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Olga Serra, Marçal Soler, Carolin Hohn, Vincent Sauveplane, Franck Pinot, Rochus Franke,
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Suberin is a cell wall lipid polyester found in the cork cells of the periderm offering protection against dehydration and
pathogens. Its biosynthesis and assembly, as well as its contribution to the sealing properties of the periderm, are still poorly
understood. Here, we report on the isolation of the coding sequence CYP86A33 and the molecular and physiological function
of this gene in potato (Solanum tuberosum) tuber periderm. CYP86A33 was down-regulated in potato plants by RNA
interference-mediated silencing. Periderm from CYP86A33-silenced plants revealed a 60% decrease in its aliphatic suberin load
and greatly reduced levels of C18:1 v-hydroxyacid (approximately 70%) and a,v-diacid (approximately 90%) monomers in
comparison with wild type. Moreover, the glycerol esterified to suberin was reduced by 60% in the silenced plants. The typical
regular ultrastructure of suberin, consisting of dark and light lamellae, disappeared and the thickness of the suberin layer was
clearly reduced. In addition, the water permeability of the periderm isolated from CYP86A33-silenced lines was 3.5 times
higher than that of the wild type. Thus, our data provide convincing evidence for the involvement of v-functional fatty acids in
establishing suberin structure and function.

Periderm, the boundary tissue that replaces the
epidermis in the secondary organs of plants, provides
efficient protection against dehydration, UV radiation,
and pathogens (Esau, 1965). Periderm is regularly
found in the bark of woody plants, but herbaceous
plants may also form a well-developed periderm in
roots, tubers, and the oldest portions of stem. The
periderm has been widely studied in potato (Solanum
tuberosum) tubers because of the latter’s great agro-
nomic significance (Schmidt and Schönherr, 1982; Vogt

et al., 1983; Lulai and Freeman, 2001; Sabba and Lulai,
2002). Shrinkage and flaccidity occur in tubers if the
protection afforded by the periderm against water loss
is compromised (Lulai et al., 2006). Suberin and waxes
embedded into the suberin matrix are considered
essential for periderm imperviousness (Franke and
Schreiber, 2007). Chemically, suberin is a complex lipid
polymer consisting of a fatty acid-derived domain
(aliphatic suberin) cross-linked by ester bonds to a
polyaromatic lignin-like domain (aromatic suberin;
Kolattukudy, 2001; Bernards, 2002; Franke and
Schreiber, 2007). Aliphatic suberin has been widely
analyzed in potato periderm (Kolattukudy and
Agrawal, 1974; Graça and Pereira, 2000; Schreiber
et al., 2005). The main monomers released from potato
aliphatic suberin are a mixture of v-hydroxyacids and
a,v-diacids with chain lengths ranging from C16 to
C28 (mainly C18), together with glycerol. Small
amounts of monofunctional fatty acids, alcohols, and
ferulic acid are also released. Waxes are complex mix-
tures of lipids extractable with chloroform that in potato
periderm consist mostly of linear very-long-chain ali-
phatics up to C32 (Schreiber et al., 2005). Suberin is
deposited in the cell wall as a continuous deposit or
secondary cell wall that overlays the polysaccharide
primary cell wall from the inside (Esau, 1965). These
suberin deposits appear under the transmission elec-
tron microscope (TEM) as regularly alternating opaque
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and translucent lamellae (Schmidt and Schönherr,
1982). Although several molecular models for suberin
have been proposed (Kolattukudy, 1980; Bernards,
2002; Graça and Santos, 2007), how the suberin and
wax components are organized in the lamellated su-
berin secondary cell wall is a matter of debate (Graça
and Santos, 2007). Moreover, to what extent suberin
and wax deposition and composition determine seal-
ing properties of periderm still remains unclear
(Schreiber et al., 2005). Several studies confirm the
importance of waxes for the diffusion barrier (Soliday
et al., 1979; Vogt et al., 1983; Schreiber et al., 2005),
but the significance of aliphatic suberin has hardly
been investigated at all. Interestingly, an Arabidopsis
(Arabidopsis thaliana)knockoutmutant for theGLYCEROL-
3-PHOSPHATE ACYLTRANSFERASE5 gene (GPAT5)
with altered suberin showed higher tetrazolium salt
permeability in the seed coat (Beisson et al., 2007).
v-Hydroxylation of fatty acids, a reaction carried

out in plants by cytochrome P450 monooxygenases, is
a crucial step in the biosynthesis of plant biopolymers
(Kolattukudy, 1980; Nawrath, 2002). The Arabidopsis
mutant lacerata, which shows phenotype defects com-
patible with a cutin deficiency, is defective in CYP86A8
encoding a fatty acid v-hydroxylase (Wellesen et al.,
2001). The aberrant induction of type three genes1 (att1)
mutant, showing an altered cuticle ultrastructure and
a higher transpiration rate than wild type, is defec-
tive in CYP86A2 and contains reduced amounts of
v-functionalized cutin monomers (Xiao et al., 2004).
Moreover, a genome-wide study of cork oak (Quercus
suber) bark highlighted a member of the cytochrome
P450 of the CYP86A subfamily as a strong candidate
gene for aliphatic suberin biosynthesis (Soler et al.,
2007); and a role for CYP86A1 in the biosynthesis of
suberin has recently been confirmed in the primary
root of Arabidopsis knockout mutants (Li et al., 2007;
Hofer et al., 2008). However, how the lack of fatty acid
v-hydroxylase activity may affect the structural fea-
tures and sealing properties of suberin in periderm cell
walls has not been documented.
To provide experimental evidence of the role of

CYP86A genes in periderm fine structure and water
transpiration properties, especially quantitative per-
meability studies so far unexplored in Arabidopsis, we
followed a strategy based on the potato (cv Desirée).
The potato is a model of choice for such studies
because transgenic plants can be produced in reason-
able time and sufficient amounts of periderm can
easily be obtained from tubers for chemical and phys-
iological studies (Vogt et al., 1983; Schreiber et al.,
2005). Based on the CYP86A gene that was highlighted
in cork oak periderm as a strong suberin candidate for
aliphatic suberin biosynthesis, we isolated the putative
ortholog in potato and used a reverse genetic approach
to analyze the effects of down-regulation on the chem-
ical and ultrastructural features of suberin and on the
physiological properties of the tuber periderm. Our
findings indicate that down-regulation of CYP86A33,
as this gene was designated, results in a strong de-

crease of the v-functionalized monomers in aliphatic
suberin, which are necessary for the suberin typical
lamellar organization and for the periderm resistance
to water loss.

