact leaves. Generally, the 
rate of synthesis of cutin, as measured 
by incorporation of exogenous labeled 
precursors (37), and the activity of the 
enzymes involved in cutin synthesis ap- 
peared to reflect the rate of expansion of 
the organ (45, 47). 

Developmental and environmental 
factors can also bring about changes in 
the composition of cutin. For example, 
in the cutin of very young tissues and in 
dark-grown stems of V. faba, 16-oxo-9- 
hydroxypalmitic acid is a major com- 
ponent, whereas this acid becomes a mi- 
nor component on full growth of the tis- 
sue and on further growth of the dark- 
grown stem in the light (8, 37). Neither 
the biochemical explanation for such 
changes nor the possible functional sig- 
nificance of cutin composition is known. 

Suberin synthesis is a general re- 
sponse to wounding, whether injury oc- 
curs as a result of external factors or by 
crushing brought about by growth such 
as that in tree barks. However, such an 
injury-related trigger is not apparent in 
the suberization associated with many of 
the barrier layers, such as the epidermis, 
hypodermis, and endodermis of roots, as 
well as the internal barriers mentioned 
earlier. In any case, since wounding 
gives a signal to the one or two layers of 
cells beneath the wound surface to syn- 
thesize suberin, it would appear that 
such a system would be useful in eluci- 
dating the molecular events that trigger 
suberization. Thorough washing of po- 
tato tuber tissue slices removed abscisic 
acid from the tissue and prevented su- 
berization, and exogenous abscisic acid 
at least partly restored suberization in the 
washed tissue (51). Also in potato tissue 
culture, exogenous abscisic acid induced 
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suberization in a dose-dependent man- 
ner. However, the effect of abscisic acid 
is indirect because suberization could be 
severely inhibited by washing potato tis- 
sue slices even 3 days after wounding, al- 
though abscisic acid was not removed by 
this washing. Presumably abscisic acid 
triggers a series of biochemical events, 
resulting in the formation of a suber- 
ization inducing factor, which in turn 
induces the synthesis of the enzymes in- 
volved in suberization. 

Biodegradation of Polyesters 

There is little evidence for turnover of 
extracellular polyesters during any stage 
of growth of plant organs. However, in 
specialized situations, localized enzy- 
matic breakdown of polyesters probably 
occurs during the life of a plant. During 
expansion of plant organs, the cuticular 
polymer might undergo some bond 
cleavages affording additional sites for 
further biosynthetic elongation. In this 
case, the basic mechanism might re- 
semble that used in the synthesis of cell 
walls in expanding tissues (52) in that a 
polymer-hydrolyzing enzyme might be 
involved in the "break and extend" 
mechanism of polymer synthesis that oc- 
curs during expansion of the organ. Cu- 
tinase was suggested to be responsible for 
creating the opening in the polyester 
above the newly differentiated sunken 
stomata (53). 

The presence of phytopolyesters in 
ancient sediments (54) and in sewage 
sludge (55) suggests that these polymers 
are rather refractory to biodegradation. 
However, enzymes responsible for the 
hydrolysis of cutin have been isolated 
from fungi, pollen, and mammals. 

Fungal Degradation of Polyesters 

Several plant pathogens and sapro- 
phytes can grow on cutin as the sole 
source of carbon (56), suggesting that 
such organisms excrete a cutin-hydro- 
lyzing enzyme (or enzymes). Cutinase 
has been purified from the extracellular 
fluid of cutin-grown phytopathogenic 
fungi, including Fusarium solani pisi, 
Fusarium roseum culmorum, Fusarium 
roseum sambucinum, Ulocladium con- 
sortiale, Helminthosporum sativum, and 
Streptomyces scabies (57, 58). Enzymes 
from all of these sources are similar in 
size (- 25,000 daltons)., amino acid com- 
position, pH optimum (- 10.0), and sub- 
strate specificity. These fungal enzymes 
contain an active serine residue that par- 

ticipates in catalysis, and, therefore, 
they are severely inhibited by organic 
phosphates. They have no free SH 
groups and therefore are not inhibited by 
SH-directed reagents. Cutinase from F. 
solani pisi and probably those from other 
sources contain one disulfide linkage that 
is essential for enzymatic activity (8). 
Fungal cutinases also catalyze hydroly- 
sis of small substrates such as p-nitro- 
phenyl esters of short-chain fatty acids 
(butyrate) but not of long-chain acids 
(palmitate). They generate oligomeric es- 
ters from cutin and catalyze hydrolysis 
of these oligomers to monomers. 

