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Abstract. Arabinogalactan-proteins (AGPs) are a family
of extensively glycosylated hydroxyproline-rich glyco-
proteins that are thought to have important roles in vari-
ous aspects of plant growth and development. After a
brief introduction to AGPs highlighting the problems as-
sociated with defining and classifying this diverse family
of glycoproteins, AGP structure is described in terms of
the protein component (including data from molecular
cloning), carbohydrate component, processing of AGPs
(including recent data on glycosylphosphatidylinositol
membrane anchors) and overall molecular shape. Next,
the expression of AGPs is examined at several different
levels, from the whole plant to the cellular levels, using a
variety of experimental techniques and tools. Finally,
AGP function is considered. Although the existing func-
tional evidence is not incontrovertible, it does clearly

droxyproline poor, lightly glycosylated and largely unre-
active with Yariv reagent. It is worth remembering that it
is human nature to group and classify things to facilitate
their comprehension and discourse, whereas Mother Na-
ture simply constructs biological entities, including
AGPs, using material at hand with blatant, pedagogical
disregard.

Structure

Protein moiety
Knowledge of the protein moieties of AGPs has mostly
come from purifying AGPs, deglycosylating them and
analyzing their respective core proteins by amino acid
analysis and, to a more limited extent, by sequence analy-
sis (fig. 2) [3–10]. More recently, molecular cloning of
several confirmed and putative AGP core proteins has
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point to roles for AGPs in vegetative, reproductive, and
cellular growth and development as well as programmed
cell death and social control. In addition and most likely
inextricably linked to their functions, AGPs are presum-
ably involved in molecular interactions and cellular sig-
naling at the cell surface. Some likely scenarios are dis-
cussed in this context. AGPs also have functions of real or
potential commercial value, most notably as emulsifiers
in the food industry and as potential immunological reg-
ulators for human health. Several important questions re-
main to be answered with respect to AGPs. Clearly, eluci-
dating the unequivocal functions of particular AGPs and
relating these functions to their respective structures and
modes of action remain as major challenges in the years
ahead.

Key words. Arabinogalactan-proteins; cell surface; cell wall; hydroxyproline-rich glycoprotein; plant growth and de-
velopment; plasma membrane.

Introduction

AGPs are a family of highly glycosylated hydroxypro-
line-rich glycoproteins (HRGPs) analogous to animal
proteoglycans. These glycoproteins are expressed
throughout the plant kingdom, mainly at cell surfaces,
where they are thought to have important roles in plant
growth and development. Certain AGPs, particularly
those found in plant gums, are also of commercial inter-
est for the valuable chemical properties that they confer
in various industrial applications.
An AGP consists of a hydroxyproline-rich core protein
which is decorated by arabinose and galactose-rich poly-
saccharide units; moreover, AGPs are operationally de-
fined by their ability to react with a synthetic chemical
reagent, a phenylazoglycoside dye called Yariv reagent
(fig. 1) [1, 2]. Such generalities, however, are too narrow
to account for all AGPs given that some AGPs are hy-



greatly increased our understanding of their structure and
diversity, although posttranslational modifications of the
core protein (e.g. hydroxylation and glycosylation) can
only be inferred from cloning data [7–21].
AGPs are currently divided into two classes depending
upon their core protein: ‘classical’ and ‘nonclassical’
AGPs (fig. 3) [8, 15]. Undoubtedly, these assignments
will be revised as we gather further information and at-
tempt to classify Mother Nature’s ‘experiments’ in this
field. Classical AGPs are defined by the core protein and
contain hydroxyproline (Hyp), Ala, Ser, Thr and Gly as

the major amino acid constituents, whereas nonclassical
AGPs have their carbohydrate moieties attached to core
proteins which are different from the classical ones in any
number of ways. For, example Hyp-poor AGPs, Cys-rich
AGPs and Asn-rich AGPs all belong to this group [8, 15,
22–24].
It is interesting to note the extensive sequence divergence
in these various AGP core proteins within a species, al-
though at least one pair of orthologous AGP genes appar-
ently do exist in tomato (i.e. LeAGP-1) and tobacco (Na
AGP4), and show a high degree of sequence similarity
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Figure 1. The chemical structure of Yariv reagent. Yariv reagent can be used to stain AGPs a reddish-brown color in plant sections and to
bind and precipitate AGPs for quantitation or purification. The three terminal sugars on this reagent are critical for AGP binding. Certain
sugars in these positions allow for AGP binding, whereas other sugars do not and serve as important control reagents. For example, (b-D-
galactosyl)3 and (b-D-glucosyl)3 Yariv reagents bind AGPs, whereas (a-D-galactosyl)3 and (b-D-mannosyl)3 Yariv reagents do not bind
AGPs. Note that (b-D-galactosyl)3 Yariv reagent is depicted here with its three (b-D-galactosyl) arms; the names and terminal sugar struc-
tures of other commonly used Yariv reagents also are indicated.



[24A]. Nonetheless, standard computer databank
searches typically fail to identify other AGP core protein
sequences; instead, similarities between AGP core pro-
teins are best seen in hydropathy plots, at least in the case
of the classical AGPs. Moreover, hydropathy plots predict
a hydrophobic C-terminal tail in all of the classical AGPs.
This prediction served as an important clue which led to
the discovery that classical AGPs are glycosylphos-
phatidylinositol (GPI)-anchored proteins, a topic that is
addressed more fully below [25]. It remains to be seen
whether other classical AGPs are similarly modified and
whether any nonclassical AGPs are modified in this way.
To date, however, none of the nonclassical AGP clones
predict a C-terminal hydrophobic tail, so it is unlikely that
they have a GPI anchor.
One notable exception to the generally unfruitful homo-
logy searches is seen in examining the nonclassical carrot
AGP clone [21]. This clone was demonstrated to have a
high degree of similarity to a previously reported proline-
rich protein (PRP) in bean that is downregulated by elici-
tor treatment [17]. Further work on this bean PRP has
shown it to be extensively glycosylated, which is atypical

for PRPs, which are generally regarded to be nonglyco-
sylated or lightly glycosylated. Thus, it is likely that this
bean PRP is actually a nonclassical AGP. Moreover, the
carrot AGP shows a substantial degree of similarity to a
set of related tobacco clones, NaPRP4, TTS-1 and TTS-2
[16, 18]. The conservation of the number and relative po-
sitions of Cys residues in these encoded proteins is also
noteworthy. The TTS and NaPRP4 clones and their en-
coded proteins are clearly related, with ~96% similarity
at both the nucleotide and amino acid, but are regarded as
AGPs and a PRP by the two groups who identified them.
This identification was based in part on the ability of
Yariv reagent to recognize the TTS proteins in one lab and
the failure of Yariv reagent to recognize the NaPRP4 pro-
tein (which is also known as the galactose-rich-style gly-
coprotein or GaRSGP) to any substantial extent in the
other lab [26, 27]. Whereas the classification is still a
point of contention and highlights the difficulties in clas-
sifying a spectrum of related molecules, it would appear
that classification of TTS-1, TTS-2 and NaPRP4 as non-
classical AGPs is supported by their similarity to the car-
rot AGP.
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Figure 2. Amino acid sequences determined for various AGP core proteins directly. Since these data are directly from peptides, as opposed
to proteins predicted from cloned sequences, hydroxyproline (Hyp) residues are shown. In these sequences, relatively few Pro are not hy-
droxylated, and the occurrence of Hyp-Ala and Ala-Hyp dipeptide repeats is common. References for these data are as follows: carrot [3],
ryegrass [4], rose [5], maize [6], pear (Pc1) [7], pear (Pc2) [8], tobacco [9] and tomato [10].



Carbohydrate moiety
As their name implies, AGPs are rich in arabinose and
galactose, and in some cases glucuronic acid, along with
other less-abundant sugars. The arabinose and galactose
residues are arranged in polysaccharide units that are at-
tached to multiple sites on the core protein. These poly-
saccharide units vary in size from 30–150 sugar residues,
but inevitably exhibit a so-called type II arabinogalactan
glycan structure consisting of a (1–3)-b-D-galactan back-
bone having (1–6)-b-D-galactan side chains, which in
turn are modified by arabinose and other less-abundant
sugars, including L-rhamnose, D-mannose, D-xylose, D-
glucose, L-fucose, D-glucosamine, D-glucouronic acid
and D-galacturonic acid [28, 29]. Short arabinose
oligosaccharide chains additionally decorate at least
some AGPs, just as they do in the extensins [6, 30].
Essentially no information exists on the sequence of the
polysaccharide units. Also, the question of whether cer-
tain polysaccharide units contain N-acetylglucosamine
units remains an open and important question, given that
certain AGPs are suspected substrates for chitinase (see
function section).

Carbohydrate-core protein linkages
The polysaccharide chains appear to be attached to Hyp
residues and possibly to Ser and Thr residues, whereas the
short arabinose oligosaccharides, if present, are attached
to Hyp. Evidence for galactosyl-O-Hyp, galactosyl-O-
Ser, and arabinosyl-O-Hyp and unidentified glycosyl
residues linked to Thr are reported for several AGPs [29].
Based on the Hyp-contiguity hypothesis, which briefly
states that contiguous Hyp residues are glycosylated with
oligoarabinosides, whereas single noncontiguous Hyp
residues are glycosylated with polysaccharide units, gly-
cosylation patterns can be predicted for AGP core protein
sequences [31]. In other words, for AGPs, isolated Hyp
residues appearing in the core protein are predicted to be
the points of attachment of polysaccharide chains,
whereas clusters of Hyp residues are predicted to be the
potential sites of attachment for oligoarabinoside chains
approximately four to six residues in length. Such predic-
tions need to be tested further, but in the limited number
of cases tested thus far for various plant HRGPs, the pre-
dictions are well supported [32].
Some AGPs may also contain N-linked glycans as evi-
denced by the ability of peptide: N-glycosidase F to
cleave TTS and NaPRP4 (i.e. GaRSGP) glycoproteins as
well by direct sequencing of the N-linked chain of
GaRSGP [26, 27, A. Bacic, personal communication].
Also, a few AGPs, such as LeAGP-1 and PtX14A9, con-
tain recognition sites for N-glycosylation, but further in-
vestigation is required to determine whether these sites
are utilized [12–14].

