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Abstract-Since both lignin and proanthocyanidins (including condensed tannins) are frequently found together in 
woody plants, a common structural role has sometimes been postulated. These two phenolic polymers (or oligomers) 
are compared in terms of their stereochemistry, absorption spectra, biosynthetic pathways, intracellular and tissue 
localization, solubility, concentration and association with carbohydrates. The present evidence indicates that a 
common function in defense is more plausible than in structural support. The need for new histochemical techniques 
and the possibility of secondary changes in chemical composition and in localization of proanthocyanidins as cells die 
in normal development are discussed. 

INTRODUCTION 

The presence of insoluble as well as soluble PAS and 
recent evidence that the insoluble forms may sometimes 
be complexed with carbohydrates has led to a consider- 
ation of the analogies between PAS* and lignin, especially 
in terms of a structural function. [ 11. This is similar to an 
older view of Bate-Smith that there might be a re- 
lationship between these substances in the development of 
vascular plants since they are so often found together in 
woody plants [2, 33. A structural role, based on a 
postulated localization in the cell walls of plants, has also 
been discussed recently by Zucker [4]. However, while 
both PAS and lignins are phenolic polymers (or oligom- 
ers) formed by condensation of highly reactive inter- 
mediates in processes that can be mimicked non-enzymi- 
tally [ 11, there are some important distinctions that need 
to be considered, especially as related to any function in 
support [Table 11. The role of both lignin and PAS in 
defense has previously been discussed by Swain [S]. While 
he included other phenolics such as the less widely 
distributed hydrolysable tannins, the present review will 
consider only the oligomeric PAS (condensed tannins). 

Tuxonomic distribution 

Lignin is found in all vascular plants, except in a few 
species that have secondarily evolved into an aquatic 
environment such as Elodea. PAS are less widely dis- 
tributed, but are probably universal in the major groups 
of gymnosperms and widespread in woody angiosperms 
[S-7]. PAS have not been identified in primitive vascular 

*The term proanthocyanidin (PAS), consisting ofprocyanidins 

and prodelphinidins, has been used for the following older terms: 
condensed tannins, catechol tannins and leucoanthocyanidins. 

The latter term should now be restricted to the monomeric 

flavan-3,4-dials. 

groups such as Psilopsida and Lycopsida and in many 
herbaceous angiosperms; all of these contain lignin in 
some cells. 

Heterogeneity of lignin and PAS 

Both polymers are made up of units derived from 
different immediate precursors. The chemistry of Iignins, 
polymers of C,-C3 units mainly with terminal alcohol but 
some aldehyde groups [&lo], and that of PAs (C&-C, 
flavanoid units) [l l-141 has been well reviewed (Fig. 1). 
All vascular land plants contain lignins with a guaiacyl 
type nucleus; gymnosperms contain predominantly only 
this grouping while angiosperm dicots contain the syr- 
ingyl nucleus in addition, and monocots contain both this 
and a p-hydroxyphenyl nucleus (1) Cl.5, 161. These basic 
units, arising from phenoxy radicals, are linked head-to- 
head, tail-to-tail, and head-to-tail (the most dominant 
type). The various levels of heterogeneity in lignins (or 
inhomogeneity) are discussed by Monties [9]. No residual 
stereochemistry has been detected in any of the isolated 
lignins, but stereospecific linkages at the /I-carbons are 
found in the related dimeric lignans [9, 171. 

The basic unit of PAS (C&&J, contains an aro- 
matic A-ring, commonly with a phloroglucinol hydroxyl- 
ation pattern (5,7-OH), and an aromatic B-ring that is 
either diphenolic (3’,4’-OH) or triphenolic (3’,4’,5’-OH). A 
monophenolic B-ring with 4’-OH is relatively uncommon 
(2). The substituents of the central heterocyclic ring form 
either 2,3-cis or 2,3-trans stereoisomers. Condensation to 
form oligomeric PAS involves the addition of a 3,4-dial, or 
its carbocation or quinone methide, to a flavan-3-01 or to 
an existing chain to form the ‘upper’ units. InterfIavanoid 
bonds are generally between carbons 4 and 8 to form 
linear chains but branching can occur due to 4+6 
linkages. The only free phenolic hydroxyl group in lignin 
is in the 4-position since any hydroxyls present at the 3- 
and 5-positions are methylated [9], while such methoxyl 



1 K = H or OMe 

2 K = H or OH 
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duction of a bright red colour with either the nitroso 
[26-281 or dimethoxybenzaldehyde reagent [29,30]. The 
nitroso reaction gives a red colour with ortho-diphenols, 
but brown ones with oligomeric triphenols. Monomeric 
mono- and triphenols give a yellow colour, but this is 
generally due to the NaOH alone [20]. The chemistry of 
this reaction needs to be re-studied with modern methods, 
but it is quite useful as a PA indicator, especially of o- 
diphenols found in procyanidins, when it has been shown 
by other analytical methods that the tissues contain 
predominantly PAS as the phenolic constituents. How- 
ever, this reagent cannot be used to differentiate between 
PAS and chlorogenic acid. In the often cited papers of 
Reeves on the nitroso reagent [26, 271, PAS (called 
catechol tannins) were mistakenly considered to be the 
same as alkali induced polymers of chlorogenic acid. 

