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ABSTRACT. Potato (Solanum tuberosum L.) periderm forms a barrier at the surface of the tuber that protects it from 
infection and dehydration. Immature periderm is susceptible to excoriation (skinning injury), which results in costly 
storage loses and market quality defects. The periderm consists of three different cell types: phellem (skin), phellogen 
(cork cambium), and phelloderm (parenchyma-like cells). The phellogen serves as a lateral meristem for the periderm 
and is characterized by thin radial walls that are labile to fracture while the periderm is immature and the phellogen is 
actively dividing, thus rendering the tuber susceptible to excoriation. As the periderm matures the phellogen becomes 
inactive, its cell walls thicken and become resistant to fracture, and thus the tuber becomes resistant to excoriation. 
Little is known about the changes in cell wall polymers that are associated with tuber periderm maturation and the 
concurrent development of resistance to excoriation. Various changes in pectins (galacturonans and rhamnogalactu-
ronans) and extensin may be involved in this maturational process. The objectives of this research were to compare 
immunolabeling of homogalacturonan (HG) epitopes to labeling of rhamnogalacturonan I (RG-I) and extensin epitopes 
to better understand the depositional patterns of these polymers in periderm cell walls and their involvement in tuber 
periderm maturation. Immunolabeling with the monoclonal antibodies JIM5 and JIM7 (recognizing a broad range 
of esterifi ed HG) confi rmed that HG epitopes are lacking in phellogen walls of immature periderm, but increased 
greatly upon maturation of the periderm. Labeling of a (1,4)-β-galactan epitope found in RG-I and recognized by the 
monoclonal antibody LM5 was abundant in phelloderm cell walls, but sparse in most phellem cell walls. LM5 labeling 
was very sparse in the walls of meristematically active phellogen cells of immature periderm, but increased dramati-
cally upon periderm maturation. Deposition of a (1,5)-α-L-arabinan epitope found in RG-I and recognized by LM6 
was abundant in phelloderm and phellogen cell walls, but was sparse in phellem cell walls. LM6 labeling of phellogen 
walls did not change upon periderm maturation, indicating that different RG-1 epitopes are regulated independently 
during maturation of the periderm. Labeling with the monoclonal antibody LM1 for an extensin epitope implied that 
extensin is lacking in phellem cell walls, but is abundant in phelloderm cell walls. Phellogen cell walls did not label 
with LM1 in immature periderm, but were abundantly labeled with LM1 in mature periderm. These immunolabeling 
studies identify pectin and extensin depositions as likely biochemical processes involved in the thickening and related 
strengthening of phellogen walls upon inactivation of the phellogen layer as a lateral meristem and maturation of the 
periderm in potato tuber. These results provide unique and new insight into the identities of some of the biological 
processes that may be targeted in the development of new technologies to enhance resistance to tuber skinning injury 
for improved harvest, handling and storage properties. 

Potato periderm maturation is an important physiological pro-
cess that reduces tuber susceptibility to excoriation of the skin. 
Maturation of tuber periderm is often incomplete at harvest and 
causes the tuber to be susceptible to skinning injury (Lulai, 2002). 
Periderm excoriation renders potatoes vulnerable to dehydration, 
infection, and development of physiological defects during stor-
age, and results in millions of dollars of losses to producers in the 
United States every year. Potato periderm is made up of three cell 
types: the phellem (cork), the phellogen (cork cambium), and the 
phelloderm (Fig. 1 A and B). The phellem and phelloderm cells 
are derived from periclinal divisions of the phellogen layer, which 
functions as a lateral meristem (Artschwager, 1924; Peterson and 
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Barker, 1979). Cells external to the phellogen layer (i.e., in the 
direction of the tuber surface) differentiate into phellem cells, 
which suberize during development to form the protective skin of 
the tuber (Lulai, 2001). Cells internal to the phellogen layer (i.e., 
in the direction of the tuber interior) differentiate into phelloderm 
cells. During development of the periderm, phellogen cells are 
meristematically active and are characterized by thin radial walls 
which can fracture easily leading to susceptibility to periderm 
excoriation (Lulai, 2002). These cell walls strengthen/thicken 
after periderm development is complete and the phellogen cells 
become permanently meristematically inactive (Lulai and Free-
man, 2001). Despite the importance of this system agriculturally 
and as a model for the irreversible changes that take place in a 
lateral meristem, the biochemical processes responsible for phel-
logen cell wall strengthening/thickening during the maturation 
of potato periderm are poorly understood. 