Induction of cutinase by the insoluble 
polymer raised the interesting question 
as to how such a polymer, which cannot 
be absorbed into the cell, induces the 
synthesis of the enzyme. Under condi- 
tions of starvation, F. solani pisi presum- 
ably excretes extremely low levels of hy- 
drolytic enzymes, including cutinase. 
The small amounts of hydrolysate thus 
generated might enter the cell and induce 
cutinase. This hypothesis finds support 
in the finding that low concentrations of 
cutin hydrolyzate (- 80 tg/ml) induced 
cutinase in glucose-grown cells after glu- 
cose in the medium was depleted (59). 
Under such conditions, cutinase consti- 
tuted the major protein (< 80 percent) of 
the extracellular fluid. Individual cutin 
monomers and their analogs induced cu- 
tinase production, and the essential 
structural feature of the inducer was 
found to be an aliphatic alcohol contain- 
ing at least 16 carbon atoms. 

Fungal Cutinases: Novel Glycoproteins 

The fungal cutinases thus far purified 
are glycoproteins containing 3.5 to 6 per- 
cent carbohydrate (58). Five out of the 
seven enzymes examined contained al- 
kali-labile O-glycosidic linkages with 
carbohydrates, whereas the other two 
(from S. scabies and H. sativum) con- 
tained alkali-resistant linkages, presum- 
ably N-glycosidic linkages involving as- 
paragine. 

Analysis of the products of treatment 
of cutinases with tritiated sodium bo- 
rohydride (NaB3H4) showed several un- 
expected products revealing the pres- 
ence of novel structural features (Fig. 6). 
Cutinase I from F. solani pisi contained 
mannose, arabinose, glucosamine (N- 
acetyl-), and glucuronic acid attached 
by O-glycosidic linkages to four amino 
acid residues. Two of them, serine and 
threonine, occur commonly in other gly- 
coproteins, whereas the other two, /3- 
hydroxphenylalanine and /-hydroxy- 
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tyrosine have apparently not been here- 
tofore found in any other glycoprotein. 
However, all of the fungal cutinases did 
not contain all four of the hydroxyamino 
acids in O-glycosidic linkage: serine was 
present in all five proteins, /3-hydroxy- 
phenylalanine was present in four, 
threonine in three, and 8-hydroxy- 
tyrosine in two of the cutinases thus far 
examined. 

Direct evidence for the presence of 
these novel amino acids in cutinase has 
been obtained (60). Induction of cutinase 
in glucose-grown cells by small amounts 
of cutin hydrolyzate permitted the use of 
labeled phenylalanine as a precursor of 
these hydroxyamino acids. The labeled 
cutinase derived from this precursor was 
treated with anhydrous HF to remove 
the carbohydrates. Enzymatic (Pronase) 
hydrolysis of the resulting protein pro- 
duced labeled phenylalanine, tyrosine, 
p/-hydroxyphenylalanine, and /3-hy- 
droxytyrosine. Since /3-hydroxytyrosine 
and /3-hydroxyphenylalanine are de- 
stroyed during routine chemical hydroly- 
sis of proteins, it is not known whether 
such amino acids occur widely in nature. 
These hydroxyamino acids are perhaps 
generated by post-translational hydrox- 
ylation of phenylalanyl and tyrosyl resi- 
dues in the protein. 

The amino terminal glycine of cutinase 
from F. solani pisi is attached to glucu- 
ronic acid by amide linkage; this type of 
amino terminal block has not been found 
in any other glycoprotein (58). Cutinase 
II, another isozyme from this organism, 
also contained the same structural fea- 
tures as those found in cutinase I. The 
five fungal cutinases, which contained O- 
glycosidic linkages, also contained the 
glucuronamide blocking group at the 
amino terminus. 