RESULTS

Cloning and Phylogenetic Analysis of Potato CYP86A33
and Cork Oak CYP86A32

We obtained the full-length coding sequence of a
cork oak CYP86A gene (accession no. EU293406) high-
lighted by prior works as a strong candidate for
suberin biosynthesis (Soler et al., 2007, 2008). This
gene, henceforth referred to as CYP86A32, was then
used as a query to identify the potato homologous
sequence in The Institute for Genomic Research (TIGR;
http://www.tigr.org) database. Highest homology
(86% similarity) was for potato tentative consensus
TC148994, which was assembled from tuber and root
ESTs. Although TC148994 covered a complete coding
sequence, no true open reading frame was obtained.
Thus, cDNA prepared from potato tuber skin was
used to isolate the complete coding sequence (acces-
sion no. EU293405), referred to as CYP86A33. The
amino acid sequences of CYP86A32 and CYP86A33
displayed high similarity (88% and 89%, respectively)
to Arabidopsis CYP86A1.

A phylogenetic studywith the CYP86A subfamily in
Arabidopsis and rice (Oryza sativa) was carried out to
trace the phylogenetic position of CYP86A32 and
CYP86A33 among the CYP86A subfamily. All Arabi-
dopsis proteins included in the study demonstrated in
vitro v-hydroxylase activity (Benveniste et al., 1998;
Kandel et al., 2007; Rupasinghe et al., 2007) and also—
for CYP94C1—a capacity to yield a,v-diacids (Kandel
et al., 2007). A multiple amino acid sequence align-
ment generated by ClustalWwas used to generate two
unrooted phylogenetic trees using, respectively, the
neighbor-joining and the unweighted pair group
method with arithmetic mean algorithms. Both re-
turned identical clade distributions with similar boot-
strap values (Fig. 1A). Arabidopsis CYP86A1, cork oak
CYP86A32, and potato CYP86A33 (bootstrap value $
980/1,000) together with rice CYP86A9 (bootstrap
value $ 870/1,000) fell into the same subclade. All
the other members of the CYP86A subfamily grouped
according to paralogous relationships as shown by
prior phylogenetic analyses (Nelson et al., 2004; Duan
and Schuler, 2005). CYP94C1 was excluded from the
CYP86A clade. The amino acid sequence alignment
of CYP86A32, CYP86A33, and the two most homolo-
gous proteins, CYP86A1 and CYP86A9, showed high
sequence conservation (Fig. 1B), including residues
predicted to contact oleic acid in Arabidopsis CYP86A
proteins (Rupasinghe et al., 2007). Conservation was
more pronounced in the sequence region ranging
from the substrate recognition site 4 (SRS4) to the
C-terminal end.

v-Functional Fatty Acids Are Critical for Periderm

Plant Physiol. Vol. 149, 2009 1051



Figure 1. Phylogenetic analysis of CYP86A subfamily members. A, Phylogenetic analysis of CYP86A32 and CYP86A33. Amino
acid sequences ofQ. suber (Qs) CYP86A32 and S. tuberosum (St) CYP86A33 were aligned by ClustalWwith the CYP86A protein
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CYP86A33 Tissue Specificity and Down-Regulation

in Potato

A northern-blot analysis to verify the expression
pattern of CYP86A33 in potato tissues prior to RNA
interference (RNAi) silencing revealed marked tissue
and organ specificity (Fig. 2A). The transcript accu-
mulated heavily in the periderm (tuber skin) and in
smaller amounts in the primary root, with both con-
taining suberin. No expression could be detected in
stem, leaf, or tuber parenchyma.
To prevent the silencing of off-target genes, the

CYP86A33 RNAi-mediated silencing in potato was
performed using a nonconserved region of 224 bp,
identified by BLASTN analysis (Altschul et al., 1990)
against the most similar sequences in TIGR potato
database. Double insertion of this gene region into the
pBIN19RNAi vector using Gateway LR clonase gener-
ated an inverted repeat construct capable of producing
a hairpin chimera that targets the CYP86A33 mRNA.
Transgenic plants were produced by Agrobacterium-
mediated transformation. Twenty-nine kanamycin-
resistant lines from independent transformation events
were grown in the greenhouse until tuber harvesting.
Northern-blot analysis of the tuber skin identified
14 of these lines (48%) as effectively silenced. Gene
silencing was reconfirmed in three lines (Fig. 2B) that
were propagated to produce enough tubers to analyze
the chemical composition and water permeability of
the periderm. For data presented here, tubers were
harvested from 8-week-old plants and stored for 21 d
at room temperature before periderm analysis.
To identify putative unintended targets of CYP86A33

silencing, a BLASTN analysis in TIGR potato database
(http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/
gimain.pl?gudb=potato) was performed using the
CYP86A33-RNAi fragment as a query. The most ho-
mologous ESTs are TC175254 and BQ514437 (64%
similarity), which have maximal similarity to Arabi-
dopsis CYP86A2 and CYP96A9, respectively (Supple-
mental Table S1). According to microarray experiments
in TIGR Solanaceae Genomics Resource (http://www.
tigr.org/tdb/sol), these two genes are highly ex-
pressed in tuber skin and the CYP86A9 putative
ortholog is also induced during tuber onset just as
CYP86A33. On the other hand, TC175254 and
BQ514437 alignment with the CYP86A33-RNAi frag-
ment (Supplemental Fig. S1A) shows that BQ514437

has a longer sequence with high identity (92% identity
from 174–200 nucleotides of RNAi fragment) and
therefore a higher probability of being RNAi off-target
exists. To check whether the transcripts of this gene
could be off-targets of CYP86A33 short-interfering
RNA, its mRNA level was analyzed by means of a
reverse transcription (RT)-PCR analysis in parallel
with those of ACTIN and CYP86A33. Results showed
that, whereas the levels of CYP86A33 transcript are
lower in CYP86A33-silenced lines, those of BQ514437
are not affected by silencing (Supplemental Fig. S1B).
Taking into account this result and the information
available in potato databases, there is no cross-silencing
and therefore we can assume that the phenotype ob-
served in CYP86A33-silenced lines must be a conse-
quence of CYP86A33 deficiency.