Processing of AGPs and GPI anchors
AGPs are extensively modified by posttranslational mod-
ifications, most notably hydroxylation of prolyl residues
and glycosylation; however, relatively little is known
about subsequent processing of AGPs. The finding that
GPI anchors exist on at least some classical AGPs repre-
sents a recent, important contribution to the field [25,
33–35A]. These anchors have the general structure de-
picted in fig. 4 and are added to a specific amino acid in
the C-terminal portion of classical AGPs concomitant
with the elimination of the C-terminal hydrophobic tail
from these AGPs. This modification occurs in the endo-
plasmic reticulum (ER) and anchors the AGP to the lu-
menal face of the ER membrane and then the Golgi mem-
brane before secretion to the outer face of the plasma
membrane. Such a plasma membrane AGP can be further
processed, presumably by the action of an endogenous
phospholipase C or D, so as to release this AGP from the
plasma membrane for cell wall or extracellular destina-
tions. It is interesting to note that in the limited number of
AGP genes characterized to date (e.g., LeAGP-1 and
AGP Na4), a separate exon encompasses the entire con-
sensus region for GPI anchor addition, indicating this
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Figure 3. Domain structures encoded by various bona fide and sus-
pected classical and nonclassical AGP clones. References for these
data are as follows: AGP Pc1 [7], AGP Na1 [9], Bn Sta 39-3 [11],
Bn Sta 39-4 [11], LeAGP-1 [12,13], PtX3H6 [14], AGP Pc2 [8],
AGP Na2 [8], AGP Na3 [15], NaPRP4 [16], PvPRP1 [17], TTS-1
[18], and TTS-2 [18].



may be an important functional domain [13, P. Gilson,
personal communication].
It also appears that at least some nonclassical AGPs (i.e.
AGP Pc2 and AGP Na2) will be processed so as to re-
move amino acid sequences which are encoded by com-
plementary DNA (cDNA) sequences, but which appar-
ently are not present in the corresponding AGPs [8]. Di-
rect evidence for such proteolytic processing remains to
be obtained and represents an intriguing area of study.
AGPs are apparently rapidly synthesized, secreted to the
cell surface and then turned over. This conclusion is
based on two independent pulse chase studies using ra-
dioactive glucose and arabinose, respectively [36, 37]. In
addition, protoplasts synthesize and secrete AGPs into
the extracellular medium during the process of cell wall
regeneration. Some AGPs are present in multivesicular
bodies, and this has led to the suggestion that these AGPs
are destined for degradation in the vacuole [38, 39]. Sev-
eral plant glycosidases (e.g., a-L-arabinofuranosidases,
b-galactosidases) are known which could theoretically
break down AGPs; however, direct testing of these en-
zymes on AGP substrates and determining conclusive
cellular localizations for them remain to be performed
[29]. Such processing events may represent important
ways in which AGP functions are regulated.

Molecular shape and aggregation of AGPs
Based on transmission electron microscopic imaging of
AGPs, some AGPs are globular, whereas others are rod-

like molecules. Two models of molecular organization
correspond to these observed shapes: the ‘wattle blos-
som’ model and the ‘twisted hairy rope’ model (fig. 5)
[30, 40]. In the wattle blossom model, the polysaccharide
chains are folded into globular units which decorate the
core protein so as to generate an overall spheroidal shape,
whereas in the twisted hairy rope model, the polysaccha-
ride chains as well as oligoarabinosides are postulated to
wrap around the rodlike core protein. One or both of these
models may prove to be correct, as different AGPs may
have different molecular shapes. Visualization of three
different AGPs using transmission electron microscopy
provides support for both models. Specifically, the Hyp-
poor carrot AGP and the TTS proteins appeared spher-
oidal, whereas an AGP from gum arabic was rodlike [22,
26, 30]. Moreover, it is also likely that these models will
be modified. For example, oligoarabinoside chains may
exist along with polysaccharide chains, as predicted by
the Hyp-contiguity hypothesis, within the general content
of the wattle blossom model. In any event, more research
will be required before well-substantiated models
emerge.
AGPs are known to aggregate in vitro and may do so in
vivo as well. Such aggregates were observed in imaging
the Hyp-poor carrot AGP and the TTS proteins by elec-
tron microscopy [22, 26]. These self-associations are con-
sistent with the adhesive nature of AGPs and may relate
to the observed cross-linking of AGPs [41].
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Figure 4. GPI anchor structure and the consensus sequence for its addition. (A) Structure of the GPI anchor found in the pear AGP, AGP
Pc1. The GPI anchor has a partial b-galactosyl substitution (*) of its core oligosaccharide and includes a phosphoceramide lipid composed
primarily of phytosphingosine and tetracosanoic acid [35]. Potential sites of cleavage by phospholipase C (PLC) and phospholipase D
(PLD) are also indicated; cleavage at one or both of these sites would release the AGP from the plasma membrane into the extracellular
matrix. (B) Consensus sequence present in the C-terminal portion of classical AGPs for the addition of a GPI anchor in the AGP core pro-
tein. The amino acid residue designated w is the site of GPI anchor addition, while the remaining C-terminal residues are removed during
anchor addition. Generally, the w residue is Ser, Asn, Ala, Gly, Asp, or Cys, whereas the w + 2 residue is Ala, Gly, Thr, or Ser.  The w + 1
residue is less critical. A 4–8 amino acid spacer region follows which often contains a basic residue (e.g. Arg or Lys) just before the ter-
minal 14–18-amino acid hydrophobic tail.



Expression

Tools for studying AGP expression
Several tools and techniques are used to examine and lo-
calize expression of AGPs in plants at several levels from
whole plants to cells. Such studies typically employ Yariv
reagent, biochemical isolation, antibodies and molecular
cloning/hybridization, either individually or in combina-
tions.  A summary of various antibody probes for AGPs
or putative AGPs is shown in table 1 for convenience and
complements the list of molecular probes (i.e. clones) al-
ready presented (fig. 3) [4, 10, 20, 27, 42–58].

AGP expression in the plant kingdom
AGPs are broadly distributed and probably universal in
the plant kingdom.  Although this early survey work was
largely based on positive reactivity of plant extracts or tis-
sue sections with Yariv reagent, other tools were subse-
quently used to confirm that numerous angiosperms,
gymnosperms and lower plants (e.g. bryophytes, algae)
contain AGPs [29, 40, 59–61].
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Figure 5. Three proposed models for AGPs showing their general
molecular organization and shapes: (A) the ‘wattle blossom’ model,
(B) the ‘twisted hairy rope’ model and (C) a modified ‘wattle blos-
som’ model with oligoarabinoside chains.

AGP expression in plant organs and tissues
At the organ level, AGPs are found in leaves, stems, roots,
floral parts and seeds [29, 40]. Similarly, AGPs are found
in many tissues, and are especially abundant and well
documented in xylem, stylar transmitting tissue and cell
suspension cultures. AGPs, as a collective group or fam-
ily, are widely distributed in organs and tissues; however,
individual AGP family members (as defined by their par-
ticular core protein) demonstrate varying degrees of or-
gan-specific and tissue-specific developmental expres-
sion (tables 2 and 3) [7–10, 12–18, 39, 45, 46, 62–76].
Biochemical characterization of particular AGP family
members, Yariv-stained crossed electrophoresis patterns
of extracts and hybridization of AGP clones to Northern
blots of RNA isolated from various organs of a single
plant illustrate this point. Moreover, AGPs demonstrate
temporal patterns of developmental expression. For
example, in tomato, LeAGP-1 messenger RNA (mRNA)
is found in young but not old stems and fruit [12, 13]. In-
terestingly, the LeAGP-1 glycoprotein is detected at both
temporal stages, providing some support to the notion
that AGPs are stable molecules once produced and may
accumulate over time [75].
At the tissue (and cellular) level, immunolocalization
studies have revealed developmental patterns of AGP ex-
pression. Several monoclonal antibodies exist with reac-
tivity directed against carbohydrate epitopes found on
AGPs and were used to localize sets of AGPs to various
tissues in selected plant organs (tables 1 and 2). Although
this has proven to be an extremely useful approach, it
should be noted that these antibodies may react with car-
bohydrate epitopes which are displayed on different AGP
core proteins (family members), on certain glycoforms of
a particular AGP core protein (i.e. AGP subfamily mem-
bers) or even in other molecules (e.g. pectin). On the other
hand, as these epitopes are more precisely defined, these
antibodies may provide a means to probe organ- and tis-
sue-specific glycosylation/deglycosylation events involv-
ing AGPs. Such events may be important in regulating
AGP interactions and cellular signaling as subsequently
discussed in the function section. In contrast, few AGP an-
tibodies are directed against the core protein, which is typ-
ically extensively glycosylated. Two notable exceptions
are the PAP antibody, which has reactivity directed against
a putatively unglycosylated, Lys-rich region of a tomato
AGP known as LeAGP-1, and an antibody which has re-
activity directed against a bacterially expressed tobacco
TTS core protein (table 1) [10, 58].  These antibodies have
proven useful in localizing the respective expression of an
individual AGP core protein (i.e. family member) and its
associated glycoforms (subfamily members).
Whereas AGPs clearly demonstrate developmentally
regulated expression, other factors regulate AGP expres-
sion, too. Specifically, wounding regulates steady-state
AGP mRNA levels at least in some instances. For exam-



ple, LeAGP-1 and the carrot Hyp-poor AGP mRNA
rapidly disappear in response to wounding [12, 13, 21].
Similarly, PvPRP1 mRNA rapidly disappears in response
to elicitor treatment [17]. Notably, all three of these
clones have a repeated nucleotide sequence motif in their
respective 3¢ untranslated sequences, which is associated
with rapid turnover of mRNAs. It also should be noted
that gum arabic AGP is secreted only upon wounding, and
this secretion occurs only at the wound site [28]. Other
factors, including treatment with various plant hormones
and pathogen infection, also may serve to regulate AGP
expression, but remain to be investigated.
To date, few published reports on in situ localization of
AGP mRNAs exist [18]. Given that the majority of the
antibodies against AGPs apparently recognize more than
one AGP family member, such experiments should pro-
vide useful gene-specific data. Alternatively, reporter
gene fusions to AGP promoters would be another useful
avenue to elucidate gene-specific expression patterns as
well as the sequences controlling such expression; how-
ever, only a limited number of genomic clones for AGPs
are available, and this area has received little attention to
date.