Both potassium permanganate and iron (II) sulphate 
have been used to stain both lignin and PAS [24, 311, 
based apparently on the assumption that lignin is only in 
the cell walls, and PAS only in vacuoles. EM workers have 
generally used osmium tetroxide (0~0,); sometimes 
caffeine was added to stabilize the localization [31-361. 
Osmium tetroxide combined with Sudan black B has been 
claimed to permit the clearest distinction between lipos- 
omes and PA-containing vesicles and vacuoles [37]. 
Phloroglucinol-HCl and the nitroso stain are probably 
the best available histochemical stains to distinguish 
between lignin and PAS respectively, but since both can 
react with other compounds, even they should be used 
with caution. Histochemical tests, rather than differential 
centrifugation of extracts of cells in the appropriate 
osmotic medium to maintain the integrity of organelles, 
are the best for PA-containing cells because of the artifacts 
caused by the ease of complexing of carbohydrates and 
proteins by PAS during cell free isolation procedures. 

Lignin is found only in cell walls, and the final 
biosynthetic steps catalysed by peroxidase producing 
mesomeric forms of a phenoxy radical occur at this site 
[ 18,381. PAS, on the other hand are synthesized in vesicles 
budded off from the endoplasmic reticulum, both during 
and after cell elongation. These vesicles coalesce and are 
ultimately incorporated into the large central vacuole in 
either a diffuse or aggregated state [32-34,391. A vacuolar 
localization was also clearly shown in several PA contain- 
ing cell suspension cultures by the use of the nitroso 
reagent [20]. A secondarily derived wall localization for 
PAS in non-living cells, however, is plausible. This possi- 
bility will be discussed later. 

Tissue localization 

The distribution between tissues, and even within one 
cell type, of the two polymeric products can also be 
compared. PA deposits within cells of one morphological 
type are sometimes quite variable. For instance, in 
cortical or mesophyll cells, ones with high PA content 
may occur side by side with non-PA containing cells [20, 
28, 313. This is generally not true with lignified cells; they 
tend to be found in discrete cylinders (containing tra- 
cheids and vessels) or in clumps of contiguous cells (fibres 
or sclereids, although the latter sometimes appear as 
isolated cells). Lignin is most abundant in tracheids of the 
xylem or rays and sclerenchyma fibres in the xylem and 
cortex [23]. In general, more PA’s are present in bark than 
in wood [40]. The chemistry of the walls of the endo- 
dermal layer containing suberin, found also in wound 

tissue, is still unclear [41]; both positive 
phloroglucinol-HC1 and safranin stains are generally 
found in such walls, but this does not prove that the lignin 
polymer is present. High concentrations of nitroso and 
dimethylbenzaldehyde positive materials, interpreted as 
PAS, fill the entire central parts of the endodermal cells in 
young cotton seedlings [28-301. PAS have also been 
reported in cambial cells [42], and PA containing cells are 
known to divide, producing either similar cells or non-PA 
containing cells [19, 20, 31, 35, 431. 

In a recent study of the localization of PAS and lignin in 
cell cultures and needles of several plants [20 and 
unpublished data], the pattern of staining with the nitroso 
reaction for PAS and the phloroglucinol-HCI stain for 
lignin was quite different. In general, tissues and cell types 
that gave a red colour in the walls with the phloro- 
glucinol-HCl reagent did not give a red nitroso-positive 
colour in the vacuoles and vice versa. 

Neither lignin nor PAS are homogeneous polymers, 
and at least with lignin, there is evidence that different 
tissues may show different staining patterns. For instance, 
staining with the Maule reagent (for syringyl units) 
compared with phloroglucinol-HCI (for coniferylalde- 
hyde groups), indicated that the components of typical 
tracheids and of sclerenchyma fibres differ in composition 
[9, 15, 16, 441. Histochemical detection of different 
localizations of procyanidins and prodelphinidins will be 
more difficult. While the red colour of the nitroso stain is a 
very good indicator of procyanidins, the increased brown 
to black reaction with vacuoles containing high concen- 
trations of prodelphinidins may be less specific. 