CYP86A33 Down-Regulation and Suberin Fine Structure

Potato plants silenced for CYP86A33 developed
normally either in vitro or in pots. No phenotypic
changes could be observed in leaves, shoots, roots, or
developing tubers when compared to wild-type
plants. Neither when freshly harvested nor during
postharvesting storage at room temperature did the
tubers from CYP86A33-silenced plants show a differ-
ent phenotype in comparison to wild type. Only when
the period of storage was greater than 2 months did
tubers deficient in CYP86A33 appear somewhat more
wrinkled than wild type (Fig. 3A). The anatomy and
fine structure of the periderm was analyzed in 21-
d-stored tubers. Examining the periderm using light
and fluorescence microscopy did not reveal obvious
differences in the general cellular architecture between
wild-type and CYP86A33-silenced tubers. Neither did
a more detailed observation using scanning electron
microscopy (SEM) show any obvious difference (Fig.
3B). However, for CYP86A33-silenced periderm TEM
analysis revealed a pronounced reduction in the thick-
ness of the suberin or secondary wall and a deep
alteration in the suberin ultrastructure (Fig. 3C) as
compared to wild type (Fig. 3D). In CYP86A33-
silenced periderm cell walls, the typical regular lamel-
lation of the suberin layer disappeared, whereas
the electron-translucent and electron-dense material
formed prominent clumps and thick lamellar deposits
(Fig. 3C, white arrows). The surface of the suberin

Figure 1. (Continued.)
subfamily of Arabidopsis (At) CYP86A1, CYP86A2, CYP86A4, CYP86A7, and CYP86A8 and rice (Oryza sativa; Os) CYP86A9,
CYP86A10, and CYP86A11. A CYP94 family member (CYP94C1) was also added. Alignment was used to construct a neighbor-
joining tree using the MEGA package, version 3.1. Identical clade distribution and similar bootstrap values were obtained using
an unweighted pair group method with arithmetic mean algorithm. Bootstrapped values indicating the level of significance (%)
by the separation of the branches are shown. The branch length indicates the extent of the difference according to the scale at the
bottom. Note that CYP86A1, CYP86A32, CYP86A33, and CYP86A9 are grouped within the same subclade, although CYP86A9
is separated from the rest. CYP86A and CYP94 are clearly separated in two major clades as previously reported. B, Amino acid
sequence alignment of the related proteins CYP86A32, CYP86A33, CYP86A1, and CYP86A9. Amino acids that are identical or
similar are shaded in dark or light gray, respectively. SRSs are underlined, and the residues, which it is predicted will contact the
oleic acid substrate, are shaded in black.
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layer in contact with the tertiary polysaccharide wall
appeared uneven. Some cell walls, but not all, showed
bulges or folds affecting the suberin layer and the
tertiary wall (Fig. 3C, arrowhead).

CYP86A33 Down-Regulation and Periderm
Lipid Composition

The chemical composition of the soluble (wax) and
insoluble (suberin) aliphatic fractions was analyzed by
gas chromatography (GC) in periderm from the three
independent CYP86A33 down-regulated lines (Fig.
2B). Periderm was enzymatically isolated as detailed
in “Materials andMethods.” For chemical analysis, the
wax fraction was extracted by organic solvent and the
remaining suberin polyester analyzed after transester-
ification.

Enzymatically isolated periderm from CYP86A33-
silenced tubers had a more fragile appearance, break-
ing easily when handled and, once dried, it was about
50% lighter than wild type (CYP86A33-RNAi 1.80 6

0.23 mg cm22, wild-type 2.69 6 0.23 mg cm22). The
aliphatic suberin, which is the main lipid fraction
accounting for 96% of the total lipids in wild-type
periderm, was greatly affected by CYP86A33 defi-
ciency. As measured in periderm from 21-d-stored
tubers, total aliphatic suberin amounted to 462.27 6
69.93 mg cm22 in wild type, but only 180.886 22.38 mg
cm22 in CYP86A33-silenced periderm, a reduction of
60%. All monomers showed a significant decrease
(Fig. 4). The greatest reduction was in v-hydroxyacids
(Fig. 4B) and a,v-diacids as a whole (Fig. 4C). Specif-
ically, C18:1 a,v-diacid and v-hydroxyacid were
reduced by 90% and 70%, respectively; C20:0
v-hydroxyacid and C18:0 a,v-diacid were also signif-

Figure 3. Anatomy and fine structure of periderms of CYP86A33-RNAi
tubers. A, Wild-type (WT) and CYP86A33-silenced tubers. B, SEM
sections of the down-regulated periderm reveals a normal organization
of the cell layers as in wild-type periderm (not shown). C, TEM
micrograph of the suberized cell wall of CYP86A33-RNAi peridermal
cells. D, TEM micrograph of the suberized cell wall of wild-type
peridermal cells. PW, Primary wall; SW, secondary suberin wall; TW,
tertiary wall; white arrows, suberin lamellation; black arrowhead,
atypical structures consisting of bulges or folds in the suberin wall. [See
online article for color version of this figure.]