AGP expression in plant cells
For the most part, immunolocalizations at the transmis-
sion electron microscope level have identified specific
cell types that express AGPs (table 2). Such studies, along
with isolation and characterization of AGPs following
subcellular fractionation, have elucidated their subcellu-
lar locations.
AGPs are generally found in plasma membranes, cell
walls or as secretions to intercellular spaces, culture me-
dia or the environment [29]. AGPs are also found in in-
tracellular, multivesicular bodies; this localization likely
reflects turnover of AGPs [38], whereas the other loca-
tions suggest particular functions, as discussed in the next
section.
Can a particular AGP family member exist at more than
one cell surface location? The answer appears to be yes,
and it is based on several lines of evidence. The finding
that GPI anchors exist on AGPs and are responsible for
their localization to the plasma membrane is a key point
here [25, 33–35]. In animals, GPI-anchored proteins can
be enzymatically cleaved in vitro and in vivo to release
plasma membrane-bound proteins to the extracellular
matrix. Likewise in plants, GPI-anchored proteins can be
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Table 1. Antibody probes for AGPs a.

Antibody/antigen b Epitope Reference

Monoclonal
J539 unsubstituted (1 Æ 6)-b-D-galactan 42
PCBC3 t-a-L-Araf c 43
PN16.4B4 carbohydrate portion of AGP 44
MAC207 b-D-GlcpA-(1 Æ 3)-a-D-GalpA-(1 Æ 2)-L-Rha 45
JIM4 b-D-GlcpA-(1 Æ 3)-a-D-GalpA-(1 Æ 2)-L-Rha 45
JIM8 carbohydrate portion of AGP 46
JIM13 b-D-GlcpA-(1 Æ 3)-a-D-GalpA-(1 Æ 2)-L-Rha 45
JIM14 carbohydrate portion of AGP 47
JIM15 b-D-GlcpA 45
JIM16 unknown 47
PCBC4 substituted (?)(1 Æ 6)-b-D-galactan 48
CCRC-M7 arabinosylated (1 Æ 6)-b-D-galactan 49
ZUM15 unknown 50
ZUM18 unknown 50
LM2 b-D-GlcpA 51

Polyclonal
Gladiolus AGPs arabinosylated (1 Æ 6)-b-D-galactan 52
Radish AGP substituted (?)(1 Æ 6)-b-D-galactan 53
Phenyl-a-L-Araf t-a-L-Araf 54
Phenyl-a-L-Araf t-a-L-Araf 55
Ryegrass AGP deglycosylated protein 4
Gum arabic b-D-GlcpA-(1 Æ 6)-D-Gal 56
Gum arabic a-L-Araf-(1 Æ 4)-D-GlcA 56
(b-(1 Æ 6)-D-Gal)4 unsubstituted (1 Æ 6)-b-D-galactan 57
N. tabacum TTS-2 protein produced from engineered bacteria 58
N. alata 120 kDa deglycosylated protein 48
Cotton H6 synthetic peptide 20
N. alata NaPRP4 deglycosylated protein 27
PAP (LeAGP-1) synthetic peptide of Lys-rich subdomain 10

a Modified from [29]. b Antibody name for monoclonals or antigen injected for polyclonals. c For sugar residues: f, furanosyl; p, pyranosyl;
t, terminal.
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Table 2. Developmentally regulated expression of AGP epitopes as revealed by a variety antibodies.

Species Organ/tissue Antibody Labelinga Cell type(s) Localization Reference

Daucus carota MAC207 IF protoplasts plasma membrane 62
Beta vulgaris MAC207 IF protoplasts plasma membrane 62
Daucus carota root MAC 207 IF cortex cell surface 62
Pisum sativum root MAC 207 IF cortex cell surface 62
Allium cepa root MAC 207 IG cortex plasma membrane 62
Cucurbita pepo hypocotyl MAC 207 IG mesophyll cell plasma membrane 62
Beta vulgaris anther MAC 207 IG pollen vegetative cell plasma membrane 62
Daucus carota MAC 207 IG cultured cells plasma membrane 62
Hyacinthoides non-scriptus leaf MAC 207 IG mesophyll cell plasma membrane 62
Daucus carota root JIM4 IF pericycle cells cell surface 63
Pisum sativum embryogenic apex (meristems, MAC207 IF cells of future stamen filaments, petal primordia, plasma membrane 64

primordia) outer pollen sac boundary
stamen MAC207 IF pollen vegetative cell plasma membrane 64
carpel MAC207 IF cells of integuments and heart- and plasma membrane 64

torpedo-stage embryos
Daucus carota hypocotyl JIM4 IF epidermal cells and vascular cylinder cells cell surface 65

preembryogenic JIM4 IF surface cells cell surface 65
masses (PEMs)
PEM embryos:
– globular stage JIM4 IF surface layers center on the shoot end cell surface 65
– early heart stage JIM4 IF two groups of internal cells cell surface 65

(reflect cotyledonary ridges)
– late heart stage JIM4 IF epidermal cells at the shoot apical end cell surface 65
– early torpedo stage JIM4 IF provascular tissue cells cell surface 65
– late torpedo stage JIM4 IF provascular tissue cells, isolated epidermal cells cell surface 65

and future shoot apex cells
Daucus carota JIM8 IF protoplasts plasma membrane 46
Brassica napus anther JIM8 IF endothecium, middle layer, tapetum, microspore plasma membrane 46

tetrads, vegetative cells and sperm cells
ovule JIM8 IF nucellus, synergid cells and egg cell plasma membrane 46
embryo JIM8 IF zygote, embryo proper and suspensor cells plasma membrane 46
anthers JIM8 IG vegetative cell and sperm cell in pollen outer face of the 46

plasma membrane
Daucus carota MAC207 IF plasmolysed outer face of the 47

and JIM4 cultured cells plasma membrane
root JIM4 IF future pericycle cell cell surface 47
root JIM13 IF epidermal cells, cell surface 47

developing xylem
elements, root cap cells

root JIM14 IF all cells cell surface 47
root JIM15 IF all cells except epidermal and future xylem cells cell surface 47
root JIM16 IF all cells cell surface 47

MAC207 IG plasmolysed outer face of the 47
cultured cells plasma membrane

JIM4 IG cultured cells cell wall and 47
plasma membrane
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Table 2 (continued)

Nicotiana tabacum flowers JIM8 and IG pollen grains intine, cytoplasm 66
MAC207 including vesicles,

Golgi apparatus
flowers JIM8 and IG generative cell cell wall and cytoplasm 66

MAC207 including vesicles
flowers JIM8 and IG pollen tube periodically along 66

MAC207 the outer wall of the
tube except the tip

Arabidopsis thaliana root JIM13 IF initial of central metaxylem vessels, other cell surface 67
pre-metaxylem elements, parenchyma cells,
endodermal and pericycle cells)

root JIM13 IG differentiating metaxylem vessel elements outer face of plasma 67
membrane and cell wall

Zea mays coleoptiles MAC207 IG all cells plasma membrane 39
coleoptiles JIM13 IG maturing sclerenchyma cells plasma membrane 39

invaginations, 
multivesicular bodies

differentiating tracheid cells secondary wall thickenings
coleoptiles JIM14 IG maturing sclerenchyma cells innermost wall layer 39

Daucus carota JIM8 IF cultured cells cell surface 68
Arabidopsis thaliana root CCRC-M7 IF columellar root cap cells cell surface 69

epidermal cells, cortical,
endodermal and pericycle cells

root CCRC-M7 IG endodermal, pericycle and phloem cells cell wall 69
Lilium longiflorum flowers JIM13 IF pollen tube tube tip 70

JIM13 IF stylar transmitting tract epidermal cells (TTEs) cell surface 70
flowers LM2 IF all cells in the style except the TTEs cell surface 70
flowers JIM13 IG pollen tube cell wall, plasma membrane 70

and cytoplasmic vesicles
flowers JIM13 IG generative cell plasma membrane 70

Lilium longiflorum flowers JIM13 IG (b-D-glucosyl)3 Yariv reagent-treated pollen tubes secretory vesicles, 71
plasmalemma, electron-
translucent areas within
the expanded periplasm

Amaranthus hypochondriacus young flower MAC207 IF all cells but nucellar cells cell surface 72
young flower JIM8 IF all cells with nucellus selectively labeled cell surface 72

on the micropylar cells
ovule with mature JIM8 IF synergid cells with filiform cell surface 72
embryo sac apparatus, integument and micropylar nucellus cells
ovule with mature MAC207 IF micropylar nucellus cells, cell surface 72
embryo sac filiform apparatus and integument cells
ovule with JIM8 IF embryo proper, suspensor cell surface 72
young embryo cells and filiform apparatus
ovule with MAC207 IF filiform apparatus cell surface 72
young embryo
ovule with young JIM8 IF micropylar nucellus cells, cell surface 72
globular embryo embryo proper, suspensor and integument cells
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Table 2 (continued)

Species Organ/tissue Antibody Labelinga Cell type(s) Localization Reference

Daucus carota root JIM4 IF pericycle cells, and protoxylem elements cell surface 73
root JIM13 IF developing xylem cells cell surface 73

Raphanus sativus root JIM4 IF pericycle cells in front of both the phloem and xylem cell surface 73
root JIM13 IF developing xylem cells cell surface 73

Pisum sativum root JIM13 IF xylem and pericycle cells in front of the phloem cell surface 73
root JIM4 IF none – 73

Allium cepa root JIM13 IF cells in phloem region, cell surface 73
root JIM4 IF none – 73

Zea mays root JIM8 IF developing and mature sieve element sieve plates, sieve 74
element reticulum

root JIM13 IF sieve elements and adjacent pericycle sieve plates, cortical 74
and companion cells ERb and developing sieve

element plasmodesmata
root JIM8 IG sieve elements ER, plasma membrane 74
root JIM13 IG sieve elements, pericycle and companion cells ER, plasma membrane 74
root LM2 IG all cells except sieve elements ER, Golgi apparatus 74

and tonoplast
Lycopersicon esculentum PAP IF cultured cells cell surface 10

PAP IG cultured cells cell wall 10
petiole PAP IF developing metaxylem, outer phloem cell surface 10, 75
petiole PAP IG developing metaxylem secondary cell wall 10, 75
first internode PAP IF developing metaxylem, outer and inner phloem cell surface 10, 75
first internode PAP IG developing metaxylem secondary cell wall 10, 75
style PAP IF transmitting tissue not determined 10
style PAP IG transmitting tissue intercellular space, 10

cell wall

a IF, immunofluorescence; IG, immunogold.
b ER, endoplasmic reticulum.
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Table 3. Organ- and tissue-specific patterns of AGP expression as revealed by RNA blotting using AGP clones as probes.

