Pergamon Phytochemistry. Vol. 42, No. 4. pp. 949-933, 1996
Copyright © 1996 Elsevier Science Lid
Printed in Great Britain. All rights reserved

0031-9422/96 §15.00 + 0.00

$0031-9422(96)00097-0

THE PHENOLIC DOMAIN OF POTATO SUBERIN: STRUCTURAL
COMPARISON WITH LIGNINS

CATHERINE LAPIERRE, BRIGITTE POLLET and JONATHAN NEGREL*

Laboratoire de Chimie Biologique, INRA-CBALI, Institut National Agronomigue, 78850 Thiverval-Grignon, France;
*Laboratoire de Phytoparasitologie INRA-CNRS, Station de Génétique et d’Amélioration des Plantes, INRA BV 1540, 21034
Dijon Cédex, France

{(Received in revised form 17 November 1995)

Key Word Index—Solanum tuberosum; Solanaceae; potato; periderm; natural periderm; wound-
healing periderm; suberin; lignin; thioacidolysis.

Abstract—Natural and wound-healing potato periderms were analysed using thioacidolysis, a specific lignin
degradative method. The nature and relative frequencies of phenylpropane units and of inter-unit bonds comprising
this lignin-like domain were determined. Results confirmed that this domain contains guaiacyl G and syringyl S
units, similar to lignins of woody angiosperms. The recovery yield of the G and S thioacidolysis monomers was,
however, about one-tenth of that obtained for wood or straw lignified cell walls. This result suggests that G and S
phenylpropane units are relatively few in suberized samples. These units occur in different ratios in the natural and
wound potato periderms and are assembled with the same inter-unit bonds as those found in lignins of woody
angiosperms, although in different proportions. Both the scarcity of the B-0-4 and B-1 bonds, and the high

terminal to internal units ratio, suggest that this lignin-like domain is highly cross-linked.

INTRODUCTION

Suberin is a complex heteropolymer comprised of
aromatic and aliphatic domains [1, 2]. The composition
of the lipidic domain has been determined in many
plant species [3-5]. Knowledge about the ferulic
derivatives of suberized tissues has made recent pro-
gress [6-9]. Studies performed by solid state '*C NMR
of suberin provided new insights into the composition
of suberized potato cell wall [10] and, more important-
ly, provided clear-cut evidence of the occurrence of two
hydroxycinnamic populations [11]. In spite of these
various investigations, the structure of the resistant
phenolic core in suberized tissues, which mimics
lignins with regard to histochemical stainings and
oxidation products [12], remains obscure. This intract-
able phenolic domain has been described as ‘lignin-
like’, i.e. a polymer formed by oxidative coupling of
p-hydroxycinnamyl alcohols. From nitrobenzene oxida-
tion of potato periderms, Kollatukudy [2] suggested
that this domain contained p-hydroxyphenyl (H),
guaiacyl (G) and, to a lesser extent, syringyl (S)
phenylpropane units, together with ferulic esters. In the
proposed model, these various units were assembled by
typical lignin inter-unit bonds, mainly labile alkyl-aryl
ether bonds referred to as B-O-4 linkages, with the
standard lignin labelling conventions [13]. This model
was recently revised based on the results of
thioacidolysis, a degradative technique which degrades
B-0-4 structures into specific thioethylated monomers

[14]. Whereas the occurrence of 8-0-4 linked G and S
phenylpropane units in potato suberin was confirmed by
thioacidolysis, H analogous structures were not ob-
served in the thioacidolysis mixture [15].

The purpose of the present work was to gain further
insights into the lignin-like domain of suberized potato
periderms and to establish to what extent it resembles
cell wall lignins. Natural and wound-healing potato
periderms were analysed using a more refined
thioacidolysis protocol [16]. The nature and relative
frequencies of the phenylpropane units and, for the first
time, of the inter-unit bonds assembling these
phenylpropane units in potato suberized periderms were
determined and compared with cell wall lignins.

RESULTS AND DISCUSSION

Since the phenolic domain of suberized tissues was
suggested to have similarities with lignins [1, 2], we
applied a specific lignin degradation technique,
thioacidolysis [16], to natural and wound-healing
periderms of potato tubers. Thioacidolysis efficiently
cleaves the B-0-4 bonds in lignins [16]. As shown in
Fig. 1, H, G or S units involved in B-O-4 bonds
specifically give rise to H, G or S thioethylated
monomers, respectively.