The dicot plant cell wall is currently viewed as consisting of 
three separate, but interrelated domains: the cellulose-xyloglucan 
backbone, the pectin framework, and a network of structural 
proteins (Schindler, 1998). Pectins are a group of complex poly-
saccharides containing D-galacturonic acid (Ridley et al., 2001; 
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Thakur et al., 1997). The simplest of these is homogalacturonan 
(HG), which is a linear homopolymer of [1-4] α-D-galactopy-
ranosyluronic acid, often methyl-esterifi ed at its free carboxyl 
groups. Un-esterifi ed blocks of HG can form gels in the presence 
of calcium ions (calcium pectate) which form ionic bridges be-
tween adjacent pectin strands, thereby reducing their fl exibility 
and strengthening cell walls (Thakur et al., 1997). When HG 
is synthesized in the Golgi apparatus, the polymer is normally 
methyl-esterifi ed, which prevents it from forming calcium pec-
tate. After HG is placed in the cell wall, pectin methyl-esterases 
(PMEs) may de-esterify HG blocks (which allows the formation 
of calcium gels and increases cell wall rigidity) as reported in 
several systems other than potato (Goldberg et al., 1996). 

Another common pectin is rhamnogalacturonan I (RG-I), 
which consists of (1,2)-α-L-rhamnose-(1,4)-α-D-galacturonic 
acid repeats with neutral and acidic oligosaccharide side chains 
dominated by galactose and arabinan (Willats et al., 2001). The 
structure and occurrence of RG-I is highly variable compared 
with other types of pectin and is believed to be covalently at-
tached to HG by glycosidic bonds. While RG-I is ubiquitous 
in plant cell walls, its functions are mostly unknown (Ridley et 
al., 2001; Willats et al., 2001). Recent evidence indicates that 
RG-I in potato is abundant in (1,4)-β-galactan side chains and 
(1,5)-α-L-arabinan side chains with (1,4)-β-galactan extensions 
(Obro et al., 2004). 

Plant cell walls contain a number of structural glycoproteins 
made up of simple repeating subunits. The fi rst to be described 
were the hydroxyproline-rich glycoproteins (HRGPs) (Cassab, 
1998). The best studied of the HRGPs is the extensin family, 
which is characterized by Ser-Hyp-Hyp-Hyp-Hyp repeats and is 
about two-thirds polysaccharide by weight (Cooper et al., 1987; 
Wilson and Fry, 1986).

Previously, we demonstrated that phellogen radial cell wall 
thickening during periderm maturation is accompanied by in-
creases in ruthenium red staining (Sabba and Lulai, 2002) and 
JIM5 and JIM7 labeling (Sabba and Lulai, 2004) characteristic 
of HG. In the current paper we further employ immunolabeling 
techniques to compare the distribution of HG epitopes with RG-I 
and extensin cell wall epitopes within immature and mature potato 
tuber periderm. Results are then used to assess the involvement 
of the associated cell wall polymers in tuber periderm maturation 
which is associated with excoriation resistance.

Material and Methods

PREPARATION OF SAMPLE MATERIAL. Tubers of S. tuberosum L. 
(cv. Russet Burbank) harvested early in the season (Aug. 2000 
and 2001) exhibited immature periderm which excoriated read-
ily. Tubers harvested late in the season (Sept. 2000 and 2001) or 
stored for 1 month after harvest had mature periderm, which did 
not excoriate readily. Tissue blocks including periderm were cut 
from the tubers and fi xed in 2.5% glutaraldehyde in phosphate 
buffer (pH 7.3). Fixed periderm blocks were washed in phosphate 
buffer (pH 7.3), hand sectioned with a razor blade, and dehydrated 
through a graded ethanol series (25% to 100%). Dehydrated 
samples were embedded in L.R. White resin (Polysciences, 
Warrington, Pa.) over a period of 1 week and polymerized in 
plastic BEEM capsules (Ted Pella, Redding, Calif.) according 
to manufacturerʼs instructions.