Figure 2. Northern-blot analysis of CYP86A33 in potato organs and
tuber tissues. Northern-blot membranes and ethidium bromide-stained
gels are shown in the upper and lower panels of each image, respec-
tively. A, Transcript profile in potato: stem (S), leaf (L), root (R), tuber
parenchyma (T-PAR), and tuber periderm (T-PER). Note that the
CYP86A33 transcript accumulates only in suberized tissues: roots
and tuber periderm. B, Transcript accumulation in tuber periderms of
three independent CYP86A33-RNAi transgenic potato plants in com-
parison to wild type. Periderms from these three lines were selected for
chemical and water permeability analyses.
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icantly reduced; C22:0 and C24:0 v-hydroxyacids and
a,v-diacids showed a very minor, but statistically
significant, increase. Glycerol was reduced by 60%
(from 63.57 6 19.79 mg cm22 in wild type to 25.89 6
13.84 mg cm22 in CYP86A33 down-regulated peri-
derm). In contrast with suberin, the wax fraction (4%
of total lipids in wild type) was increased by a factor of
2.4 in the CYP86A33-RNAi periderm (Table I). The
increase was higher in free fatty acids and ferulic acid
esters (a 3.4-fold increase), whereas alkanes and alco-
hols showed only minor changes (Table I).

To exclude the possibility that the changes in suberin
and wax composition of CYP86A33 down-regulated
plants could be due to a delay in the periderm mat-
uration process, freshly harvested (0-d-stored) and
60-d-stored tubers were analyzed for comparison. For
both, the general variation in aliphatic suberin com-
position between CYP86A33-silenced and wild-type
tubers (Supplemental Fig. S2) was similar to that
observed in 21-d-stored tubers (Fig. 4). Moreover, the
aliphatic suberin load was in both freshly harvested
and 60-d-stored tubers reduced by 60% and the great-
est reductions corresponded to C18:1 v-hydroxyacids
and a,v-diacids. As regards the wax fraction, the
effects of CYP86A33 knockdown in wax amount and
chemical composition were similar in freshly harvested

Figure 4. Aliphatic suberin chemical composition of wild-type and
CYP86A33-RNAi periderms from 21-d-stored tubers. A, Total amounts
of primary alcohols, fatty acids, and aromatic compounds. B, All
v-hydroxyacid monomers identified. C, All a,v-diacid monomers iden-
tified. Asterisks denote a significant difference between CYP86A33-
RNAi (n = 6) and wild-type (n = 4) periderms (t test; *, P, 0.05; **, P,
0.01). Data are represented as an average of three independent
CYP86A33-RNAi lines. Data represent the mean 6 SD.

Table I. Wax monomer content (mg cm22) of wild-type (n = 4) and
CYP86A33-RNAi periderms (n = 6) from 21-d-stored tubers

The soluble aliphatic fraction was obtained by treating the enzy-
matically isolated periderm with 1:1 chloroform:methanol. Absolute
amounts of released monomers and the total amount of each sub-
stance class are given. Asterisks denote a significant increase ([) in
CYP86A33-RNAi periderms compared to wild type (t test; *, P , 0.05;
**, P , 0.01). Data are represented as an average of three independent
CYP86A33-RNAi lines. Data represent the mean 6 SD.

Wax Chemical Composition

Wild Type CYP86A33-RNAi

mg cm22 mg cm22

Alkanes
C25 3.67 6 2.70 2.92 6 1.33
C26 0.25 6 0.19 0.11 6 0.07
C27 1.00 6 0.25 2.88 6 0.52 **[
Total 4.93 6 2.98 5.92 6 1.11

Alcohols
C26 0.20 6 0.09 0.48 6 0.12 **[
C28 3.31 6 0.87 2.86 6 0.37
C30 0.61 6 0.19 1.31 6 0.55 *[
Total 4.12 6 0.98 4.65 6 0.42

Fatty acids
C22:0 0.13 6 0.10 0.15 6 0.03
C24:0 0.11 6 0.05 0.31 6 0.03 **[
C26:0 0.11 6 0.05 0.84 6 0.18 **[
C28:0 0.39 6 0.18 1.70 6 0.45 **[
C30:0 0.46 6 0.22 1.07 6 0.25 **[
Total 1.20 6 0.43 4.06 6 0.88 **[

Ferulic acid esters
C18 0.34 6 0.20 0.63 6 0.15 *[
C20 0.16 6 0.09 0.51 6 0.10 **[
C21 0.28 6 0.09 2.51 6 0.45 **[
C22 0.08 6 0.03 0.79 6 0.21 **[
C23 0.38 6 0.09 4.93 6 0.89 **[
C24 0.13 6 0.04 1.71 6 0.47 **[
C25 0.16 6 0.05 0.69 6 0.12 **[
C26 0.31 6 0.10 1.75 6 0.34 **[
C27 0.14 6 0.09 0.33 6 0.05 **[
C28 1.36 6 0.53 3.64 6 0.41 **[
C29 0.71 6 0.31 2.08 6 0.41 **[
C30 3.34 6 0.91 7.61 6 0.85 **[
C31 0.56 6 0.35 1.16 6 0.30 *[
Total 7.96 6 2.33 28.32 6 3.39 **[

Total waxes 18.21 6 5.02 42.95 6 3.08 **[
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and 21-d-stored tubers. For 60-d-stored tubers, the
total wax load showed no statistically significant dif-
ferences compared with wild type.

CYP86A33 Down-Regulation and Periderm
Water Permeability

The water permeability of isolated periderm was
measured by a gravimetric method in wild type and in
the three independent CYP86A33 down-regulated
lines. Water permeance in silenced periderms showed
on average a 3.5-fold increase compared with that of
wild-type periderm (Fig. 5). Permeance increased sig-
nificantly from 0.81 6 0.26 3 10210 m s21 (mean 6 SD)
in wild type to an average of 2.82 6 0.838 3 10210 m
s21. Similar results were obtained using periderm from
60-d-stored tubers (Supplemental Fig. S3).

DISCUSSION

Results presented here suggest that CYP86A33 is
critical for the aliphatic suberin biosynthesis in potato
periderm. Decrease on v-functional fatty acids has
strong consequences in the ultrastructural organiza-
tion and water-sealing properties of suberin. The
results are consistent with the fact that CYP86A33
transcript accumulates only in tissues where suberin is
deposited (Fig. 2A). Moreover, our findings agree with
the pattern of transcript accumulation during the
stolon-to-tuber transition because accumulation be-
gins at tuberization onset, as shown by the microarray
hybridization data stored in TIGR Solanaceae geno-
mics resource (http://www.tigr.org/tigr-scripts/tdb/
sol/study/sol_expression.pl).