Hydroxycinnamic acids, ester- or amide-linked to
suberized wall polymers, do not give rise to the
thioetylated monomers outlined in Fig. 1. Such avoid-
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Fig. 1. Key reaction of thioacidolysis. The depolymerization of the lignin or lignin-like network proceeds by cleavage of 5-0-4

bonds. The p-hydroxyphenyl (R' = R* = H). guaiacyl (R' = OMe, R* = H) or syringyl (R' = R’ = OMe) phenylpropane units

involved in these B-0-4 bonds specifically give rise to H, G or $ thioethylated monomers, respectively. These monomers are

recovered as a 50/50 mixture of ervthro- and rhreo-isomers, with a high reaction yield which closely reflects the amount of

B-0-4 substructures in the original polymer. These substructures are outlined with the standard lignin-labelling conventions.
R'=H or C-8 of lignin sidechains.

ance of interference between various phenolic popula-
tions is an advantage of thioacidolysis in contrast to the
less specific nitrobenzene oxidation. Since thioacid-
olysis, aimed at cleavage of ether bonds, cannot quan-
titatively hydrolyse hydroxycinnamic amides and/or
esters, these components were not characterized in the
present study.

The main aromatic monomers recovered trom the
thioacidolysis of suberized potato periderms were iden-
tified after silylation by GC-mass spectrometry and
quantified by GC [17]. Their absolute yield and relative
distribution are shown in Table 1. For comparison
purposes, similar data obtained for wood and straw
lignified samples [16] are also reported in Table 1.
These monomers are the unambiguous signature of the
B-0-4 structures typically present in cell wall lignins
[13]. The data show that the occurrence of B-O-4
linked G and S units is a structural feature common to
the aromatic domain of potato suberized periderms and
to lignins of woody angiosperms. The H analogues
characteristic of reaction wood or grass lignins are not

present in these suberized tissues, contrary to the model
proposed from the results of nitrobenzene oxidation [2,
18]. The suberized potato periderms were also analysed
by nitrobenzene oxidation. Approximately half of the
amount of aromatic benzaldehydes released by nitro-
benzene oxidation of suberized potato periderms was
p-hydroxybenzaldehyde. In agreement with literature
[15, 19], these results show that p-hydroxybenzal-
dehyde could not originate from pg-O-4 linked H
phenylpropane units, but from other phenolics [8].
The recovery yield of the thioacidolysis aromatic
monomers was about one-tenth of that obtained for
lignified tissues, such as wood or straw (Table 1). This
indicates that the 8-0-4 substructures which specifical-
ly generate these monomers are relatively few in the
suberized samples. In the wound periderm, these struc-
tures occur in twice as high a concentration as in the
natural periderm. This difference might reflect the
stimulation of the phenylpropanoid pathway on wound-
ing. In addition, this increase in 8-O-4 structures more
specifically concerned the syringyl units (Table 1).

Table 1. Yield and relative distribution of the main H. G and S monomers issued from the thioacidolysis of
suberin-enriched potato periderms and of lignified cell walls. The yield in monomers outlined in Fig. 1 is

i

expressed in umol g of sample. The lignin contents of the extractive-tree poplar wood, pine reaction wood and
wheat straw are 23.4, 37.7 and 17% (% Klason lignin, w/w), respectively. Values are means of three replicate
experiments (5% standard error)

Samples H G S H+-G~-S Rel. distribution (H/G/S)
Potato suberin-enriched periderms
Natural ND 11 6 17 ND:65:35
Wound-healing ND 16 20 36 ND:45:55
Lignified cell walls
Poplar wood ND 221 319 540 ND:41:59
Pine reaction wood 77 353 TR 430 18:82:TR
Wheat straw 9 87 81 177 5:49:46

ND. not detected: TR, traces.
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Contrary to thioacidolysis, the nitrobenzene oxidation
technique yielded no distinction between natural and
wound periderms.

Permethylation of the samples before thioacidolysis
makes it possible to recover further structural infor-
mation on the relative distribution of the thioacidolysis
[B-0-4 target structures inside the phenolic network.
These structures may be either terminal units with free
phenolic groups or internal units with etherified phen-
olic groups. Only the former structures can be
methylated at their phenolic group by diazomethane
and thus give rise to methylated monomers upon
thioacidolysis [20]. Using this strategy, we found that
about 90% of the B-0-4 linked S units were internal
units, whatever the cell wall sample. In contrast, 53 and
48% of the B-0-4 linked G units were terminal units
with free phenolic groups, in the natural and wound
periderms, respectively. These values were about twice
as high as those obtained for wood lignins [20]. Such a
high terminal to internal G unit ratio in suberized
tissues argues for the occurrence of a phenolic network
marked by a higher cross-linking degree and/or a lower
molecular weight than that of wood lignins.