IMMUNOLABELING AND SILVER ENHANCEMENT. L.R. White em-
bedded periderm samples were sectioned with an ultramicrotome 
(purple refl ectance, 150–200 nm) and parallel sections (i.e., sec-

tions obtained from the same tissue block and proximity) were 
placed onto silane-treated glass slides (Sigma Chemical Co., St. 
Louis). One set of sections were stained with 0.1% toluidine blue 
O (TBO) (Sigma Chemical Co.) to distinguish and identify all 
cell walls present in the sections. The other sections were blocked 
with 2% bovine serum albumin (BSA) in phosphate-buffered 
saline (PBS) for 1 h, then incubated with a monoclonal antibody 
diluted with 1% BSA in PBS for either 3 h at room temperature, 
or overnight at 4 °C. The antibodies used were either JIM5 diluted 
1:200 (preferentially binds to 30% to 50% esterifi ed pectin), 
JIM7 diluted 1:100 (preferentially binds to 30% to 90% esteri-
fi ed pectin), LM5 diluted 1:200 [specifi c for (1→4)-β-galactan], 
LM6 diluted 1:50 [specifi c for (1→5)-α-L-arabinan], or LM1 
diluted 1:50 (preferentially binds to extensin). JIM5, JIM7, and 
LM1 antibodies were gifts of J.P. Knox, U. of Leeds, U.K. (Knox 
et al., 1990; Smallwood et al., 1995). LM5 and LM6 antibod-
ies were purchased from Plant Probes, Leeds, U.K. One set of 
sections were incubated in 1% BSA in PBS instead of diluted 
antibody, to serve as a negative control. Samples were washed 
4× in 1% BSA in PBS and incubated in goat ant-rat IgG coupled 
to 5 nm colloidal gold (EY laboratories, San Mateo, Calif.) for 1 
h. Samples were washed 4× with 1% BSA in PBS and 5× with 
water. Immunolabeling was silver-enhanced with Intense M Silver 
Enhancement kit (Amersham Pharmacia Biotech, Piscataway, 
N.J.) according to the manufacturerʼs instructions and digital 
images were taken with a Zeiss AxioCam at 400× magnifi cation 
(Carl Zeiss, Thornwood, N.Y.). All experiments were repeated at 
least three times with different samples. Sections that were not 
incubated in a primary antibody did not exhibit labeling after 
silver enhancement. 

Results

TOLUIDINE BLUE O STAINING. Staining with TBO clearly differ-
entiates between the suberized phellem layers and the phellogen 
and phelloderm layers interior to the phellem in both immature and 
mature periderm (Figs. 1 A and B, 2 A and B, and 3 A and B). The 
suberized phellem layers stained orthochromatically (blue) while 
the phellogen and phelloderm walls stained metachromatically 
(violet). A striking characteristic of the phellogen radial walls is 
that they are thin and fragile in immature periderm, while they 
are thicker and more robust in mature periderm. TBO stained 
parallel sections are shown for all immunolabeled sections as a 
standard comparison. 

JIM5 IMMUNOLABELING. The monoclonal antibody JIM5 
preferentially recognizes 30% to 50% methyl-esterifi ed HG. The 
phelloderm cell walls of both immature and mature periderm 
labeled abundantly with JIM5, as did the most interior phellem 
layer (Fig. 1C, 1D). The walls of the innermost and outermost 
phellem cells labeled moderately, but the majority of the phellem 
cell walls labeled very sparsely. Labeling of phellogen and phel-
loderm cell walls was most abundant at three-way cell junctions, 
while labeling of phellem cell walls tended to exclude the middle 
lamella and three-way cell junctions. In immature periderm, the 
radial walls of the phellogen cells were sparsely labeled with JIM5 
(Fig. 1C). JIM5 labeling was more abundant in the thickened 
phellogen radial walls of mature periderm, indicating an increase 
of this epitope in these walls upon maturation (Fig. 1D).

JIM7 IMMUNOLABELING. The monoclonal antibody JIM7 
recognizes a broad range of esterifi ed HG. In both immature 
and mature periderm, the walls of the phelloderm and all of the 
phellem layers labeled with JIM7 (Fig. 1E, 1F). Labeling was 
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even throughout the cell walls of phellogen and phelloderm cells, 
but was excluded from the middle lamella and three-way cell 
junctions of phellem cells. JIM7 sparsely labeled the phellogen 
radial walls of immature periderm (Fig. 1E). Labeling with JIM7 
was abundant in the thickened phellogen radial walls of mature 
periderm, however, indicating an increase in this HG epitope in 
these walls upon maturation (Fig. 1F). 