Plant Organ or tissue mRNA size AGP probe Reference

Tomato young stem, flower, roots, green fruit, cultured cells 980 nt LeAGP-1 12, 13, 76
Tomato leaves*, old stem*, red fruit* 980 nt LeAGP-1 12, 13

Pear cultured cells 900 nt AGP Pc1 7

N. alata root, style, ovary, petal, stem, leaf 700–750 nt AGP Na1 9
N. alata anther* 700–750 nt AGP Na1 9

Pear cultured cells 1000 nt AGP Pc2 8
Pear styles, petals, pedicels not detected AGP Pc2 8

N. alata cultured cells 1700 nt AGP Na2 8
N. alata leaves*, stems*, roots* 1700 nt AGP Na2 8
N. alata pollen*, styles* 1000 nt AGP Na2 8
N. alata petals not detected AGP Na2 8

N. alata mature pistils 780 nt AGP Na3 15
N. alata immature pistils, ovary, petal, anther, stem, leaf, roots, not detected AGP Na3 15

cultured cells

N. alata mature styles 1000 nt NaPRP4 16
N. alata immature styles*, cultured cells* 1000 nt NaPRP4 16
N. alata stems, leaves, roots, pollen, petals not detected NaPRP4 16

N. tabacum pistils, flowers, styles, stigmas 1000 nt TTS1 and 2 18
N. tabacum stems, leaves, roots, petals, sepals, ovaries not detected TTS1 and 2 18

P. vulgaris cultured cells, hypocotyls 1100 nt PvPRP1 17

Pine xylem 1200 nt PtX3H6 14
Pine needles* 1200 nt PtX3H6 14
Pine megagametophyte, embryo not detected PtX3H6 14

* Little expression observed.

cleaved in vitro and in vivo to release proteins, including
AGPs, from the plasma membrane [33, 34]. Thus, the
model that emerges is that AGPs containing a GPI anchor
are associated with the plasma membrane and are cleaved
so as to release the AGP to and beyond the cell wall. Im-
munolocalizations as well as biochemical isolations of
identical, or nearly identical AGPs (family members), in
multiple surface locations (e.g. cell wall and culture me-
dia; plasma membrane, cell wall and culture media) pro-
vide evidence for multiple surface locations for a given
AGP and are consistent with the above processing model
for GPI-anchored AGPs [5, 10, 77, 78]. Nonetheless, the
possibility of exclusively targeting certain AGPs to spe-
cific cell surface locations cannot be excluded, and the
contribution of particular sequence determinants in the
carbohydrate or protein moieties to such a process re-
mains to be investigated.

Function

AGPs are thought to function in various aspects of plant
growth and development based on several lines of evi-
dence. Most of this evidence is correlative and infers a
particular function, whereas some is circumstantial based
on the unique characteristic(s) of AGPs. Moreover,
whereas experiments designed to probe AGP functions
often reflect observable effects at the cellular level, the

underlying molecular mechanisms of AGP action remain
unclear. Below is a summary of this information relating
to AGP function at the plant, cellular and molecular levels
appended with speculation.

Vegetative growth and development
Organ-, tissue- and cell-type-specific expression patterns
elucidated for AGPs indicate that AGPs are markers of
cellular identity and fate [46, 62, 64]. The question, how-
ever, remains whether such AGPs are responsible for cel-
lular differentiation or just useful markers of the process.
Support for the former, active role comes from studies on
a leafy liverwort in which vegetative growth of leaf pri-
mordia is suppressed by treatment with various biosyn-
thesis inhibitors of AGPs, and other HRGPs [61]. Cur-
rently, work in my laboratory involving expression of an
antisense LeAGP-1 gene in tomato also argues for a func-
tional role for this particular AGP in cellular differentia-
tion and development [H. Lua, M. Gao and A. M.
Showalter, unpublished].
Certain AGPs are associated with xylem development
(see table 2). More specifically, such AGPs are associated
with, and hypothesized to function in, secondary cell wall
thickening and programmed cell death (PCD) [39, 75].
Here, AGPs which are located at the cell surface of dif-
ferentiating xylem elements may serve to position or in-
teract with wall components, including themselves, and



thus contribute to wall thickening. Moreover, since these
differentiating cells ultimately undergo PCD in order to
allow for water transport, it is hypothesized that AGPs are
involved in this PCD process. Support for this hypothesis
is based not only on AGP deposition in such developing
xylem elements but also on experiments demonstrating
that Yariv reagent induces PCD in cell cultures, thereby
implicating AGP involvement [79]. Clearly, more re-
search needs to be done to test this hypothesis, but the
evidence to date supports this idea.
AGPs also possess the ability to control plant embryoge-
nesis.  Evidence for such control comes from adding pu-
rified AGPs to embryogenic cell cultures and finding that
certain AGPs will stimulate, whereas other AGPs will in-
hibit somatic embryogenesis [50, 80–82]. Interestingly,
the addition of chitinase to such experimental prepara-
tions can greatly enhance somatic embryogenesis as mea-
sured by counting the number of preembryogenic masses
(PEMs) [83]. Thus, the possibility that certain AGPs con-
tain N-acetyl-glucosamine (GlcNAc) residues that may
be processed to produce a cellular signal warrants further
examination. Consistent with this somatic embryogenesis
work, immunolocalization studies correlate expression of
specific AGP epitopes with embryogenesis [65, 84].
AGPs are extremely hydroscopic molecules. Their water-
holding ability may be related to their proposed roles as
structural molecules involved in the physical organization
of the plant extracellular matrix or as protective mole-
cules. A protective role, or role in wound healing, is also
likely for the AGPs present in gum arabic.

Reproductive growth and development
The regulated expression and abundance of particular
AGPs in the stigma, stylar transmitting tissue and pollen
has led to the suggestion that AGPs are important for
plant reproduction (see table 2). This suggestion is more
vigorously supported from several, additional experi-
ments. For example, a purified tobacco AGP, which is
specifically expressed in the stylar transmitting tissue
(i.e. TTS protein) was shown to enhance pollen tube
growth in vitro and to attract pollen tubes in a semi-in
vivo system [26]. It should be noted, however, that simi-
lar experiments in another tobacco species using the TTS
homolog (i.e. the NaPRP-4-encoded glycoprotein called
GaRSGP) demonstrated essentially none of these effects;
the reasons for such discrepancies may relate to GaRSGP
being a less glycosylated component of the TTS glyco-
protein spectrum [85, 85A]. Moreover, transgenic to-
bacco plants successfully engineered for downregulated
TTS expression demonstrated reduced pollen tube
growth in the style and reduced seed production com-
pared with wild-type plants [26]. In another set of experi-
ments, Yariv reagent was applied to lily pollen tubes and
shown to inhibit their growth and to produce a bulbous

morphology at the pollen tube tip [70, 71]. Furthermore,
the normal influx of calcium at the tip was inhibited by
the addition of Yariv reagent.

Cellular growth and development
The ability of Yariv reagent to inhibit cell division in cell
suspension cultures and to inhibit cell expansion in cell
cultures and roots provides support for the action of AGPs
at the cellular level [86–88]. In the case of Yariv-inhibited
root growth, the epidermal cells in the region of root elon-
gation demonstrated a bulbous morphology, similar to the
Yariv-inhibited pollen tube tip [87, 88]. Similarly, the
elongation of suspension-cultured carrot cells was inhi-
bited by the addition of Yariv reagent [87].
Experiments in my lab are consistent with these above
data. Specifically, we have used Yariv reagent to inhibit
cell growth in tomato suspension-cultured cells as well as
to inhibit tomato seedling root growth. Root growth inhi-
bition encompassed reductions in overall root length, epi-
dermal root cell elongation, root cell numbers and the
number of root hairs. We have also found that Yariv
reagent effectively blocks water uptake by the roots of
tomato seedlings [88A].

Programmed cell death and social control
In plants, PCD is a normal developmental process in-
volved in anther, megagametophyte and vascular tissue
development as well as in senescence, pollination and sex
determination [89–98]. Plants also employ PCD as a pre-
cisely controlled response to different biotic and abiotic
stimuli [96–104].
In my laboratory, we have shown that (b-D-galactosyl)3

Yariv reagent inhibits the growth of Arabidopsis suspen-
sion-cultured cells by inducing these cells to undergo
PCD in a time- and dose-dependent manner [79]. These
results implicate that AGPs are involved in PCD in plants,
and indicate that AGPs may be an important component
of the signal transduction pathway for this process. Fur-
thermore, these results are in agreement with previous
work by Langan and Nothnagel, who noted that (b-D-
galactosyl)3 Yariv reagent was able to kill Arabidopsis cell
cultures, although they did not determine whether this
represented PCD or necrosis [105].
Related to this PCD issue is the idea of social control of
cell survival. AGPs may indeed represent an important
component for cellular growth and survival. This conclu-
sion is suggested based on the following evidence. Carrot
cells cultured at low density are known to activate a PCD
pathway, which can be prevented by addition of a cell-
free, cell-conditioned growth medium [103]. Similarly,
animal cells grown in medium absent of growth factors
initiated PCD, which can be suppressed by signal mole-
cules released by other cells [106, 107]. We have also ob-
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served that our Arabidopsis suspension cells when cul-
tured at low density have a much higher percentage of
cells undergoing PCD than when cultured at high density.
Thus, ‘social control’ of cell death, as observed in animal
cells and carrot cells and Arabidopsis cells, may operate
in all of these systems. Indeed, these observations,
coupled with (b-D-galactosyl)3 Yariv reagent’s ability to
induce cell death in Arabidopsis cell cultures, indicate
that AGPs may represent an important component for
plant cell growth and survival.