In the thicacidolysis mixture, there are thioethylated
dimers which have retained a resistant carbon—carbon
or diaryl ether bond of the polymer [I7]. Their direct
GC—mass spectrometric determination is impeded by
the thioethyl substituents that make their molecular
weight excessive. To quantify these dimers, a desul-
phurization step is performed on the thioacidolysis
mixture. The structures of the main aromatic dimers
recovered from woody angiosperm lignins or from
suberized potato periderms are shown in Fig. 2. In
agreement with the results of Table 1, the main dimers
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found comprised G and S units only, and not H units.
These G-G, G-S or S-S dimers were representative of
various resistant bonds, namely the B-1, -8, B-5.
4-0-5 and 5-5 linkages (Fig. 2). Their relative amounts
are reported in Table 2.

The main resistant inter-unit bonds characteristic of
woody angiosperm lignins [16,21] were also observed
in potato suberized periderms. but their representative
dimers were recovered with different relative frequen-
cies. From the data of Table 2, it can be assumed that
B-1 bonds are relatively less frequent in these suberized
tissues than in woody angiosperm lignins. It is notewor-
thy that the relative importance of B8-1 bonds in lignins
has been a matter of conflicting results. While
acidolytic degradations provided substantial amounts of
B-1 dimers from natural lignins [21, 22], two-dimen-
sional NMR experiments applied to various lignin
samples either failed to [23, 24] or succeeded in [25,
26] providing signals assignable to 8-1 structures. By
subjecting a series of 8-0-4, B-5, -8, B-1 and 5-5
dimers to thioacidolysis and desulphurization, we ver-
ified that no artefact B-1 bond was formed during
thioacidolysis or desulfurization. Accordingly, the -1
dimers recovered as major dimers from native lignins
and as trace dimers from synthetic lignins [16, 21] are
representative of -1 bonds pre-existing in the polymer,
whatever the native structure carrying these 8-1 bonds
(diarylpropane-1,3-diols or their cyclohexadienone pre-
cursors formed according to ref. [27]).

With regard to the relatively low content of 8-0-4
and B-1 bonds, the lignin-like moiety of potato suber-
ized periderms resembles synthetic lignins prepared by
peroxidative polymerization of p-hydroxycinnamyl al-
cohols supplied in high local concentration [16], re-
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Fig. 2. Chemical structures of the main guaiacyl-guaiacyl (G—G) (R = H). mixed guaiayl-syringyl (G-8) (R = H or OMe), and

syringyl-syringyl (S—S) (R = OMe) dimers obtained after thioacidolysis and subsequent desulphurization of suberin-enriched

potato periderms and of woody angiosperm lignins. These dimers represent the 5-5, 3-5. 4-0-3, B-1 and S-p inter-unit bonds
of the original phenolic network. The 8- S-S dimer essentially stems from syringaresinol structures. R = H or CH,OH.



952

C. LAPIERRE er al.

Table 2. Relative frequencies of the main G-G, G-S and S-S dimers recovered from natural and
wound-healing potato periderms or from poplar wood, subjected to thioacidolysis, then Raney
nickel desulphurization. The main dimers are identified by GC-MS and outlined in Fig. 2. They
represent the various inter-unit bonds usually met in lignins (8-1, 8-8, B-5, 4-0-5 and 5-3).
Their relative frequencies were determined by selected ion monitoring (SIM) and compared to the
data similarly obtained from polar lignin. For each dimer, the most specific ion was selected and the
surface of the corresponding signal was measured on the SIM chromatogram. Values are means of
three replicate experiments (10% standard error)

B-1 B-B B-5 4-0-5 5-5
G-G S-S G-G G-G G-G
G-S G-S G-8
Sample S-S
Potato natural periderm 8 25 13 43
Potato wound periderm 11 43 28 3 15
Poplar wood lignin 24 31 5 9
ferred to as the bulk polymerization process [28]. In  different proportions in the natural and wound

this respect, the suberin phenolic core contrasts with
xylem lignins rich both in 8-0O-4 and 8-1 bonds [16],
and formed with low local concentration of p-hydroxy-
cinnamyl alcohols. The analysis of the thioacidolysis
monomers revealed a relative increase of S units in the
wound periderm, compared to the natural one (Table
1). The dimer analysis corroborated this observation:
the relative importance of the S—8 dimer involving
only S units was four-fold higher in the wound
periderm, compared to the natural one. Conversely, the
relative importance of the 5-5 dimer that exclusively
assembles G units decreased in the wound periderm
(Table 2). These marked structural differences between
the aromatic domains of wound and natural potato
periderms contrast with the previously reported simi-
larities of their aliphatic domains [3].

Taken together, our results confirm that suberized
potato periderms contain a phenylpropane polymer
which exhibits both similarities with and differences
from xylem lignins. This polymer is a minor com-
ponent of these suberin-enriched tissues, in agreement
with recent literature data [29]. These results cannot
address whether the G and S phenylpropane units,
released by thioacidolysis, originate from suberin per se
or stem from a distinct lignin-like domain present in the
cell walls of the suberin-enriched preparations.