LM5 IMMUNOLABELING. The monoclonal antibody LM5 
specifi cally recognizes a β-galactan tetrasaccharide epitope 
common to RG-I. The phelloderm cell walls of both immature 
and mature periderm labeled abundantly with LM5, as did the 
cortical parenchyma interior to the phelloderm (Fig. 2 C and D). 
Labeling was less abundant in the three-way cell junctions and 
middle lamella. The phellem did not label with LM5, except for 
very sparse labeling of the most interior layer adjacent to the 
phellogen. In immature periderm, the radial and upper tangential 
walls of the phellogen cells labeled very sparsely if at all (Fig. 
2C). LM5 labeling was much more abundant in the thickened 
phellogen walls of mature periderm, indicating an increase in 
the RG-I galactan epitope in these walls upon maturation (Fig. 
2D). Labeling of the walls of the interior most phellem cells was 
also more abundant in mature periderm. There was a reduction 
in labeling of short segments (4 to 5 nm) of cortical parenchyma 
walls that most likely represent pit-fi elds (Fig. 2C). 

LM6 IMMUNOLABELING. The monoclonal antibody LM6 specifi -
cally recognizes an α-L-arabinan pentasaccharide epitope common 
to RG-I. For immature periderm, LM6 labeling was abundant in 
the phelloderm and the phellogen, but labeling of phellem cell 
walls was sparse (Fig. 2E). Labeling tended to be excluded from 
the middle lamella of the phellem and from the three-way cell 
junctions of the phelloderm and cortical parenchyma cells interior 
to the periderm. Labeling in mature periderm was similarly abun-
dant for phellogen and phelloderm cell walls (Fig. 2F). There was 
no difference in labeling of the phellogen radial walls between 
immature and mature periderm, except for a lack of labeling in 
the expanded middle lamella between phellogen cells in mature 
periderm. Phellem walls were barely labeled in mature periderm 
(Fig. 2F). Similar to LM5 labeling, LM6 labeling was reduced 
in short (4 to 5 nm) segments of cortical parenchyma cell walls. 
These segments most likely represent pit fi elds. 

LM1 IMMUNOLABELING. The monoclonal antibody LM1 rec-
ognizes an extensin epitope. LM1 labeling was abundant in the 
phelloderm of both mature and immature periderm, but labeling 
of phellem cell walls was very sparse or nonexistent (Fig. 3C, 
3D). Labeling tended to be most abundant at three-way cell junc-
tions. The upper tangential and radial walls of phellogen cells in 
the immature periderm labeled sparsely for extensin (Fig. 3C). 
Labeling with LM1 was much more abundant in both the phel-
logen radial and tangential walls of mature periderm, indicating 
an increase in the LM1 epitope in these walls upon maturation 
of the periderm (Fig. 3D). 

Discussion

TBO staining was shown previously to provide a simple 
method to distinguish between the phellem (which stained blue 
or orthochromatically) and the phellogen layer (which stained 
violet or metachromatically) of both immature and mature potato 
periderm (Sabba and Lulai, 2004). The difference in staining 
may be due to the presence of suberin polymers in the phellem 
cell walls, which are absent from the walls of phellogen and 
phelloderm cells (Lulai, 2001). In immature periderm, the phel-

logen cell walls are very thin, especially the radial walls, but 
after periderm maturation, the phellogen walls are elongated and 
feature thickened tangential and radial walls. This thickening of 
phellogen radial walls in mature periderm was shown earlier by 
electron microscopy to be responsible for strengthening of these 
walls and making them resistant to fracture (Lulai and Freeman, 
2001). Strengthened phellogen radial walls are associated with 
maturation of the tuber periderm and development of resistance 
to excoriation (Lulai, 2002). Electron microscopy (EM) studies 
of immature tuber periderm have been hampered by the fragile 
nature of phellogen cell walls and the subsequent fracture of these 
walls during tissue preparation (Lulai and Freeman, 2001). The 
light microscopy techniques employed in this study provided 
better tissue orientation than EM techniques and reduced the 
frequency of phellogen cell wall fracture during tissue prepara-
tion, thus providing images of intact immature periderm that were 
otherwise extremely diffi cult to obtain. 