Significance of v-Functional Fatty Acids in

Suberin Biosynthesis

In wild-type potato periderm, the aliphatic suberin
and wax chemical composition was comparable with
previous analysis (Schreiber et al., 2005). The most
obvious general result of CYP86A33 silencing was the
reduction by 60% of total aliphatic suberin affecting all
monomers, but first and foremost C18:1 v-hydroxyacid
(70% decrease) and a,v-diacid (90% decrease), which
are the main monomers in aliphatic potato suberin.
This fact, together with a marked drop in C20:0
v-hydroxyacid and C18:0 and C20:0 a,v-diacid, empha-
sizes the importance of CYP86A33 for v-hydroxylation
in periderm, taking into account that v-hydroxyacids
are precursors for the synthesis of a,v-diacids (Agrawal
and Kolattukudy, 1977; Dean and Kolattukudy, 1977).
The veryminor increases in C22 and C24 v-hydroxyacid
and a,v-diacid, observed only in 21-d-stored tubers,
were not sufficient to compensate for the drop in
v-functionalized fatty acids. Nonetheless, as a conse-
quence of CYP86A33 silencing, all substance classes
other than v-hydroxyacids and a,v-diacids were also
reduced (Fig. 4). Of note is that glycerol was reduced
by 60%. This fact may be a consequence of the inter-
action between suberin metabolic pathways and/or an
impaired capacity to esterify such monomers due to
the drop in a,v-functional groups. On the other hand,
neither C18:1 v-hydroxyacid nor a,v-diacid was to-
tally omitted in suberin from CYP86A33-silenced tu-
bers. This low accumulation of products may be due to
residual activity of CYP86A33 or more probably to
redundant v-hydroxylases. The latter explanation
seems more probable when we consider that knockout
mutants of CYP86A1 (Li et al., 2007; Hofer et al., 2008)
and CYP86A2 (Xiao et al., 2004) showed low levels of
v-functionalized products in suberin and cutin, re-
spectively. As far as the periderm wax fraction is
concerned, representing only 4% of periderm ali-
phatics, CYP86A33 down-regulation produced oppo-
site effects in comparison with aliphatic suberin. The
total extracted amount of wax was greatly increased.
Most free fatty acids, primary alcohols, and ferulate
esters were augmented, but not all (Table I; Supple-
mental Table S2). Such increases may result from the
accumulation of some aliphatic precursors that cannot
be incorporated into the suberin. However, other
mechanisms controlling the synthesis, degradation,
and redirection of monomers to other pathways
should also be active in periderm.

Allmembers of theCYP86Asubfamily inArabidopsis
analyzed so far have a demonstrated fatty acid
v-hydroxylase activity in vitro (Benveniste et al., 1998;
Rupasinghe et al., 2007). A fatty acid v-hydroxylase
activity may also be expected for potato CYP86A33
based on the changes that its deficiency produces in the
aliphatic suberin composition that mainly concern the
v-functionalized monomers. The fact that aliphatic
suberin compounds other than v-hydroxyacids and
diacids were also altered by CYP86A33 silencing is

Figure 5. Water permeances of isolated periderms of CYP86A33-RNAi
and wild type from 21-d-stored tubers. CYP86A33 silencing impairs
periderm barrier properties and increases water permeance (P; m s21) in
periderms from three independent CYP86A33-RNAi lines (n = 3, n = 3,
and n = 4) compared towild type (n = 22). Data represent the mean6 SD.
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not in contradiction with a v-hydroxylase activity for
CYP86A33 because the Arabidopsis cyp86a1 mutant
also produces similar alteration in suberin composition
(Li et al., 2007; Hofer et al., 2008). The similarity in
suberinphenotypebetweenCYP86A33- andCYP86A1-
deficient plants, in conformity with a high amino acid
sequencesimilarity (89%)betweenbothgenes (CYP86A33
and CYP86A1), together with the careful selection of an
unconservedregion for theCYP86A33-hpRNAiconstruct,
strengthens thehypothesis thatCYP86A33deficiency is
responsible of the alterations observed in CYP86A33-
RNAi periderm in comparison to wild type. To un-
equivocally prove that CYP86A33 has v-hydroxylase
activity, we overexpressed the gene in yeast (Saccharo-
myces cerevisiae) and in Nicotiana benthamiana and mea-
sured the enzymatic activity in isolated microsomes
using lauric acid as substrate. However, none of these
systems allowed detection of any ability of the gene
product to metabolize free fatty acids. Of note is that
several authors point out that substrates other than
free fatty acids, such as fatty acids activated, linked to
glycerol or to the polymer, could be the natural sub-
strates ofCYP86Aproteins (Cahoon et al., 2002; Beisson
et al., 2007; Li et al., 2007; Pollard et al., 2008).Moreover,
the possibility that CYP86A33 could also catalyze the
complete oxidation of themethyl to the carboxyl group,
as reported for CYP94A5 (Le Bouquin et al., 2001) and
CYP94C1 (Kandel et al., 2007), cannot be excluded.

v-Functional Fatty Acids Are Required for the Periderm
Fine Structure and Water Barrier Function

Our analysis allowed the measurement of the effects
of CYP86A33 silencing in the sealing properties of
periderm cell walls. Both the thickness and the ultra-
structure of the suberin layer (Fig. 3, C and D) were
greatly affected by CYP86A33 deficiency, as might be
expected from the dramatic changes in the amount of
periderm lipid and its composition. These results
generally conform to the effects of CYP86A2 deficiency
in cuticles as shown by the Arabidopsis att1 mutant,
which presents 70% less cutin and a loose cuticle
ultrastructure in comparison with wild type (Xiao
et al., 2004). Avery significant alteration in the suberin
ultrastructure in CYP86A33-silenced periderm can be
deduced from the loss of the typical regular lamella-
tion and the formation of a few short irregular lamellae
and conspicuous clumps of electron-dense and electron-
translucent material (Fig. 3, C and D). Although it is
generally accepted that translucent lamellae corre-
spond to aliphatic zones and dense lamellae to aro-
matic rich zones (Schmutz et al., 1993, 1996; Graça and
Santos, 2007), suberin macromolecular organization
has not been clarified (Franke and Schreiber, 2007).
There is some evidence to support the hypothesis that
the glycerol-a,v-diacid-glycerol unit is the base for
suberin’s three-dimensional structure and that the
v-hydroxyacids are pivotal for the connection of the
several translucent lamellae of the suberin polyester
and the linkage to the aromatics (Arrieta-Baez and