Induction of cutinase was accom- 
panied by the excretion of very small 
quantities (< 4 percent of cutinase) of a 
nonspecific esterase that catalyzed hy- 
drolysis of a variety of small esters but 
not of cutin (57, 58). Evidence that this 
protein might be a precursor form of cu- 
tinase, representing incomplete post- 
translational processing of the enzyme 
has been summarized (3). In this pre- 
cursor, the polysaccharide chains pre- 
sumably prevent access of the macromo- 
lecular substrate (cutin), but not small 
substrates, to the active site of the pre- 
cursor form of the enzyme. Removal of 
the bulk of the carbohydrates would 
leave monosaccharide residues on the 

enzyme via cleavage of carbohydrates. 
On the basis of the experimental evi- 
dence thus far obtained, the tentative 
models shown in Fig. 6 were proposed 
for the structure of cutinase and its prob- 
able precursor. 

Pollen Cutinase 

Another instance where cutin degrada- 
tion might play a biologically important 
role is in sexual reproduction of higher 
plants. Since incompatibility reactions in 
some plants involve lack of penetration 
of the pollen tube through the cuticle of 
the stigma, cutinase was suggested to be 
involved in incompatibility (61). Sugges- 
tive evidence for the presence of cu- 
tinase was provided when it was shown 
that the addition of a cutin preparation to 
germinating pollen caused a slight in- 
crease in titratable acidity (62). More re- 
cently, it was shown that germinating 
nasturtium (Trapaeolum majus) pollen 
excreted a cutinase that catalyzed the 
hydrolytic release of all types of mono- 
mers from biosynthetically labeled cutin. 
Experiments with actinomycin D and cy- 
cloheximide indicated that cutinase, ex- 
creted by germinating pollen, was al- 
ready present in the mature pollen and 
was not synthesized during germination 

o 

OH 

Fig. 6. Proposed model for 
cutinase and its possible pre- 
cursor from the fungus F. so- 
lani pisi, illustrating the nov- 
el structural features found 
in these proteins. The pyra- 
nose ring represents O-gly- 
cosidically attached mono- r 
saccharide and the wavy ) 
lines represent oligosac- 
charide chains. 

(9). Cutinase from nasturtium pollen, re- 

cently purified to homogeneity (63), is a 

single polypeptide of 40,000 daltons with 
an isoelectric point of 5.5; it contains 
carbohydrates (about 7 percent), which 
are attached to the peptide by linkages 
stable to alkali, presumably by asparagi- 
nyl residues. This enzyme has a low pH 
optimum (around 6.5), and is extremely 
sensitive to SH-directed reagents but not 
to "active" serine-directed reagents 
such as diisopropyl fluorophosphate. 
Thus, the plant cutinase appears to be an 
SH hydrolase, whereas the fungal cu- 
tinase is a serine hydrolase. The amino 
acid composition and other properties of 
the fungal cutinases are also quite dif- 
ferent from those of the pollen enzyme. 

Polyester Degradation by Mammals 

Polyesters contained in fruits and veg- 
etables are consumed by animals, and 
herbivores obviously consume fairly 
large quantities of such polymers. Al- 
though microscopic studies failed to de- 
tect degradation of cutin in ruminants 
(64), studies with radioactive cutin have 
provided conclusive evidence that cutin 
consumed by the rat is degraded, most 
probably by pancreatic lipase, and that 
the monomers are absorbed and catabo- 

polypeptide, and the resulting enzyme 
would be cutinase. If this hypothesis 
holds good, this would be the first in- 
stance of processing of a proenzyme into 
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Fig. 7. (Left) Electron micrograph of the fungus F. solani pisi penetrating into the host plant (P. sativum) and (center) a magnified region of the 
cuticle. The dark spots (arrows) represent ferritin-conjugated antibody prepared against cutinase and thus show that this fungus excreted cutinase 
during penetration of the cuticle of its host. C, cuticle; CW, cell wall of the epidermis of the host tissue. (Right) Photograph of pea epicotyl 
segments 72 hours after inoculation with 5 1l of conidial suspension ofF. solani pisi in water (Control), water containing 16 mg of protein per 
milliliter of immunoglobulin fraction from rabbit serum (Serum), water containing 1.75 mg of protein per milliliter of rabbit immunoglobulin from 
antiserum prepared against cutinase (Antiserum), and water containing 10 ,uM diisopropyl fluorophosphate (DFP). The dark spots represent 
infection. 