CONCLUSION

The present work has demonstrated the capability of
thioacidolysis to provide detailed structural insights into
the lignin-like domain of potato suberized tissues, from
a few milligrams of sample. Our results confirm that
this domain comprises the same G and S phenylpropane
units as lignins of woody angiosperms. The recovery
yield of these units from suberized periderms is,
however, about one-tenth of the yield obtained from
xylem lignin, which shows that these B-0-4 linked G
and S units are a minor component of these suberized
samples. In contrast, H units could not be found in this
phenolic network. The G and S units within the
phenolic network of suberized potato samples occur in

periderms. These phenylpropane units are assembled
with the same inter-unit bonds as the lignins of woody
angiosperms, but in different proportions. Both the
scarcity of the B-O-4 and B-1 bonds, and the high
terminal to internal units ratio, suggest that this poly-
mer is highly cross-linked [30].

EXPERIMENTAL

Plant material. Potato tubers (Solanum tuberosum L.,
cv. Bintje) were surface sterilized with NaClO for
30 min and washed with sterile H,O. The tubers were
then peeled and the natural periderm isolated by
incubation for 24 hr at room temp. on a rotary shaker in
a mixt. of cellulase and pectinase (10 and 1 mg ml™',
respectively, CAYLA, Toulouse, France), in 0.1 M K-Pi
buffer pH 6. The suberized sheets were collected and
ground in liquid N,. The residue was treated again with
the enzymic mixt., washed with H,O and then extracted
successively with MeOH and then CHCI, for 24 hrin a
Soxhlet extractor. For the prepn of wound-healing
periderm, tuber discs (S mm thick) were cut and
allowed to wound-heal in Petri dishes at 25° in
darkness, under sterile conditions. After 14 days of
suberization, the tissue cylinders were cut and treated
as described for natural periderm. The natural and
wound-healing potato periderms were thoroughly per-
methylated by repeated addition of an Et,O soln of
CH,N,. Between each addition of reagent, the solvent
was evapd under a N, stream, in a hood. Once the
yellow colour of CH,N, had been observed to stay for
24 h, the methylation was considered to be complete
and the solvent was evapd.

Thioacidolysis. The thioacidolysis reagent was prepd
as previously described [17]. Original or permethylated
suberin-enriched periderms (ca. 20 mg) were added to
10 ml thioacidolysis reagent in a glass tube closed with
a Teflon-lined screw-cap. Thioacidolysis was per-
formed at 100° (oil bath) for 4 hr. The cooled reaction
mixt., together with 3 X 10 ml H,O, was then poured
into 30 ml CH,Cl, containing 0.25 mg docosane, the
GC int. standard. The pH of the aq. phase was adjusted
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to 3—4 with 0.4 M aq. NaHCO,. The aq. phase was
extracted with 3 X 30ml CH,Cl,. The combined or-
ganic extracts were dried over Na,SO, and then evapd
under red. pres. The residue was redissolved in ca.
0.5ml CH,Cl,. An aliquot (10 ul) was silylated with
100 pl  bistrimethyslyltrifluoroacetamide and 10 wl
pyridine for 30 min at room temp.

Desulphurization. Half the thioacidolysis soln was
placed in a screw-capped glass tube, with 2 ml Raney
nickel aq. slurry (Aldrich) and 5ml dioxane. Desul-
phurization was run at 50° (oil bath) for 4 hr, behind a
safety shield. The ice-cooled reaction mixt., together
with 20 ml H,O used to rinse the tube, was poured into
30ml CH,CIl,. The aq. layer where Raney nickel
remained was adjusted to pH 4 and extracted 3 more
times with CH,CI,. The organic extracts, dried over
Na,SO,, were evapd to dryness and the final residue
redissolved in 0.2 ml CH,Cl,. Further silylation was
performed as described above.

Analysis of the thioacidolysis reaction products. GC
quantitative analysis of the TMSi reaction products was
performed as previously described {17, 21]. GC-MS
identification of the TMSi reaction products was per-
formed with a quadrupole mass spectrometer working
in positive electron impact mode (70 eV). The relative
frequencies of the main phenolic dimers recovered from
cell walls were estimated as follows. For each TMSi
dimer identified from its characteristic mass spectrum
[17] and retention time in the total ion chromatogram,
the most specific ion was selected. A SIM GC-MS
analysis was then performed and signals of selected
ions were measured on the SIM chromatogram. By so
doing, we avoided interference from a series of lipid
components of the reaction mixt. (not quantitatively
considered herein, as thioacidolysis is not aimed at
ester cleavage) and we increased the signal-to-noise
ratio for better quantitative evaluations.
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