Molecular interactions and signaling
AGPs possess a rich array of biochemical information
that presumably is involved with interactions with other
cell surface molecules and with cellular signaling [108].
These two potentially interrelated areas represent fertile
ground for future AGP research, although relatively little
is known at present. For the record, however, it should be
noted that several investigators have found that AGPs of-
ten copurify with pectin [77, 86, 109–112]. One inter-
pretation of this phenomenon is that at least some AGPs
can interact with pectin, most likely through ionic inter-
actions. For example, negatively charged galacturonic
acid residues in pectin could interact (i) indirectly with
negatively charged AGPs (i.e. AGPs having glucoronic
acid in the polysaccharide side chains) through Ca++

bridges or (ii) directly with clusters of basic amino acid
residues (i.e. positively charged regions) found in some
AGPs, such as the carrot Hyp-poor AGP and tomato
LeAGP-1. Furthermore, Baldwin and co-workers have
provided some support to this idea in their study of the
Hyp-poor carrot AGP, which appears to show some de-
gree of Ca++-mediated binding of pectin in blotting ex-
periments performed in vitro [22]. However, the observed
binding appears weak, and this entire area of molecular
interactions with AGPs requires additional, rigorous
study.
It is also possible that AGPs can associate with one
another. Such associations may involve oxidative cross-
linking, ionic interactions similar to those suggested
above for pectin, or by plant analogs of Yariv reagent [41].
Flavonol glycosides are one possible class of plant
analogs, because they are capable of inhibiting the inter-
action between Yariv reagent and AGPs [113].
Clearly, the carbohydrate moieties of AGPs contain a
reservoir of structural information that could serve as po-
tential chemical signals consistent with oligosaccharide
signaling in plants as championed by Peter Albersheim
[114]. In addition, limited regions of AGP core proteins
may also be accessible, as appears to be the case for at
least some AGPs such as LeAGP-1, and may also provide
chemical signaling information [10]. Many scenarios or
models can be envisioned whereby AGPs serve as cell-
signaling and/or cell adhesion molecules involved in

various aspects of growth and development already men-
tioned above. These hypothetical models, which are in
need of testing and/or further refinement, are summa-
rized in figure 6 and discussed briefly in subsequent para-
graphs. It should be emphasized that construction of
these speculative models is based on limited information
and is often analogous to animal models involving either
proteoglycans or other GPI-anchored cell membrane pro-
teins.
First, given that AGPs carry many, information-rich
carbohydrate chains and that oligosaccharides are in-
volved in signal transduction in plants, AGPs may be
enzymatically processed to release oligosaccharide sig-
nals which then could bind to an appropriate cell mem-
brane receptor tied into a signal transduction system (fig.
6A). Such a model could include extracellular, cell wall
and plasma membrane AGPs as potential substrates. In-
terestingly, a tetrasaccharide with a structure similar to
the terminal sequence of an AGP accumulates in devel-
oping rice anthers, but the origin and role of this
oligosaccharide remains unknown [115]. As already
mentioned, chitinase apparently acts on AGPs so as to
enhance somatic embryogenesis [83]. Naturally, it will
be important to demonstrate the presence of GlcNAc
residues and a chitinase binding site [i.e. (GlcNAc)3] in
such AGPs. Nonetheless, it is tempting to speculate that
such an oligosaccharide released from AGPs by chitinase
action interacts with a plasma membrane receptor to
stimulate somatic embryogenesis. Alternatively, the al-
tered AGPs, rather than the oligosaccharide, may act to
stimulate somatic embryogenesis following this un-
masking process.
It is also conceivable that the protein moiety could serve
as a signaling molecule. However, with few exceptions,
such as that illustrated by LeAGP-1’s Lys-rich domain
that apparently is not glycosylated, the core proteins of
the classical AGPs are covered by carbohydrate, and
would require at least some degree of deglycosylation be-
fore the core protein would be available for further pro-
cessing or signaling. Knowledge of deglycosylation reac-
tions occurring in vivo for AGPs is largely unknown. The
nonclassical AGPs are another matter, since they possess
and possibly proteolytically release non-AGP protein do-
mains that could act in signaling or other functions.
Second, AGPs may directly or indirectly interact with a
plasma membrane receptor (fig. 6B). In the case of direct
interaction, the AGP would bind to a receptor in any num-
ber of ways, as many potential sites of interaction exist,
and tie into a signal transduction system. This idea is per-
haps most analogous to the animal model in which con-
tactin, a GPI-anchored membrane protein in neurons, in-
teracts with contactin associated protein (Caspr). Caspr is
a transmembrane protein that is also found in neuronal
membranes and its cytoplasmic domain supposedly trig-
gers a signal transduction cascade [116]. In the case of an
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indirect interaction, AGPs are envisioned to interact with
and collect ligand molecules for effective presentation to
an appropriate ligand receptor. This idea is analogous to
that supported in animals for the manner in which fi-
broblast growth factor (FGF), the ligand, is collected by a
heparin sulfate proteoglycan (HSPG) for presentation to
and subsequent dimerization of the FGF receptor [117].
The idea here is that the assembled complex of FGF li-
gands collected and appropriately displayed by HSPG al-
lows for more effective (i.e. high-affinity) binding to the
FGF receptor in contrast to less efficient (i.e. low-affin-
ity) binding of individual FGF molecules to the receptor.
Here, AGPs are analogous to HSPG; however, the plant
analogs for FGF and the FGF receptor await identifica-
tion. Moreover, whereas plasma membrane AGPs fit this
model best, cell wall or extracellular AGPs could also in-
teract with such receptors.
Third, AGPs may serve in cell-cell interactions and/or
corresponding signal transduction events. In this model,
plasma membrane AGPs may interact with one another,
perhaps by one of the means already mentioned above
(i.e. ionic interactions, Ca++ bridges) or by the presence
of AGP receptors on neighboring cells (fig. 6C). Al-
though the manner in which a signal would be sent by an
AGP-AGP interaction here is unclear (i.e. one might have
to invoke general perturbations of the membrane so as to
open Ca++ channels or release some other type of signal),
a receptor model has the benefit that it could be directly
tied into a signal transduction system. This later scenario
is precisely the case in animals where contactin, that GPI-
anchored protein in neurons, binds to a receptor protein
tyrosine phosphatase b that is expressed on neighboring
glial cells to effect cell adhesion and neurite outgrowth
[118]. AGPs secreted from neighboring cells may act in
such an intercellular signaling capacity, and would not re-
quire direct cell-cell contact.
Fourth, in the case of GPI-anchored plasma membrane
AGPs, the AGP moiety is apparently released from the
membrane to the extracellular milieu by the action of a
phospholipase, such as phospholipase C or D (PLC or
PLD) (see fig. 4A). These enzymes, which are commer-
cially available and purified from animal sources, serve
to release AGPs from plasma membranes of cells in sus-
pension culture. To date, PLC is reported to exist in
peanut [119]. Other plant sources of PLC as well as the
identification of PLD in plants await further investiga-
tion. Bearing in mind these caveats, the GPI anchors for
such processed AGPs could serve to generate phos-
phatidyl-inositol and inositol phosphoglycan and ce-
ramides that could be used as intracellular messengers
(fig. 6D) [120].
Fifth, AGPs may serve as cell adhesion molecules neces-
sary for normal growth and development. As already
noted, Yariv reagent is capable of inducing PCD in Ara-
bidopsis cell suspension cultures and implicates the in-

volvement of AGPs in this process [79]. The signal trans-
duction process for this event will be interesting to dissect
and relate to some of the models already presented. It is
likely that Yariv reagent could induce abnormal clustering
of AGPs at the plasma membrane surface and/or disrupt
essential AGP connections required for normal growth
and development (e.g. potential AGP-mediated connec-
tions between cells or between plasma membrane AGPs
and the extracellular matrix). In animals, it is already
clear that disrupting cell membrane-extracellular matrix
connections leads to PCD [121–125]. Thus, in plants,
AGPs may serve as cell adhesion molecules that serve to
connect the cell membrane with the cell wall (fig. 6E).
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Figure 6. Models for AGP involvement in cellular signaling and
cell adhesion. (A) signaling by the release of a carbohydrate epitope
(small squares) from an AGP which binds to a plasma membrane re-
ceptor capable of initiating an intercellular signaling cascade, (B)
signaling by an AGP directly or indirectly after binding ligand mol-
ecules (diamonds) for presentation to an appropriate plasma mem-
brane receptor, (C) intercellular signaling by an AGP from one cell
interacting with a plasma membrane receptor on an adjacent cell,
(D) signaling by the GPI anchor (or a portion thereof) following re-
lease of a GPI-anchored AGP from the plasma membrane, (E)
AGPs as cell adhesion molecules capable of aggregation on the
plasma membrane and forming a plasma membrane-cell wall con-
nection essential for normal growth and development; these con-
nections may involve cell wall AGPs or other cell wall molecules
(black lines) such as pectin.



The manner by which an external signal or disruption of
such a connection would be transduced inside the cell is
unclear, and not as straightforward as the case for animal
integrins. Moreover, if AGPs do serve as cell adhesion
molecules, the presence of a GPI anchor and its subse-
quent processing could facilitate cell wall remodeling
which occurs as an integral part of plant development.
In any event, these models are intriguing, highly specula-
tive, and hopefully thought provoking. Clearly, much
work will need to be done before we have a clear picture
in terms of how AGPs work in various aspects of growth
and development.

Commercial applications of AGPs
In addition to the functions of AGPs in plants, AGPs have
commercial importance. AGPs are significant compo-
nents of a number of plant gums or exudates and confer
special properties on these plant products. For example,
gum arabic that is harvested from wounded Acacia sene-
gal trees represents one of the most commercially impor-
tant gums. The ability of gum arabic to suspend flavor-
ings and colorings, and to do so with low viscosity, makes
it an extremely valuable additive in the food industry
[126]. Moreover, gum arabic is used in the candy indus-
try to slow the hardening process in the manufacture of
hard candy and as an adhesive in the stamp industry. A
major question which remains to be resolved is the extent
to which the AGPs in gum arabic are responsible for these
remarkable properties.
AGPs and type II arabinogalactans may also have appli-
cations in medicine. Both of these molecules reportedly
stimulate animal immune systems, in some cases by ac-
tivating the complement system and in other cases by
enhancing the cytotoxic activity of natural killer cells
[127]. Here again, more extensive investigations are war-
ranted.