Stark, 2006; Graça and Santos, 2006). According to this
hypothesis, the leading cause of the changes observed
in the suberin ultrastructure of CYP86A33-silenced
periderm seems to be the great reduction experienced
by C18:1 v-functionalized monomers. An impairment
in the formation of glycerol-a,v-diacid-glycerol units
is consistent with a significant decrease in glycerol and
thus with the reduction observed in the lamellation
and thickness of the suberin wall. Fewer linkages of
v-hydroxyacids to aromatics agrees with a decrease in
esterified aromatic monomers and hence with the
formation of clumps of dense material and the loss
of the typical regular lamellation. However, clarifying
the respective role of diacids and v-hydroxyacids in
assembling the suberinmacromolecular structure would
require a model in which only one type of v-functional
fatty acids was reduced.

The main function of periderm is the protection
it affords against water loss. However, the relation-
ship between the periderm lipid coverage and the
water transpiration properties is not fully understood
(Schreiber et al., 2005). The crucial role of waxes in
water-sealing properties of the periderm has been
reported by several authors (Soliday et al., 1979; Vogt
et al., 1983; Schreiber et al., 2005), but the periderm of
CYP86A33-RNAi plants provides clear evidence that
aliphatic suberin is also relevant for the water perme-
ability of periderm. Although in CYP86A33-RNAi
periderm the wax load increases by 2-fold, the per-
meability to water experiences a 3.5-fold raise, which
can be attributed to the marked reduction in aliphatic
suberin monomers (a 60% decrease) and the altered
ultrastructure of the suberin. Both the monomer’s load
and the structural organization of the lipid polyester
determine the suberin sealing properties. Our results
are in general agreement with cutin mutants in which
a 60% to 70% reduction in cutin load, accompanied by
a distortion in cutin ultrastructure, leads to an increase
(from 2- to 4-fold) in permeability to water (Xiao et al.,
2004; Li et al., 2007). A relationship between the ali-
phatic suberin load and permeability to water was
suggested by increased permeability to tetrazolium salt
of the seed coat of gpat5 defective in suberin (Beisson
et al., 2007). The seed coats of gpat5 displayed a more
fragile appearance and break easily when handled as
occurs in periderm from CYP86A33-silenced plants.
That not only the lipid amount, but also the structural
features of the polymer, should be significant for the
sealing properties is supported by observations in the
cuticle of plants co-overexpressing GPAT5/CYP86A1,
which shows a higher load of aliphatic monomers, but
also increased permeability to water (Li et al., 2007).

MATERIALS AND METHODS

Plant Material and Growth Conditions

Potato (Solanum tuberosum ‘Desirée’) plants were propagated in vitro and

tubers were grown in the greenhouse. For in vitro propagation, stem cuttings

were cultured in Murashige and Skoog medium (Duchefa) supplemented

v-Functional Fatty Acids Are Critical for Periderm
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with 2% (w/v) Suc and grown in growth cabinets under a light/dark

photoperiod cycle of 16/8 h at 22�C and 67 mmol m22 s21. In vitro plants

were transferred to soil and grown for about 2 months in the greenhouse for

tuber production. Tubers were harvested from 8-week-old plants and stored at

room temperature before analysis.

Cloning of the Full-Length CYP86A32 and

CYP86A33 Sequences

The full-length of CYP86A32 (accession no. EU293406) was obtained from

the cork oak ESTs EE743846, EE745211, and EE743708 (Soler et al., 2007) by

5#- and 3#-RACE (Invitrogen) according to the manufacturer’s protocols.

Gene-specific primers 5#-TCAGGGTCAAACAGAAGGA-3# and 5#-GGG-

TGACATGTGACAGTGAA-3# were used to amplify the 5#-end and 5#-AGC-

GAAGTGGATCGAGAAG-3# to amplify the 3#-end sequences. The PCR

products were cloned into pCR4-TOPO (Invitrogen) and sequenced using

the BigDye Terminator 3.1 kit (Applied Biosystems). The full-length

CYP86A33 (accession no. EU293405) was obtained by TBLASTX analysis at

the TIGR potato database (http://www.tigr.org) using the cork oak CYP86A32

sequence as a query. Tentative consensus TC114700 was the best match.

The CYP86A33 sequence was PCR amplified from a cDNA tuber skin, using

the gene-specific primers 5#-CACATTGAAAATTACAACAAAGCA-3# and

5#-TCCTCTCTACTTCACTTAAACCAAAA-3#. First-strand cDNAwas synthe-

sized using the SuperScript II reverse transcriptase (Invitrogen) and an oligo

(dT)16 primer. PCR was carried out using Advantage Polymerase (Promega).

CYP86A32 and CYP86A33 were named according to the P450 Nomenclature

Committee (http://drnelson.utmem.edu/CytochromeP450.html).

Plasmid Construction

The silencing of CYP86A33 in potato plants was carried out by means of a

224-bp fragment that encompasses nucleotides 1220 to 1443. This fragmentwas

PCR amplified from the BQ513101 clone (Arizona Genomics Institute) using

primers 5#-TTTACTCGGTGGGGAGAATG-3# and 5#-CGGTAATAGCCGG-

TAACGAA-3# bearing at their 5#-ends the attB1 and attB2 recombinant

sequences, respectively. The PCR product was cloned into the donor plasmid

pDONR207 (Invitrogen) by BP clonase II recombination (Gateway Technology;

Invitrogen). The binary destination vector (pBIN19RNAi) was obtained by

subcloning the Gateway RNAi cassette from pH7GWIWG2(II) (www.psb.rug.

ac.be/gateway; Karimi et al., 2002) into the pBIN19 vector. For this purpose, the

RNAi cassette was excised by a partial XbaI digestion and a HindIII digestion,

and inserted into the XbaI-HindIII sites of the pBIN19 plasmid. This cassette

included a chloramphenicol resistance marker (CmR) and two ccdB genes

flanked by recombinant attR1 and attR2 sequences in inversed orientations,

separated by an intron. The CYP86A33 fragment from pDONR207 was trans-

ferred into the binary destination vector using LR clonase II (Invitrogen). The

PCR insert and vector were incubated for 5 min at 65�C before the clonase was

added to improve cloning efficiency and incubated overnight at room temper-

ature. Recombination replaced the ccdB genes by the CYP86A33 fragment,

yielding a hairpin construct able to trigger CYP86A33 mRNA degradation.