The monoclonal antibody JIM5 binds to an epitope present in 
relatively unesterifi ed HG polymers (Knox et al., 1990; Willats et 
al., 2000a). Recently it was reported that JIM5 recognizes epitopes 
with four or more contiguous unesterifi ed galacturonan residues 
with adjacent or fl anking methyl-esterifi ed residues (Clausen et al., 
2003). JIM5 does not bind to acetylated HG from sugar beet (Beta 
vulgaris L.), or to the rhamnogalacturonan pectins (Willats et al., 
2000a). Similar to our previous report, JIM5 labeled three-way cell 
junctions in the phelloderm particularly densely, and labeled all but 
the most interior phellem cells sparsely (Sabba and Lulai, 2004). 
It is unlikely that the labeling of primary phellem walls would be 
blocked by suberin polyphenolics or polyaliphatics because these 
polymers are discrete and spatially separate domains from the 
primary cell wall; a fact further illustrated by the suberization of 
existing primary cell walls in the closing layer of wound-healing 
tuber parenchyma (Lulai, 2001; Lulai and Freeman, 2001; Lulai 
and Morgan, 1992). Thus, the cut surface of the primary cell wall 
is expected to be fully exposed to immunolabeling treatment 
after sectioning. JIM5 labeling of phellogen radial walls was 
sparse in immature periderm, but was more abundant in mature 
periderm, indicating an increase in the amount of this HG epitope 
in phellogen radial walls upon maturation of the periderm and 
meristematic inactivation of the phellogen. An increase in low 
ester pectin would allow the formation of calcium pectate which 
would be expected to strengthen the phellogen radial walls and 
stabilize the middle lamella between adjacent cells once the phel-
logen was no longer actively dividing. 

The monoclonal antibody JIM7 binds to an epitope present in 
moderately to highly esterifi ed HG (Knox et al., 1990; Willats et 
al., 2000a). Recently it was reported that JIM7 recognizes epitopes 
with either three or more methyl-esterifi ed galacturonan residues, 
or alternating methyl esterifi ed residues, all with adjacent or fl ank-
ing unesterifi ed residues (Clausen et al., 2003). JIM7 does not bind 
to acetylated HG from sugar beet, or to the rhamnogalacturonan 
pectins, but unlike JIM5, JIM7 binds to highly esterifi ed HG 
(Willats et al., 2000a). The more evenly distributed JIM7 labeling 
was dense in phelloderm cell walls as well as phellem walls as we 
reported recently (Sabba and Lulai, 2004). These results imply 
that phellem walls do indeed contain HG , but that most of it is 
methyl-esterifi ed. Consistent with JIM5 labeling, phellogen radial 
walls in immature periderm labeled only sparsely with JIM7. In 
mature periderm, JIM7 labeling of phellogen radial walls was 
greatly increased compared to immature periderm, confi rming 
that HG is increased in the thickened phellogen radial walls of 
mature periderm. In comparison, the walls of young actively 
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dividing cells in mung bean (Vigna radiata L.) hypocotyl tend 
to have highly methylated pectins and a low cation exchange 
capacity. Mature inactive cells have walls with sparsely methyl-
ated pectin and a high cation exchange capacity, both of which 
favor calcium cross-linking (Goldberg et al., 1989).

The monoclonal antibody LM5 recognizes a (1,4)-β-galactan 
tetrasaccharide epitope found in RG-I (Jones et al., 1997). LM5 
binds to, and abundantly labels, polysaccharides which contain 
(1,4)-β-galactosyl residues, but only sparsely labels polygalact-
uronic acid and locust bean gum (Jones et al., 1997). Although 
LM5 labeling was abundant in phelloderm cell walls, labeling 
was diminished in the three-way cell junctions and middle lamella 
between cells. This general pattern has been reported in tomato 
(Lycopersicon esculentum L.) pericarp (Jones et al., 1997), pea 
(Pisum sativum L.) cotyledons (McCartney et al., 2000), leek (Al-
lium ampeloprasum L.) root cap cells (Willats et al., 2000b), fl ax 
(Linum usitatissimum L. ) fi bers (Andeme-Onzighi et al., 2000) 
and fl ax roots (Vicre et al., 1998). Our results with potato periderm 
cells are consistent with recent published results that show LM5 
poorly labels the three-way cell junctions and middle lamella of 
potato tuber cortical and perimedullary parenchyma cells (Bush 
and McCann, 1999; McCann et al., 2001; Oomen et al., 2002). 
Our results are the fi rst to show that LM5 labels the parenchyma 
cells of the phelloderm as well as the cortical parenchyma interior 
to the periderm. These data indicate that RG-I galactan epitopes 
are less abundant in the middle lamella and three-way junctions 
of parenchyma cells, where unesterifi ed HG tends to dominate 
(Knox et al., 1990; Marty et al., 1995). The diminished label-
ing of short segments of cortical parenchyma cell walls likely 
represents areas where plasmodesmata have aggregated forming 
pit fi elds, as was reported earlier for perimedullary parenchyma 
cells by Bush and McCann (1999). A similar pattern was reported 
by Orfi la and Knox (2000) in tomato fruit pericarp cell walls, in 
which unlabeled segments were identifi ed as pit fi elds. 