Concluding remarks and important questions

It should also be recognized that AGPs possess unique
sets of structural characteristics and properties that un-
doubtedly are linked to their functions. With the success-
ful cloning of several AGP core proteins, the production
of useful AGP antibodies, a knowledge of various AGP
expression patterns at the organ, tissue and cellular levels,
the identification of GPI-anchored plasma membrane
AGPs and some extremely tantalizing functional implica-
tions for AGPs, the future looks bright for AGP research.
Armed with well-characterized individual AGPs and
some knowledge of their structure and expression, re-
searchers are now in a position to address several impor-
tant and challenging questions in the field.  Here are but
a few of these questions:

– What are the primary structures of polysaccharide
chains on AGPs, and how are these chains assembled
and attached to their corresponding core protein?

– How do the polysaccharide chains vary within an AGP
family member and between family members?

– Why are AGP core protein sequences so diverse? Do
they have a role beyond just providing a scaffold for
the carbohydrate?

– How are AGPs arranged in three-dimensional space?
– How does Yariv reagent interact with AGPs and exert

its physiological effects? Do flavanol glycosides or
other molecules serve as endogenous plant analogs of
Yariv reagent?

– Which AGPs have GPI anchors? How and why are
such AGPs processed?

– Can AGP mutants be identified from mutagenized
plants or created by using transgenic plant technology
to help elucidate AGP functions?

– What molecules interact with AGPs in plants and what
is the molecular nature and location of such interac-
tions?

– Can the function of a particular AGP be clearly and con-
vincingly demonstrated? For example, do certain AGPs
function in cell adhesion or cell signaling? If so, how?

Acknowledgements. The author thanks Dr Tony Bacic and his re-
search group for constructive criticism of this manuscript and for
their kind and generous hospitality at the University of Melbourne,
where much of this manuscript was written. The author also ac-
knowledges financial support from the National Science Founda-
tion (IBN-9727757) and the Molecular and Cellular Biology Pro-
gram at Ohio University.

1 Yariv J., Rapport M. M. and Graf L. (1962) The interaction of
glycosides and saccharides with antibody to the correspond-
ing phenylazo glycoside. Biochem. J. 85: 383–388

2 Yariv J., Lis H. and Katchalski E. (1967) Precipitation of ara-
bic acid and some seed polysaccharides by glycosylphenylazo
dyes. Biochem. J. 105: 1c–2c

3 Jermyn M. A. and Guthrie R. (1985) A final assault on the
structure of carrot AGPs. AGP News 5: 4–25

4 Gleeson P. A., McNamara M., Wettenhall R. E. H., Stone B. A.
and Fincher G. B. (1989) Characterization of the hydroxypro-
line-rich protein core of an arabinogalactan-protein secreted
from suspension-cultured Lolium multiflorum (Italian rye-
grass) endosperm cells.  Biochem. J. 264: 857–862

5 Komalavilas P., Zhu J.-K. and Nothnagel E. A. (1991) Ara-
binogalactan-proteins from the suspension culture medium
and plasma membrane of rose cells. J. Biol. Chem. 266:
15956–15965

6 Kieliszewski M.J., Kamyab A., Leykam J.F. and Lamport
D.T.A. (1992) A histidine-rich extensin from Zea mays is an
arabinogalactan protein. Plant Physiol. 99: 538–547

7 Chen C. G., Pu Z. Y., Moritz R. L., Simpson R. J., Bacic A.,
Clarke A. E. et al. (1994) Molecular cloning of a gene encod-
ing an arabinogalactan-protein from pear (Pyrus communis)
cell suspension culture. Proc. Natl. Acad. Sci. USA 91:
10305–10309

8 Mau S.-L., Chen C.-G., Pu Z.-Y., Moritz R. L., Simpson R. J.,
Bacic A. et al. (1995) Molecular cloning of cDNAs encoding
the protein backbones of arabinogalactan-proteins from the

CMLS, Cell. Mol. Life Sci. Vol. 58, 2001 Multi-author Review Article 1413



filtrate of suspension-cultured cells of Pyrus communis and
Nicotiana alata. Plant J. 8: 269–281

9 Du H., Simpson R. J., Moritz R. L., Clarke A. E. and Bacic A.
(1994) Isolation of protein backbone of an arabinogalactan
protein from styles of Nicotiana alata and characterization of
a corresponding cDNA. Plant Cell 6: 1643–1653

10 Gao M., Kieliszewski M. J., Lamport D. T. A. and Showalter
A. M. (1999) Isolation, characterization and immunolocaliza-
tion of a novel, modular tomato arabinogalactan-protein cor-
responding to the LeAGP-1 gene. Plant J. 18: 43–56

11 Gerster J., Allard S. and Robert L. S. (1996) Molecular
characterization of two Brassica napus pollen-expressed
genes encoding putative arabinogalactan proteins. Plant
Physiol. 110: 1231–1237

12 Pogson B. and Davies C. (1995)  Characterization of a cDNA
encoding the protein moiety of a putative arabinogalactan pro-
tein from Lycopersicon esculentum. Plant  Mol. Biol. 28:
347–352

13 Li S. and Showalter A. M. (1996) Cloning and developmen-
tal/stress-regulated expression of a gene encoding a tomato
arabinogalactan protein. Plant Mol. Biol. 32: 641–652

14 Loopstra C. A. and Sederoff R. R. (1995) Xylem-specific
gene expression in loblolly pine. Plant Mol. Biol. 27:
277–291

15 Du H., Simpson R. J., Clarke A. E. and Bacic A. (1996) Mole-
cular characterization of a stigma-specific gene encoding an
arabinogalactan-protein (AGP) from Nicotiana alata. Plant J.
9: 313–323

16 Chen C. G., Mau S. L. and Clarke A. E. (1993) Nucleotide se-
quence and style-specific expression of a novel proline-rich
protein gene from Nicotiana alata. Plant Mol. Biol. 21:
391–395

17 Sheng J., D’Ovidio R. and Mehdy M. C. (1991) Negative and
positive regulation of a novel proline-rich protein mRNA by
fungal elicitor and wounding. Plant J. 1: 345–354

18 Cheung A. Y., May B., Kawata E. E., Gu Q. and Wu H.-M.
(1993) Characterization of cDNAs for stylar transmitting tis-
sue-specific proline-rich proteins in tobacco. Plant J. 3:
151–169

19 Scheres B., van Engelen F., van der Knapp E., van de Wiel C.,
van Kammen A. and Bisseling T. (1990) Sequential induction
of nodulin gene expression in the developing pea nodule.
Plant Cell 2: 687–700

20 John M. E. and Keller G. (1995) Characterization of mRNA
for a proline-rich protein of cotton fiber. Plant Physiol. 108:
669–676

21 Baldwin T. C., van-Hengel A. J. and Roberts K. (2000) The C-
terminal PAC domain of a secreted arabinogalactan-protein
from carrot defines a family of basic proline-rich proteins.  In:
Cell and Developmental Biology of Arabinogalactan-Pro-
teins, pp. 43–49, Nothnagel E. A., Bacic A. and Clarke A. E.
(eds), Kluwer, New York

22 Baldwin T. C., McCann M. C. and Roberts K. (1993) A novel
hydroxyproline-deficient arabinogalactan protein secreted by
suspension-cultured cells of Daucus carota.  Purification and
partial characterization. Plant Physiol. 103: 115–123

23 Hillestad A., Wold J. K. and Engen T. (1977) Water-soluble
glycoproteins from Cannabis sativa (Thailand). Phyto-
chemistry 16: 1953–1956

24 Mollard A. and Joseleau J.-P. (1994) Acacia senegal cells
cultured in suspension secrete a hydroxyproline-deficient
arabinogalactan-protein. Plant Physiol. Biochem. 32: 703–
709

24a Gilson P., Gaspar, Y., Oxley, D., Youl, J. J. and Bacic A. (2001)
NaAGP4 is an arabinogalactan protein whose expression is
suppressed by wounding and fungal infection in Nicotiana
alata. Protoplasma 215: 128–139

25 Youl J. J., Bacic A. and Oxley D. (1998) Arabinogalactan-pro-
teins from Nicotiana alata and Pyrus communis contain gly-

cosylphosphatidylinositol membrane anchors. Proc. Natl.
Acad. Sci. USA 95: 7921–7926

26 Cheung A. Y., Wang H. and Wu H.-M. (1995) A floral trans-
mitting tissue-specific glycoprotein attracts pollen tubes and
stimulates their growth. Cell 82: 383–393

27 Sommer-Knudsen J., Clarke A. E. and Bacic A. (1996) A
galactose-rich, cell-wall glycoprotein from styles of Nicotiana
alata. Plant J. 9: 71–83

28 Clarke A. E., Anderson R. L. and Stone B. A. (1979) Form and
function of arabinogalactans and arabinogalactan-proteins.
Phytochemistry 18: 521–540

29 Nothnagel E. A. (1997) Proteoglycans and related compo-
nents in plant cells. Int. Rev. Cytol. 174: 195–291

30 Qi W., Fong C. and Lamport D. T. A. (1991) Gum arabic gly-
coprotein is a twisted hairy rope.  Plant Physiol. 96: 848–855

31 Kieliszewski M. J. and Lamport D. T. A. (1994) Extensin:
repetitive motifs, functional sites, post-translational codes and
phylogeny. Plant J. 5: 157–172

32 Kieliszewski M. J. and Shpak E. (2000) Synthetic genes for
the elucidation of glycosylation codes for arabinogalactan-
proteins and other hydroxyproline-rich glycoproteins. Cell.
Mol. Life Sci.,  58: 1386–1398

33 Svetek J., Yadav M. P. and Nothnagel E. A. (1999) Presence of
a glycosylphosphatidylinositol lipid anchor on rose arabino-
galactan proteins. J. Biol. Chem. 274: 14724–14733

34 Sherrier D. J., Prime T. A. and Dupree P. (1999) Glyco-
sylphosphatidylinositol-anchored cell-surface proteins from
Arabidopsis.  Electrophoresis 20: 2027–2035

35 Oxley D. and Bacic A. (1999) Structure of the glycosyl-phos-
phatidylinositol membrane anchor of an arabinogalactan-pro-
tein from Pyrus communis suspension-cultured cells.  Proc.
Natl. Acad. Sci. USA 96: 14246–14251

35a Takos A. M., Dry I. B. and Soole K. L. (2000) Glycosyl-phos-
phatidylinositiol-anchor addition signals are processed in
Nicotiana tabacum. Plant J. 21: 43–52

36 Takeuchi Y. and Komamine A. (1980) Turnover of cell wall
polysaccharides of a Vinca rosea suspension culture. III.
Turnover of arabinogalactan. Physiol. Plant. 50: 113–118