Restriction enzyme digestion was used to verify the recombinant construct.

Plant Transformation for RNAi-Mediated Silencing

Potato leaves were infected with the Agrobacterium tumefaciens strain

GV2260 transformed with the RNAi recombinant plasmid in accordance

with Hofgen and Willmitzer (1988). Potato cv Desirée plants were transformed

as previously described by Banerjee et al. (2006). Kanamycin-resistant plants

were regenerated and grown until tuber development and analyzed for

CYP86A33 mRNA accumulation in the tuber skin.

RNA Isolation and Northern Analysis

Total RNA was isolated from potato tissues using the guanidine hydro-

chloride method (Logemann et al., 1987). Samples (20 mg/lane) were sepa-

rated in a 1.5% formaldehyde-agarose gel (w/v) and transferred onto a nylon

membrane (Hybond-N; GE Healthcare). Hybridization was carried out in

accordance with Amasino (1986). Filters were hybridized at 42�C and washed

in 33 SSC and 0.5% SDS at 65�C. The CYP86A33-RNAi fragment was used to

obtain a CYP86A33 probe that was 32P-labeled (GE Healthcare) by the

random-primed method (Roche).

RT-PCR with Incremental Cycle Numbers

We followed the procedure described by Soler et al. (2007). For each tissue

analyzed, first-stranded cDNA was synthesized from 0.5 mg of total RNA

using Superscript III (Invitrogen) in a 20-mL reaction and then 2.5-fold diluted.

The total RNA used was previously treated with TURBO DNase (Ambion) to

prevent genomic contamination and a further purification step was performed

with the CleanUp protocol of RNeasy plant mini kit (Qiagen). For PCRs to be

compared, we used 60-mL reactions with equal amounts of cDNA as a

template and forward and reverse gene-specific primers, respectively, for the

housekeeping ACTIN (TC119084; 5#-CCTTGTATGCTAGTGGTCG-3# and

5#-GCTCATAGTCAAGAGCCAC-3#), for CYP86A33 (5#-TCTACTGGGGTAT-

CCGCAAC-3# and 5#-TTTGGTGAAAGGGTTTCAGG-3#) and for BQ514437

(5#-CAGGGCGTGATACGACTAGC-3# and 5#-TACGAAGGCTCGTGCCT-

AAT-3#). Aliquots of 15 mL were taken every three cycles from cycle 30 to

36 and analyzed by agarose gel electrophoresis stained by ethidium bromide.

To discard possible genomic DNA contaminations, the actin primers were

designed complementary to two exons flanking an intron.

Isolation of Periderm Membranes

Freshly harvested tubers between 3 and 8 cm long were rinsed in tap water

and stored for 21 and 60 d at room temperature, in the dark, if necessary.

Periderms were isolated enzymatically as described (Vogt et al., 1983;

Schreiber et al., 2005). Periderm discs were punched out from tubers using a

cork borer (1-cm diameter) and immersed in a mixture of 2% (v/v) cellulase

(Celluclast; Novo Nordiskand) and 2% (v/v) pectinase (Trenolin Super DF;

Erbslöh) in 1022
M citric buffer, pH 3.0 (adjusted with KOH). Sodium azide

(Sigma) was added to prevent bacterial growth. During the 4-d incubation, the

solution was changed two to three times until it was clear. Isolated periderm

membranes were washed twice in 23 1022
M boric buffer, pH 9.0, for 24 h and

then carefully washed with deionized water. All incubations were carried out

at room temperature with shaking at 30 rpm. Isolated periderms were dried

and stored at room temperature until used.

In a strict sense, potato periderm is composed of three distinct tissues: the

suberized tissue (phellem), the cambial layer (phellogen), and the phelloderm.

During this enzymatic isolation, only the suberized phellem tissue is obtained,

whereas phellogen and phelloderm are removed. However, we use the term

periderm instead of phellem as a number of different authors have done in the

past (Vogt et al., 1983; Stark et al., 1994; Schreiber et al., 2005).

Measurement of Peridermal Permeance

Peridermal permeability was measured using a gravimetric method pre-

viously described (Schönherr and Lendzian, 1981; Schreiber et al., 2005).

Isolated periderm membranes were soaked overnight in deionized water, laid

flat on plastic sheets, and left to dry at room temperature for 24 h. To avoid the

effect of lenticels on water permeability measurements, small chambers

(diameter 6 mm) and periderm fragments free of lenticels were used. Peri-

derm membranes were mounted on water-filled transpiration chambers (300

mL) made of stainless steel with the physiological inner side of the isolated

periderm facing the inner side of the chambers. Once mounted, the transpi-

ration chambers were turned upside down to ensure direct contact between

water and periderm. Chambers were kept in closed polyethylene boxes

containing dry silica gel and stored at 25�C and the weight loss caused by

evaporation of water across the periderm to the silica gel was determined at

regular intervals using an analytical balance (Analytic AC210S; Sartorius).

Transpiration kinetics was obtained by plotting the amounts of water (g),

which had diffused across the periderm, against time (s). Permeances (P; m

s21) were calculated from the slopes (F; g s21) of the linear regression lines and

fitted to the transpiration kinetics using the following equation: P = F 3 (A 3
Dc)21, where A (2.833 1023 m2) corresponds to the exposed area and Dc (106 g

m23) represents the driving force, provided by the concentration of water in

the chamber (Schreiber et al., 2005).