Except for the most interior layer of phellem cells in mature 
periderm, LM5 labeling of phellem cell walls was very sparse, or 
nonexistent. This fi nding is consistent with results published that 
indicate LM5 does not label lignifi ed cell walls in aspen (Populus 
tremula L.) cambial derivatives (Ermel et al., 2000) and suberized 
cells in potato tuber periderm (Bush and McCann, 1999).

Although LM5 labeled phellogen radial and tangential cell 
walls sparsely if at all in immature periderm, labeling of the 
thickened phellogen cell walls of mature periderm was much 
more abundant, implying an increase in either galactan side 
chains on RG-I already present, or galactan-rich RG-I in these 
walls upon meristematic inactivation. These data indicate that the 
presence of the galactan epitope in phellogen walls was tempo-
rally consistent with both HG epitopes recognized by JIM5 and 
JIM7. A lack of labeling for (1,4)-β-galactan in the cell walls of 
meristematically active cells has been reported in some other 
systems. Labeling with LM5 in fl ax root (Vicre et al., 1998) and 
carrot (Daucus carota L. var. sativa Hoffm.) root (Willats et al., 
1999) was most prominent in cells of the root cap, while labeling 
was absent from the walls of meristematically active cells. LM5 
did not label meristematic cells of the shoot apex in Asclepias 
speciosa Torr. lactifers, although it did label the walls of mature 
cells (Serpe et al., 2001). In developing potato stolons, LM5 was 
least abundant in the meristematically active cells of the stolon tip 
(Bush et al., 2001). The increase in the (1,4)-β-galactan epitope 
recognized by LM5 in the walls of inactive phellogen cells may 
contribute to the strengthening of these walls. This conclusion is 
supported by the report that cell walls of mature pea cotyledons 

enriched with (1,4)-β-galactan were twice as fi rm as cell walls of 
less mature cotyledons that were not enriched with this epitope 
(McCartney et al., 2000).

Monoclonal antibody LM6 recognizes a linear pentasaccha-
ride of (1,5)-α-L-arabinan found in RG-I and does not recognize 
rhamnogalacturonan II, arabinogalactan, extensin, or potato lectin 
(Willats et al., 1998). LM6 labeling of phelloderm cell walls was 
excluded from three-way cell junctions, which is consistent with 
published results of LM6 labeling of pea cotyledons (McCartney 
et al., 2000; Willats et al., 2000b), fl ax fi bers (Andeme-Onzighi 
et al., 2000), and potato tuber parenchyma (Bush and McCann, 
1999; Oomen et al., 2002). Although LM6 labeled phellogen cell 
walls, labeling was not noticeably different between phellogen 
cell walls of immature and mature periderm, indicating that the 
(1,5)-α-L-arabinan epitope did not change during meristematic 
inactivation of the phellogen. These results indicate that the LM6 
epitope is regulated independently of the LM5 epitope, as well as 
both HG epitopes, during periderm maturation. As was found with 
LM5, labeling of cortical parenchyma walls with LM6 was reduced 
in short segments, probably representing pit fi elds. Unlike LM6 
labeling reported by Bush and McCann (1999), our results show 
LM6 labeling of suberized phellem walls was sparse in immature 
periderm, and almost nonexistent in mature periderm. 

Very little research has been done on the localization of ex-
tensin in the potato tuber. Immunolocalization studies utilizing 
a polyclonal antibody showed that extensin in potato stem was  
prominent in vascular tissue, but was present in other tissues as 
well (Li and Showalter, 1996). 