37 Gibeaut D. M. and Carpita N. C. (1991) Tracing cell wall bio-
genesis in intact cells and plants, selective turnover and alter-
ation of soluble and cell wall polysaccharides in grasses. Plant
Physiol. 97: 551–561

38 Herman E. M. and Lamb C. J. (1992) Arabinogalactan-rich
glycoproteins are localized on the cell surface and in intra-
vacuolar multivesicular bodies. Plant Physiol. 98: 264–272

39 Schindler T., Bergfeld R. and Schopfer P. (1995) Arabino-
galactan proteins in maize coleoptiles: developmental rela-
tionship to cell death during xylem differentiation but not to
extension growth. Plant J. 7: 25–36

40 Fincher G. B., Stone B. A. and Clarke A. E. (1983) Arabino-
galactan-proteins: structure, biosynthesis, and function. Ann.
Rev. Plant. Physiol. 34: 47–70

41 Kjellbom P., Snogerup L., Stöhr C., Reuzeau C., McCabe P. F.
and Pennell R. I. (1997) Oxidative cross-linking of plasma
membrane arabinogalactan proteins. Plant J. 12: 1189–1196

42 Glaudemans C. P. J., Zissis E. and Jolley M. E. (1974) Bind-
ing studies on a mouse-myeloma immunoglobulin A having
specificity for b-D-(1 Æ 6)-linked D-galactopyranosyl re-
sidues. Carbohydr. Res. 40: 129–135

43 Anderson M. A., Sandrin M. S. and Clarke A. E. (1984) A high
proportion of hybridomas raised to a plant extract secrete anti-
body to arabinose or galactose. Plant Physiol. 75: 1013–1016

44 Norman P. M., Wingate V. P. M., Fitter M. S. and Lamb C. J.
(1986) Monoclonal antibodies to plant plasma-membrane
antigens. Planta 167: 452–459

45 Yates E. A., Valdor J. F., Haslam S. M., Morris H. R., Dell A.,
Mackie W. et al. (1996) Characterization of carbohydrate
structural features recognized by anti-arabinogalactan-protein
monoclonal antibodies. Glycobiology 6: 131–139

1414 A. M. Showalter Arabinogalactan proteins: structure, expression and function



46 Pennell R. I., Janniche L., Kjellbom P., Scofield G. N., Peart J.
M. and Roberts K. (1991) Developmental regulation of a
plasma membrane arabinogalactan protein epitope in oilseed
rape flowers. Plant Cell 3: 1317–1326

47 Knox J. P., Linstead P. J., Peart J., Cooper C. and Roberts S. K.
(1991) Developmentally regulated epitopes of cell surface
arabinogalactan proteins and their relation to root tissue pat-
tern formation. Plant J. 1: 317–326

48 Lind J. L., Bacic A., Clarke A. E. and Anderson M. A. (1994)
A style-specific hydroxyproline-rich glycoprotein with pro-
perties of both extensins and arabinogalactan proteins. Plant J.
6: 491–502

49 Steffan W., Kovac P., Albersheim P., Darvill A. G. and Hahn
M. G. (1995) Characterization of a monoclonal antibody that
recognizes an arabinosylated (1Æ 6)-b-D-galactan epitope 
in plant complex carbohydrates. Carbohydr. Res. 275:
295–307

50 Kreuger M. and van Holst G.-J. (1995) Arabinogalactan-pro-
tein epitopes in somatic embryogenesis of Daucus carota L.
Planta 197: 135–141

51 Smallwood M., Yates E. A., Willats W. G. T., Martin H. and
Knox J. P. (1996) Immunochemical comparison of membrane-
associated and secreted arabinogalactan-proteins in rice and
carrot. Planta 198: 452–459

52 Gleeson P. A. and Clarke A. E. (1980) Arabinogalactans of
sexual and somatic tissues of Gladiolus and Lilium. Phyto-
chemistry 19: 1777–1782

53 Tsumuraya Y., Nakamura K., Hashimoto Y. and Yamamoto S.
(1984) Immunological properties of arabinogalactan proteins
from leaves of cruciferous plants. Agric. Biol. Chem. 48:
2915–2917

54 Misaki A., Kaku H., Sone Y. and Shibata S. (1988) Anti-a-L-
arabinofuranose antibodies: purification, immunocytochemi-
cal characterization and use in histochemical studies of plant
cell-wall polysaccharides. Carbohydr. Res. 173: 133–144

55 Northcote D. H., Davey R. and Lay J. (1989) Use of antisera
to localize callose, xylan and arabinogalactan in the cell-plate,
primary and secondary walls of plant cells. Planta 178:
353–366

56 Pazur J. H., Miskiel F. J., Witham T. F. and Marchetti M.
(1991) Affinity chromatography of two sets of isomeric anti-
bodies having specificity for different oligosaccharide units of
gum arabic. Carbohydr. Res. 214: 1–10

57 Kikuchi S., Ohinata A., Tsumuraya Y., Hashimoto Y., Kaneko
Y. and Matsushima H. (1993) Production and characterization
of antibodies to the b-(1Æ6)-galactotetraosyl group and 
their interaction with arabinogalactan-proteins. Planta 190:
525–535

58 Wang H., Wu H.-M. and Cheung A. Y. (1993) Development
and pollination regulated accumulation and glycosylation of a
stylar transmitting tissue-specific proline-rich protein. Plant
Cell 5: 1639–1650

59 Jermyn M. A. and Yeow Y. M. (1975) A class of lectins present
in the tissues of seed plants. Aust. J. Plant Physiol. 2: 501–531

60 Clarke A. E., Gleeson P. A., Jermyn M. A. and Knox R. B.
(1978) Characterization and localization of b-lectins in lower
and higher plants. Aust. J. Plant Physiol. 5: 707–722

61 Basile D. V. and Basile M. R. (1993) The role and control of the
place-dependent suppression of cell division in plant morpho-
genesis and phylogeny. Memoirs Torrey Bot. Club 25: 63–83

62 Pennell R. I., Knox J. P., Scofield G. N., Selvendran R. R. and
Roberts K. (1989) A family of abundant plasma membrane-
associated glycoproteins related to the arabinogalactan 
proteins is unique to flowering plants. J. Cell Biol. 108:
1967–1977

63 Knox J. P., Day S. and Roberts K. (1989) A set of cell surface
glycoproteins forms an early marker of cell position, but not
cell type, in the root apical meristem of Daucus carota L.
Development 106: 47–56

64 Pennell R. I. and Roberts K. (1990) Sexual development in the
pea is presaged by altered expression of arabinogalactan pro-
tein. Nature 344: 547–549

65 Stacey N. J., Roberts K. and Knox J. P. (1990) Patterns of ex-
pression of the JIM4 arabinogalactan-protein epitope in cell
cultures and during somatic embryogenesis in Daucus carota
L.  Planta 180: 285–292

66 Li Y.-Q., Faleri C., Geitmann A., Zhang H.Q. and Cresti M.
(1995) Immunogold localization of arabinogalactan proteins,
unesterified and esterified pectins in pollen grains and pollen
tubes of Nicotiana tabacum L. Protoplasma 189: 26–36

67 Dolan L., Linstead P. and Roberts K. (1995) An AGP epitope
distinguishes a central metaxylem initial from other vascular
initials in the Arabidopsis root. Protoplasma 189: 149–155

68 Toonen M. A. J., Schmidt E. D. L., Hendriks T., Verhoeven H.
A. and van Kammen A. (1996) Expression of the JIM8 cell
wall epitope in carrot somatic embryogenesis. Planta 200:
167–173

69 Freshour G., Clay R. P., Fuller M. S., Albersheim P., Darvill A.
G. and Hahn M. G. (1996) Developmental and tissue-specific
structural alterations of the cell-wall polysaccharides of Ara-
bidopsis thaliana roots.  Plant Physiol. 110: 1413–1429

70 Jauh G. Y. and Lord E. M. (1996) Localization of pectins and
arabinogalactan-proteins in lily (Lilium longiflorum L.) pollen
tube and style, and their possible roles in pollination.  Planta
199: 251–261

71 Roy S., Jauh G. Y., Hepler P. K. and Lord E. M. (1998) Effects
of Yariv phenylglycoside on cell wall assembly in the lily
pollen tube. Planta 204: 450–458.

72 Coimbra S. and Salema R. (1997) Immunolocalization of ara-
binogalactan proteins in Amaranthus hypochondriacus L.
ovules. Protoplasma 199: 75–82

73 Casero P. J., Casimiro I. and Knox J. P. (1998) Occurrence of
cell surface arabinogalactan-protein and extensin epitopes in
relation to pericycle and vascular tissue development in the
root apex of four species. Planta 204: 252–259

74 Samaj J., Baluska F. and Volkmann D. (1998) Cell-specific ex-
pression of two arabinogalactan protein epitopes recognized
by monoclonal antibodies JIM8 and JIM13 in maize roots.
Protoplasma 204: 1–12

75 Gao M. and Showalter A. M. (2000) Immunolocalization of
LeAGP-1, a modular arabinogalactan-protein, reveals its de-
velopmentally regulated expression in tomato. Planta 210:
865–874.