GC Analysis

Wax and aliphatic suberin extraction and GC-mass spectrometry (MS) and

GC-flame ionization detector (FID) analysis were carried out as previously

described (Schreiber et al., 2005). The total amount of periderm material used

for each analysis ranged from 2 to 3 mg. Three independent CYP86A33 down-

regulated lines were used for these studies. Wax was extracted from isolated
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periderms at room temperature for 18 h in a mixture (1:1 [v/v]) of chloroform

and methanol. Chloroform-methanol extracts were used for wax analysis

without further purification. For the depolymerization of aliphatic suberin,

wax-free periderms were dried for at least 24 h in a desiccator containing silica

gel, and subsequently transesterified by incubation at 70�C for 18 h with

methanol-boron trifluoride (approximately 10% BF3 in methanol; Fluka;

Kolattukudy and Agrawal, 1974; Zeier and Schreiber, 1998). Monomers

released after transesterification and wax extracts obtained by chloroform-

methanol extraction were analyzed as trimethylsilyl (TMS) derivatives by

means of GC-MS and GC-FID. TMS derivatives were prepared after complete

solvent evaporation (N2 gas) by adding 100 mL of chloroform, and derivatized

with a 1:1 (v/v) mixture of 20 mL pyridine (GC grade; Merck) and 20 mL of N,

N-bis-trimethylsilyltrifluoroacetamide (Macherey-Nagel) for 40 min at 70�C.
Monomers were quantified using a GC-FID (HP 5890 Series II; Hewlett-

Packard) and analyzed using HPChemStation software (Hewlett-Packard) by

comparison with an internal standard (2 mg of tetracosane for wax and 10 mg

dotriacontane for suberin). Identification of the compounds was carried out by

GC and a quadrupole mass selective detector HP 5971A (Hewlett-Packard) as

described previously (Schreiber et al., 2005).

Determination of Glycerol

The glycerol content in suberin was enzymatically quantified based on the

method reported in the past (Schmutz et al., 1996; Moire et al., 1999). Prior to

analysis, periderm membranes were treated with a chloroform-methanol

mixture as described above. Then wax-free periderm membranes were

transesterified at 70�C for 18 h with methanol-boron trifluoride (approxi-

mately 10% BF3 in methanol; Fluka) to release the aliphatic suberin com-

pounds. The hydrolyzed cell wall residues were rinsed once with chloroform.

The methanolysate were neutralized with saturated sodium hydrogen car-

bonate and the aqueous phase selected for the determination of glycerol. Free

glycerol was quantified at 540 nm using the free glycerol reagent (Sigma) and a

glycerol standard solution (triolein; Sigma). All three independent CYP86A33

down-regulated lines were used for this study.

Sequence Alignment and Phylogenetic Analysis

Amino acid sequence alignments were performed using the ClustalW

program at the European Bioinformatics Institute (EBI; http://www.ebi.ac.

uk/Tools/clustalw). The alignment was edited using the BioEdit Sequence

Alignment Editor 7.0.1 (Hall, 1999). CYP86A SRSs and the amino acidic

residues predicted to contact the oleic acid substrate were identified in

accordance with Rupasinghe et al. (2007). Phylogenetic analyses were con-

ducted using MEGA, version 3.1 (Kumar et al., 2004).

Periderm Microscopy

For light and fluorescence microscopy, small fragments of tuber periderm

and isolated periderm discs were included in fresh potato blocks and cut

using a rotation microtome (Anglia Scientific). Sections were mounted on

slides in water and observed in bright field and epifluorescence on a Leica

DMR-XA optical microscope (Leica Microsystems).

For SEM, small fragments of tuber periderm were fixed under vacuum

with 4% formaldehyde in phosphate-buffered saline (pH 7.5) at room tem-

perature for at least 48 h. Fragments were dehydrated with an increasing

ethanol concentration series exchanged through amyl-acetate and critical

point dried. The pieces were mounted on copper stubs and coated with gold.

Specimens were observed using a Zeiss DSM 960A SEM (Zeiss). Digital

images were collected and processed using the Quartz PCI 5.10 (Quartz

Imaging Corporation).

For TEM, sections of periderm dissected into 13 1 mm2 were immediately

placed in 100 mM sodium cacodylate buffer (pH 7.0) containing 2.5% (w/v)

glutaraldehyde and 2% (w/v) paraformaldehyde for 2 to 4 h. A vacuum was

applied until samples were submerged. Tissues were washed three times with

100 mM sodium cacodylate buffer (pH 7.0) and subsequently fixed overnight

in 100 mM sodium cacodylate buffer (pH 7.0) containing 1% (w/v) osmium

tetroxide. Samples were then washed with 100 mM sodium cacodylate buffer

(pH 7.0), dehydrated in an acetone series (30%–100% by 10% steps, 10 min

each step), and infiltrated with Spurr’s epoxy resin (1:2, 1:1, and 2:1 resin:

acetone [v/v] and pure resin for 4 h, overnight, 3 and 5 h, respectively).

Infiltrated tissues were placed in molds and incubated at 60�C for 2 d.

Embedded materials were thin sectioned using an ultramicrotome RMC MT-

XL Sections were collected onto 200-mesh copper grids, stained with 2%

(w/v) uranyl acetate for 15 min and rinsed for 30 min before being observed

and photographed with the TEM ZEISS EM910 (Germany) at an accelerating

voltage of 60 kV. Images were obtained on Kodak Electron Microscope film

4489 and scanned by HP 6100C (Hewlett-Packard).

All microscopic analyses were performed by the microscopy service of the

University of Girona.

CYP86A32 (accession no. EU293406) and CYP86A33 (accession no.

EU293405) have been isolated in this work. Three cork oak ESTs (accession

nos. EE743846, EE745211, and EE743708) were used to obtain the full-length

sequence of CYP86A32. The sequences CYP86A1 (accession no. NP_200694),

CYP86A2 (accession no. NP_191946), CYP86A4 (accession no. NP_171666),

CYP86A7 (accession no. NP_176558), CYP86A8 (accession no. NP_182121),

CYP86A9 (accession no. AP003442), CYP86A10 (accession no. AP004139),

CYP86A11 (accession no. AL606687) and CYP94C1 (accession no. NP_180337)

were used to construct the phylogenetic tree.
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