LM1 is specifi c for HRGPs and preferentially binds to extensin 
(Smallwood et al., 1995). LM1 does not bind to arabinogalactan 
proteins and binds with only low affi nity to solanaceous lectins 
(Smallwood et al., 1995). Our results show that LM1 epitopes 
are particularly abundant at three-way cell junctions between 
phelloderm cells and between cortical parenchyma cells but are 
absent from the phellem, which follows the pattern set by JIM5. 
The striking contrast in LM1 labeling of phellogen radial walls 
before and after periderm maturation implies that HRGPs of the 
extensin family increase dramatically in these walls upon meri-
stematic inactivation of the phellogen. These data indicate that 
the extensin epitope is regulated in a similar manner to the JIM5 
HG epitope during periderm maturation. Previously published 
reports have shown that extensin and pectin may be closely as-
sociated in some plant cell walls (Qi et al., 1995; Swords and 
Staehelin, 1993). In addition, tobacco (Nicotiana tabacum L.) 
suspension cells adapted to cellulose-inhibitor compounds pro-
duced cellulose-free walls made of pectin and extensin (Sabba et 
al., 1999), indicating that pectin and extensin together can assume 
the structural roles typically carried out by cellulose.

Extensin monomers can become cross-linked and insolubilzed 
in the cell wall by the reactions catalyzed by specifi c peroxidases, 
probably by the formation of isodityrosine (Cooper and Varner, 
1983; Fry, 1982) or di-isodityrosine (Brady et al., 1996) link-
ages. There is evidence that cross-linking of extensin can occur 
quickly in response to wounding (Magliano and Casal, 1998), 
or pathogen attack (Bradley et al., 1992; Jackson et al., 2001). 
Extensin can also accumulate in walls of mature cells and in walls 
that require special reinforcement, such as in vascular tissue (Tiré 
et al., 1994). It is not possible to determine, however, how much 
of the extensin in the mature periderm is cross-linked, because 
LM1 binding does not appear to be affected by cross-linking (J.P. 
Knox, personal communication). 

We have shown that the walls of the three cell types of potato 
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periderm label differentially for both pectin and extensin epitopes. 
While the phelloderm labels equally well for all of the epitopes 
tested, most of the phellem only labels abundantly for the HG 
epitope recognized by JIM7 and is lacking in the HG epitope 
recognized by JIM5, as well as the RG-I and extensin epitopes. 
Most signifi cantly, labeling of the phellogen layer varied between 
immature and mature periderm. Cell walls of meristematically 
active phellogen were lacking in (1,4)-β-galactan and exten-
sin epitopes, as well as those for HG. Upon maturation of the 
periderm and resistance to excoriation, labeling for all of these 
epitopes increased dramatically in phellogen cell walls. These 
results imply that an increase in the presence of HG, RG-I, and 
extensin polymers in these walls coincide with meristematic 
inactivation and periderm maturation. HG would be expected to 
form calcium pectate and extensin would be expected to become 
cross-linked in phellogen walls to provide increased strength 
and reinforcement once meristematic activity is terminated. The 
(1,4)-β-galactan epitope recognized by LM5 in phellogen walls 
at the end of periderm maturation may also be involved in the 
strengthening of these walls. In contrast, the (1,5)-α-L-arabinan 
epitope recognized by LM6 is present in phellogen walls before 
and after periderm maturation, and is apparently not associated 
with periderm maturation or the thickening of phellogen walls 
upon meristematic inactivation. A summary of the reactions of 
all three periderm cell types in immature and mature periderm 
to the antibodies used in this study is provided in Table 1. These 
results also demonstrate that the tuber periderm model provides 
a novel means of studying changes in cell wall architecture 
elicited by the irreversible termination of meristematic activity 
in a lateral meristem. 
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Periderm cells and localization 
z

Antibody

[target]

Periderm

maturity
Phellem Phellogen Phelloderm

Immature – /+* – +
JIM5

[unesterified

homogalacturonan]
Mature –/+* + +

Immature +* – +
JIM7

[homogalacturonan]

Mature +* + +

Immature – – +*LM5

[(1,4)-�-galactan] Mature –/+* +* +*

Immature – +* +*LM6

[(1,5)-�-L-arabinan] Mature – +* +*

Immature – – +LM1

[extensin] Mature – + +

Table 1. Summary of immunolocalization responses for targeted cell wall 
polymers in immature and mature potato tuber periderm cells. 

zPeriderm localization symbols: (–) = sparse or no labeling; (–/+) = 
mixed labeling; (+) = abundant labeling; (*) middle lamella not labeled 
or labeled sparsely.
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