Carbohydrate linkages 

While most flavonoids are present as glycosides, flavan- 
3-01s and PAS soluble in aqueous methanol have been 
detected only as the aglycones until recently. One might 
argue that they are sufficiently water soluble to be 
retained inside the vacuole without the addition of sugar 
moieties. Recently, however, evidence of covalent linkages 
of carbohydrates with both monomeric flavan-3-01s and 
even higher oligomers has been demonstrated in solubil- 
ized forms [45, 461. The universality of these linkages, 
however, is unknown, and in some cases, artifacts during 
extraction have not been ruled out. Lignin is also 
considered to be associated with the non-cellulosic 
components of the wall and in some cases the linkages 
appear to be covalent [lS, 471. 

Insoluble PAS 

Lignin, well known for its insolubility, can be isolated 
only after treatments that alter some of the linkages. 
Variable amounts of PAS have also been reported to be 
insoluble in most organic reagents, but the degree of 
insolubility varies with the tissues being extracted. While 
Shen et (I[. Cl] reported that over 80% of the PAS were 
insoluble in bark amd other plant parts, Foo and Porter 
have shown that some bark PAS can be almost entirely 
solubilized if 70% acetone is used instead of the usual 
70% methanol [48]. We have reported that 16% of the 
total PAS in needles were insoluble in Douglas fir and 
30% in six members of the Taxodiaceae [49, SO]. In cell 
cultures of gymnosperms, insoluble PA values ranged 
from 12 to 19% [19]. In some of these cases examined, 



very little or none of the methanol insoluble residue could 

be subsequently solubilized with acetone. The insoluble 

forms in cell suspension cultures of Dou&ts fir cotyledons 

were not associated with the cell walls since protopiasl 

preparations also contained the insoluble forms [i;l 1. 

The pt’Obh1 of artifacts produced durtng extraction as 

a cause of the tnsolubilitj of PAS. hL)ue\cr. must he 

considered (see ref [3] for a ~CVICM \?I‘ \omc of the 

comp]ewes formed). When cell culture\ (11 Douglas lir that 

cotllaincd onI\ iacuolar PAS were nnalycd after ditTcren- 

ttal centrifupaiion of cellular organclle~ and iomponen!\. 

PGs wtcre found in e\cry fraction tsolal~i! (i:;ril~ Chloro- 

plahls. mitochondria. micro\orncs), :hesc bLer(’ interprzled 

as artifacts of isolation [51]. 

One explanation f0r such artifacts of c,irboyclratc- or 

protein-PA linkages durtng extractton t* based <)n the facl 

that when tissues with relatively low amounts of PAS arc 

assayed such JS cotyledons or young nt~dlz trf i)(ruglab 

fir seedlings. 60 t90 “cl oflhc I’.45 ;ir:: ins~~ltti;li~ ii7 methan 

[4Y. 511. 5~ :h~ vzcdling ncetlleh mai:!!c :tnd the PA 

content increases. h~~we\er. lower ~lll~l:itl!~ of lhc toral 

PAS are methanol insoluble. Since thcrc i’., consiclcrnble 

specificity to the binding and rubscquc~lr precipitation ot 

PAS with pr-otcin\ and presuniah!;, \vith c.tr-Bohr drale5 

[3X. 521. one mtght ;rrgur that thy* po<li ~ii‘i;lrorctn\ most 

easily prcciptt:ltCtl i% 5aturatecl in lli: cCt.,:: t\f maiirri~ 

tissues. lea\ ii~f the bulk of the increased i’.-\\ in a vi,ubie 

form Another example r)f how artifact\ ,irt’ formd 1’. 

shcswt 1n the hcha~ior of the 70”,,, mt’f!~rrol ~ol~tblt~ 

fraction when chrom~ttographetl on papist $1, khan-la\c,:r 

cellulow. <>lipo~ncr~~ larger than trtmer-. ~!rtginall) ~01 

ublc iii .Iqurotv~ ntethanol. did !i!)t ~IU.,IC :n the 

butanol acetic actd \\;\ter solLent. b1.i :- ~r-*:t:,:i :L Bali 

streak in the jO,, acetic xtd solvcn~: m:! .1!1 of these 

oligomers in the basal streak could he ~tthxequcntl~y cluted 

in the same methanol solvenr, pt-csLttn;~:h!? c!w tc fib- 
drogen bondin>; !O :he cellulose [GCl]. 