lized (31). The enzyme that catalyzes hy- 
drolysis of cutin in the hog was purified 
and identified as pancreatic lipase. Since 
pancreatic lipase from animals shows 
similar substrate specificity, it is most 
probable that the biopolyesters con- 
sumed by animals are at least partly de- 
graded and utilized. Hydrolysis of die- 
tary cutin would generate monomers, in- 
cluding potentially toxic epoxy acids. A 
microsomal epoxide hydrase, which 
catalyzes the hydration of the epoxy acid 
of cutin, was found in the intestinal walls 
of rabbits and rats, and this activity was 
especially high in the upper portions of 
the intestine (7). Such an enzyme prob- 
ably plays an important role in 
detoxifying the epoxy acids, which are 
major components of cutin of fruits and 
of common vegetables such as spinach. 

Function of Biopolyesters and 

Practical Implications 

The major function of these polymers 
is that they constitute the structural com- 
ponent of extracellular biological bar- 
riers which, because of their metabolic 
inertness, do not require constant re- 
building. These barrier layers prevent 
diffusion of moisture or other molecules 
(or both) mainly because of the waxes 
deposited with the polymers (20, 65). 
The polyester barriers are, in general, 
weak cation exchangers, and hence are 
thought to play a role in ion uptake by 
plants as well as in leaching of ions from 
plants (1). Agricultural chemicals inter- 
act with the polyester barrier and associ- 
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ated waxes (66). This interaction is a cru- 
cial factor in the formulation of agricul- 
tural chemicals and in the practices used 
in the application and management of 
such chemicals. 

The structural integrity of the plant cu- 
ticle is broken by pathogenic fungi caus- 
ing extensive damage to plants and re- 
sulting in economic losses. The mode of 
penetration of cuticle by fungi has been 
controversial for the better part of a cen- 

tury (1, 56, 67). Arguments have been 
advanced favoring the hypothesis that 
the mere physical force of growth of the 
infection peg allows penetration, where- 
as, contrary to this hypothesis indirect 
evidence for the involvement of a cutin- 
hydrolyzing enzyme (cutinase) in this 
process has also been offered. With the 
availability of pure cutinase, it became 
possible to use ferritin-labeled antibodies 
and electron microscopy to test whether 
F. solani pisi excreted cutinase during 
penetration of its host Pisum sativum 
(68). The results were clearly positive 
(Fig. 7). Furthermore, specific inhibition 
of cutinase by antibodies and chemical 
inhibitors of this enzyme prevented in- 
fection of the host (69). This proof that 
enzymatic penetration of the cuticle is 
involved in pathogenesis not only helps 
to settle the long-standing controversy 
but also opens up the possibility of a to- 
tally new approach, targeted at cutinase, 
in combating fungi. In cases where fun- 
gal invasion involves enzymatic pene- 
tration of the cuticle, it might be possible 
to use less toxic "antipenetrants" in 
place of the highly toxic fungicides now 
in use. Even those fungi, which prefer 

entry through the so-called natural open- 
ing, namely stomata, must penetrate a 
cutin barrier in the substomatal cavity 
(56), and therefore they might also be 
prevented from infecting plants by stop- 
ping the action or the synthesis of cu- 
tinase. 

Chemicals associated with cutin and 
suberin influence plant-pathogen inter- 
action. Fatty alcohols, a common com- 
ponent of surface wax, stimulate fungal 
growth (1) and induce cutinase produc- 
tion by F. solani pisi (59). The phenolic 
acids, and possibly other toxic com- 

pounds, esterified to the polyesters 
might be released by the hydrolytic en- 
zymes excreted by fungi and thus pro- 
vide protection when needed. It might al- 
so be possible to covalently attach pesti- 
cidal chemicals to the cuticular polyester 
of growing plants so that they would not 
be leached out, but would be released 
only on attack by pests and thus afford 
timely protection with a minimal amount 
of pesticide. 