76 Li S. (1996) Isolation and characterization of genes and com-
plementary DNAs encoding tomato arabinogalactan protein,
Ph.D. thesis, Ohio University, the College of Arts and Sci-
ences, Athens, OH

77 Serpe M. D. and Nothnagel E. A. (1995) Fractionation and
structural characterization of arabinogalactan-proteins from
the cell wall of rose cells. Plant Physiol. 109: 1007–1016

78 Serpe M. D. and Nothnagel E. A. (1996) Heterogeneity of ara-
binogalactan-proteins on the plasma membrane of Rosa cells.
Plant Physiol. 112: 1261–1271

79 Gao M. and Showalter A. M. (1999) Yariv reagent treatment
induces programmed cell death in Arabidopsis cell cultures
and implicates arabinogalactan-protein involvement. Plant J.
19: 321–331

80 Kreuger M. and van Holst G.-J. (1993) Arabinogalactan pro-
teins are essential in somatic embryogenesis of Daucus carota
L. Planta 189: 243–248

81 Toonen M. A. J., Schmidt E. D. L., van Kammen A. and de
Vries S. C. (1997) Promotive and inhibitory effects of diverse
arabinogalactan proteins on Daucus carota L. somatic em-
bryogenesis. Planta 203: 188–195

82 Egertsdotter U. and von Arnold S. (1995) Importance of ara-
binogalactan proteins for the development of somatic em-
bryos of Norway spruce (Picea abies).  Physiol. Plant. 93:
334–345

CMLS, Cell. Mol. Life Sci. Vol. 58, 2001 Multi-author Review Article 1415



83 van Hengel A. J. (1998) Chitinases and arabinogalactan pro-
teins in somatic embryogenesis.  120 p., Wageningen Univer-
sity Dissertation (number 2445)

84 Pennell R. I., Janniche L., Scofield G.N., Booij H., de Vries S.
C. and Roberts K. (1992) Identification of a transitional cell
state in the developmental pathway to carrot somatic embryo-
genesis. J. Cell Biol. 119: 1371–1380

85 Sommer-Knudsen J., Lush W. M., Bacic A. and Clarke A. E.
(1998) Re-evaluation of the role of a transmitting tract-
specific glycoprotein on pollen tube growth. Plant J. 13:
529–535

85a Wu H.-M., Wong E., Ogdahl J. and Cheung A. Y. (2000) A
pollen tube growth-promoting arabinogalactan protein from
Nicotiana alata is similar to the tobacco TTS protein. Plant J.
22: 165–176

86 Serpe M. D. and Nothnagel E. A. (1994) Effects of Yariv
phenylglycosides on Rosa cell-suspensions: evidence for the
involvement of arabinogalactan-proteins in cell proliferation.
Planta 193: 542–550

87 Willats W. G. T. and Knox J. P. (1996) A role for arabino-
galactan-proteins in plant cell expansion: evidence from
studies on the interaction of b-glucosyl Yariv reagent with
seedlings of Arabidopsis thaliana. Plant J. 9: 919–925

88 Ding L. and Zhu J.-K. (1997) A role for arabinogalactan-
proteins in root epidermal cell expansion. Planta 203: 289–
294

88a Lu H., Chen M. and Showalter A. M. (2001) Developmental
expression and perturbation of arabinogalactan-proteins dur-
ing seed germination and seedling growth in tomato.  Physiol.
Plant. 112: 442–448

89 Barlow P. W. (1982) Cell death – an integral part of plant de-
velopment. In: Growth Regulators in Plant Senescence, pp.
27–45, Jackson M. B., Grout B. and Mackenzie I. A., (eds),
British Plant Growth Regulator Group, Wantage

90 Jones A. and Dangl J. (1996) Logjam at the styx: the multi-
plicity of programmed cell death pathways in plants. Trends
Plant Sci. 1: 114–119

91 Pennell R. I. and Lamb C. (1997) Programmed cell death in
plants. Plant Cell 9: 1157–1168

92 Chasan R. (1994) Tracing tracheary element development.
Plant Cell 6: 917–919

93 DeLong A., Calderon-Urrea A. and Dellaporta S. L. (1993)
Sex determination gene TASSELSEED2 of maize encodes a
short-chain alcohol dehydrogenase required for stage-specific
floral organ abortion. Cell 74: 757–768

94 Dietrich R. A., Delaney T. P., Uknes S. J., Ward E. R., Ryals J.
A. and Dangl J. L. (1994) Arabidopsis mutants simulating dis-
ease resistance response. Cell 77: 565–577

95 Groover A. and Jones A. (1999) Tracheary element differenti-
ation uses a novel mechanism coordinating programmed cell
death and secondary cell wall synthesis. Plant Physiol. 119:
375–384

96 Groover A., DeWitt N., Heidel A. and Jones A. (1997) Pro-
grammed cell death of plant tracheary elements differentiat-
ing in vitro. Protoplasma 196: 197–211

97 Orzáez D. and Granell A. (1997) DNA fragmentation is regu-
lated by ethylene during carpel senescence in Pisum sativum.
Plant J. 11: 137–144

98 Wang H., Li J., Bostock R. M. and Gilchrist D. G. (1996)
Apoptosis: a functional paradigm for programmed cell death
induced by a host-sensitive phytotoxin and invoked during de-
velopment. Plant Cell 8: 375–391

99 Baillieul F., Genetet I., Kopp M., Saindrenan P., Fritig B. 
and Kauffmann S. (1995) A new elicitor of the hypersensitive
response in tobacco: a fungal glycoprotein elicits cell death, ex-
pression of defence genes, production of salicylic acid, and in-
duction of systemic acquired resistance. Plant J. 8: 551–560

100 Greenberg J. T. (1996) Programmed cell death: a way of life
for plants. Proc. Natl. Acad. Sci. USA 93: 12094–12097

101 Greenberg J. T. and Ausubel F. M. (1993) Arabidopsis mutants
compromised for the control of cellular damage during patho-
genesis and aging. Plant J. 4: 327–341

102 Greenberg J. T., Guo A., Klessig D. F. and Ausubel F. M.
(1994) Programmed cell death in plants: a pathogen-triggered
response activated coordinately with multiple defense reac-
tions. Cell 77: 551–563

103 McCabe P. F., Levine A., Meijer P.-J., Tapon N. A. and Pennell
R. I. (1997) A programmed cell death pathway activated in
carrot cells cultured at low cell density. Plant J. 12: 267–280

104 Ryerson D. E. and Heath M. C. (1996) Cleavage of nuclear
DNA into oligonucleosomal fragments during cell death in-
duced by fungal infection or by abiotic treatments. Plant Cell
8: 393–402

105 Langan K. J. and Nothnagel E. A. (1997) Cell surface ara-
binogalactan-proteins and their relation to cell proliferation
and viability. Protoplasma 196: 87–98

106 Barres B. A., Hart I. K., Coles H. S. R., Burne J. F., Voyvodic
J. T., Richardson W. D. et al. (1992) Cell death and control of
cell survival in the oligodendrocyte lineage. Cell 70: 31–46

107 Raff M. C. (1992) Social controls on cell survival and cell
death. Nature 356: 397–400

108 Schultz C., Gilson P., Oxley D., Youl J. and Bacic A. (1998)
GPI-anchors on arabinogalactan-proteins: implications for
signalling in plants. Trends Plant Sci. 3: 426–431

109 O’Neill M. A. and Selvendran R. R. (1985) Hemicellulosic
complexes from the cell walls of runner bean (Phaseolus coc-
cineus). Biochem. J. 227: 475–481

110 Carpita N. C. (1989) Pectic polysaccharides of maize coleop-
tiles and proso millet cells in liquid culture. Phytochemistry
28: 121–125

111 Iraki N. M., Singh N., Bressan R. A. and Carpita N. C. (1989)
Cell walls of tobacco cells and changes in composition asso-
ciated with reduced growth upon adaptation to water and
saline stress. Plant Physiol. 91: 48–53

112 Shea E. M., Gibeaut D. M. and Carpita N. C. (1989) Structural
analysis of the cell walls regenerated by carrot protoplasts.
Planta 179: 293–308

113 Jermyn M. A. (1978) Isolation from the flowers of Dryandra
praemorsa of a flavonol glycoside that reacts with b-lectins.
Aust. J. Plant Physiol. 5: 697–705

114 Etzler M. E. (1998) Oligosaccharide signaling of plant cells.
J. Cell. Biochem. Suppl. 30-31: 123–128

115 Kawaguchi K., Shibua N. and Ishii T. (1996) A novel tetrasac-
charide, with a structure similar to the terminal sequence of an
arabinogalactan-protein, accumulates in rice anthers in a
stage-specific manner. Plant J. 9: 777–785

116 Peles E., Nativ M., Lustig M., Grumet M., Schilling J.,
Martinez R. et al. (1997) Identification of a novel contactin-
associated transmembrane receptor with multiple domains
implicated in protein-protein interactions.  EMBO J. 16:
978–988

117 Schlessinger J., Lax I. and Lemmon M. (1995) Regulation of
growth factor activation by proteoglycans: what is the role of
the low affinity receptors? Cell 83: 357–360

118 Peles E., Nativ M., Campbell P. L., Sakurai T., Martinez R.,
Lev S. et al. (1995) The carbonic anhydrase domain of re-
ceptor tyrosine phosphatase beta is a functional ligand
for the axonal cell recognition molecule contactin. Cell 82:
251–260

119 Butikofer P. and Brodbeck U. (1993) Partial purification and
characterization of a (glycosyl) inositolphospholipid-specific
phospholipase C from peanut. J. Biol. Chem. 268: 17794–
17802

120 Munnik T., Irvine R. F., and Musgrave A. (1998) Phospholipid
signalling in plants. Biochim. Biophys. Acta 1389: 222–272

121 Boudreau N., Sympson C. J., Werb Z. and Bissel M. J. (1995)
Suppression of ICE and apoptosis in mammary epithelial cells
by extracellular matrix. Science 267: 891–893

1416 A. M. Showalter Arabinogalactan proteins: structure, expression and function



122 Boudreau N., Werb N. and Bissel M. J. (1996) Suppression of
apoptosis by basement membrane requires three-dimensional
tissue organization and withdrawal from the cell cycle. Proc.
Natl. Acad. Sci. USA 93: 3509–3513

123 Fine A., Miranda K., Farmer S. R. and Anderson N. L. (1998)
Effect of insoluble extracellular matrix molecules on Fas ex-
pression in epithelial cells. J. Cell. Physiol. 174: 285–292

124 Meredith J. E., Fazeli B. and Schwartz M. A. (1993) The ex-
tracellular matrix as a cell survival factor. Mol. Biol. Cell 4:
953–961

125 Singhal P. C., Franki N., Kumari S., Sanwal V., Wagner J. D.
and Mattana J. (1998) Extracellular matrix modulates mesan-

gial cell apoptosis and mRNA expression of cathepsin-B and
tissue transglutaminase. J. Cell. Biochem. 68: 22–30

126 Serpe M. D. and Nothnagel E. A. (1999) Arabinogalactan-pro-
teins in the multiple domains of the plant cell surface. Adv.
Bot. Res. 30: 207–289

127 Yamada H. and Kiyohara H. (1999) Complement-activating
polysaccharides from medicinal herbs.  In: Immunomodula-
tory Agents from Plants, pp. 161–202, Wagner H. (ed.),
Birkhäuser Basel

CMLS, Cell. Mol. Life Sci. Vol. 58, 2001 Multi-author Review Article 1417