.sc‘i~nrlNv~~ Chrllt$icC ~~/rcvriic O/i), ,Hodifird I’. i \ 

4 distinction must be made betlveen unmodified PAS 

and those modified bk subsequent oxidalions and cross- 

bondings within the cell. Unaltered PL &u-e colourless 

with long w;t\c length absorption peak\ between 270 and 

2X0 nm. depending on the ratio of pr(&lphi-lidins to 

procyantdin\ [ 19. 5.27. l‘he hiphct c>lipumcrtc PAS frum 

needles and from Doupla~ lit- cell L~I!~III.I.+ Lolated from 

prcdomtnantly liking -cc!I\. sttli \houuc! the typical 

770 280 nm pctks. f’iib isolutcti fn~:li hir-k. anti ~ooci. 

ho\vevcr. might fall tnto the ~,‘atcg~>r~ t\V i’$,\ modified 

during norm;ll development ac mttttrc lipstick coniain 

!ndn> noi]-liling celli in which tit<> C~i:>rl2\tn has dt:+ 

tntegrated P4a mtght then come tn cont,tcl i\tth enlyme\, 

such a\ F”‘l\iphcnnlo~idascs and pero~.td;t,c~, fortntnp 

oxidircd c~~&plexes. The poorly definsti ;:;n:. phl<rb;r- 

phenzs. is sotnclimc# used to describe htgitib outdi*cd and 

often coiourctl forms 01‘ PAS deri\‘ed from bark or wood 

preparations. The varied sccondar~ change\ tn eutractibes 

from wood have been rccentl) summarized j?(t, -Iii 1, The 

past history of bark .ind \vood prcpara~t~~n~ L+;LS r;trel> 

discussctl in published work: [he mcthi;,l r‘f clrytng or 

storayc could radtcally alter the product\ Need ~o:~ts art: 

atl(Jt~.cr \oilrce of modified PAS i-1. In ,iil~ittt~,n :CJ the 
de\eli~pntrrti;ri titoditications metittotied ;tb~*ce. o{hzr 

changes might c~c‘cttr upon infectic>n h> pa~hnycns \,t 

insect attacks. Thew bil! %x tiiscrtw:d it!!.: 
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supporting function for PAS, however, even with carbo- 
hydrate connections as visualized by Zucker [4] and Shen 
et al. [I], would not be expected if the PAS remain in the 
large central vacuole in living cells. On the other hand, if 
PAS become adpressed to or infiltrate the cell wall upon 
degradation of the cells in either bark or wood tissue of a 
tree trunk as indicated above, they might serve this 
function. There is a definite need for more evidence of this 
possibility. 

In contrast to such a supporting function, however, 
both modified and unmodified PAS could serve as 
generalized defenses against herbivores or invading para- 
sites. The analogy with lignin would now be valid as this 
polymer is also considered to have a defense function [SS]. 
While both polymers are relatively resistant to microbial 
degradation compared with other secondary products, 
the presence of methoxyl groups at position 3 rather than 
3,4-hydroxyl groups endows lignin with greater resistance 
than PAS. Microbial degradation studies of PAS [59] and 
of lignin [60-621 can aid in understanding both the basic 
structure and means of resistance to pathogens. In favour 
of this common defense function, although the cause and 
effect relationships are not well defined, are the demons- 
trations that both lignin [IO, 253 and PAS [53, 63, 641 
appear in the resistance wood (reaction parenchyma 
zones) and in areas surrounding necrotic spots produced 
by insect or fungal damage. The so-called wound lignin 
may have a different composition than the lignin of xylem 
elements [SS]. Lignosuberized cell walls have been de- 
monstrated in wound tissue upon pathogen attack in both 
cortical parenchyma cells of primary growth tissue [65] 
and in periderm produced by secondary growth [66]. 
Growth of the mycelium was arrested in fleck spots in 
sugar pine associated with dense, brown deposits assumed 
to be PAS [64]. The fact that some insects and microbes 
successfully bypass some of these defenses does not lessen 
their possible effect towards other insects [67]. 

An intriguing additional function of soluble PAS. which 
might be related to a defense function, is the potential 
information available in the sequence of flavonoid units of 
the oligomeric chains of PAS, since frequently both 2,3- 
tram and 2,3-c& isomers as well as diphenolic and 
triphenolic B-rings are involved. A similar ‘informational’ 
function might also be associated with the order of lignin 
units. Recent evidence of the participation of plant 
phenolic compounds related to lignin and tlavonoids as 
signals inducing the expression of Agrobacterium and 
Rhizohium genes in plants is intriguing [68-701. Both 
defense and informational functions would imply that the 
biosynthetic sequence leading to these polymers is regu- 
lated enzymatically and is not formed just by a random 
assortment of units. 
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