Suberin has various functions in the 
normal development of a plant. For ex- 
ample, in the Casparian band of endo- 
dermis, the suberin layer helps to mini- 
mize apoplastic transport of water and 
solutes, as well as to protect the vascular 
tissue from microbial attack (21, 70). The 
suberin layer around the bundle sheaths 
of grasses is thought to have a major ef- 
fect on CO2 concentration, and hence on 
photosynthesis (22). The suberin in the 
pigment strands of grains is thought to 
control transport of materials into the 
grain during development (25). Suberin- 
containing barriers, such as those at the 
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base of secretory organs and the lining of 
juice sacs of citrus, function as a dif- 
fusion barrier, and thus protect the plant 
against the influx of secreted chemicals 
or moisture loss (23). 

Suberin is also the defensive barrier 
which plant tissues synthesize to survive 
environmental threats involving wound- 
ing. For example, fungal infection trig- 
gers deposition of a polymeric material 
containing phenolic substances on the 
cell wall, and this barrier helps to pre- 
vent the spread of the invading patho- 
gens in the host (35, 71). Also, mechani- 
cal wounding caused by any agent re- 
sults in the deposition of a polymer con- 
taining phenolics and aliphatic com- 
ponents. Although the polymeric materi- 
als deposited on the cell wall under such 
conditions have been variously designat- 
ed as, for example, lignin, induced lig- 
nin, lignin-like, and suberin, it appears 
likely that in most such cases the poly- 
mer represented wound-induced suber- 
ization, which is a general response to 
wounding in all organs (16). Whereas 
suberin is most probably a combination 
of aliphatic and aromatic components, 
the aforementioned polymers were ex- 
amined for only the aromatics; therefore 
the terms suberin, lignin, and cutin were 
used too often without any reliable infor- 
mation on the total composition of 
the material. Induction of suberization 
would minimize water loss and decay, 
two of the major practical problems in 
dealing with roots and tubers in modern 
agriculture. 

Conclusion 

The extracellular polyesters of plants 
perform various functions both in the 
normal development of plants and in re- 
sponding to environmental factors. We 
have just begun to understand the chem- 
istry and biochemistry of these poly- 
mers. Very little is known about the in- 
termolecular structure of the polymer. 
Whereas the biosynthetic pathways have 
been elucidated, none of the enzymes in- 
volved in the synthesis of this polymer 
has been purified, and little is known 
about the regulation of biosynthesis. The 
chemistry and biochemistry of suberin is 
even less well understood than those of 
cutin. One of the major problems in con- 
solidating our knowledge about suberin 
is that this polymer has been examined, 
in many cases without recognizing it as 
suberin, for only the phenolic content or 
for only the aliphatic components but not 
for total composition and structure. 
Since suberin presents the complexity of 
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lignin and contains polyester domains 
similar to that of cutin, a combination of 
techniques developed for lignin and cutin 
would be required to study this polymer. 
In view of the many important functions 
attributed to cutin and suberin in the life 
of plants, it is astonishing that so little is 
known about them. The novel chemical 
and biochemical problems that may be 
encountered in the study of these poly- 
mers should provide new intellectual 
challenges and their solutions hold much 
promise in devising new methods for the 
protection and utilization of plants. 
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within the national income accounting 
system (NIAS). This subdivision divides 
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parts: an ocean sector and an all-other 
component (2). In 1972, with the GNP of 
the United States some $1171.1 billion, 
the aggregate value of the ocean sector 
was $30.6 billion. Although this number 
may at first glance seem small, it is 
roughly comparable to such industries as 
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In this article we describe the method- 
ology and the calculation of the value of 
the ocean sector and its several sub- 
sectors (fisheries and coastal zone, for 
example) and address a number of spe- 
cific interrelated problems: 

1) The need to develop the statistical 
underpinning for the analysis of our 
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prices do not exist. 
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and is the first within the NIAS to be de- 
fined essentially on a spatial rather than a 
production sector basis. The ocean sec- 
tor account measures both the aggregate 
contribution of the ocean to the GNP and 
the relative value of the several sub- 
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the account may lead to model building 
that will analyze the linkages between 
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omy. Such efforts would contribute to 
the U.S. ocean policy. 
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