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Cellulose Orientation in the Outer Epidermal Wall of Angiosperm Roots:
Implications for Biosystematics
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The net orientation of cellulose fibrils in the outer epidermal wall of the root elongation zone of 57 angiosperm
species belonging to 29 families was determined by means of Congo Red fluorescence and polarization confocal
microscopy. The angiosperms can be divided in three groups. In all but four plant families, the net orientation
of the cellulose fibrils is transverse to the root axis. Three families, the Poaceae, Juncaceae and Cyperaceae,
have a totally different organization. In the root elongation zone of these plants, the net orientation of cellulose
fibrils in the outer epidermal wall is parallel with the root axis. In roots of one family, the Arecaceae, an elonga-
tion zone in the literal sense of the word is absent and cellulose fibrils are randomly oriented.
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INTRODUCTION

The structural organization of the primary cell wall is
similar for all angiosperms. All plants have (1—4)-B-D-
linked glucose polymers condensed to form semi-crys-
talline cellulose microfibrils (Taiz and Zeiger, 1998).
These cellulose fibrils are interlaced and cross-linked
with hydrogen bonds by complex glucans to form a
strong framework. This framework is said to be the
load-bearing domain of the plant cell wall (Pauly et al.,
1999). This load-bearing network is embedded in a
second domain that consists of a less stiff gel matrix of
pectic polysaccharides (Carpita and Gibeaut, 1993). This
organization gives the cell wall features of a complex
composite material in which the orientation of the
cellulose fibrils determines anisotropic mechanical char-
acteristics (Kerstens et al., 2001). Although the basic
organization is thus the same for all angiosperms, the
chemical composition of primary walls varies among
plant families. This feature has been used in biosyste-
matics, particularly of monocotyledons (Harris, 2000).
Monocotyledons can be divided into two groups
depending on whether their primary walls show UV-
fluorescence or not (Harris and Hartley, 1980). The first
group shows fluorescence due to the presence of
phenolic acids, whereas in the second group these
phenolic constituents are not present in the primary cell
wall. The first group is identical to the commelinoid
group of monocotyledons identified as a monophyletic
clade in cladograms using the rbcL gene (Chase ef al.,
1993; Duvall et al., 1993). It contains the orders of the
Poales and of the non-graminaceous Zingiberales,
Commelinales and Arecales (APG, 1998; Chase et al.,
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2000). The distinction between the commelinoid group
and the other monocotyledons and, by extension, the
dicotyledons, coincides with the now classic denomin-
ation of type I and type II cell walls (Carpita and
Gibeaut, 1993; Carpita, 1996). Commelinoids have a
type II cell wall. The other monocotyledons and the
dicotyledons have a type I wall. In the Ilatter, the
polymers that interconnect the cellulose fibrils are
xyloglucans, linear chains of (1—4)-B-D-glucan, with
several xylosyl units added at the O-6 position of the
glucosyl. In type II cell walls of the commelinoids, the
crosslinking polymers are mainly glucuronoarabinoxylans
(GAXs), linear chains of (1—4)-B-D-xylose with single
arabinose units at the O-3 end and, less frequently,
single glucosyluronic acid units at the O-2 end of the
xylosyl units. The phenolic compounds that are respon-
sible for the typical UV-fluorescence of these cell walls
are ester-linked to these GAXs (Harris, 2000). The
pectin content in type II cell walls appears to be very
low compared with that in type I cell walls (Jarvis et al.,
1988). The structural glycoprotein extensin is also
present in high amounts only in type I cell walls
(Cassab, 1998). Additionally, the graminaceous mono-
cotyledons (families of the Poales) differentiate them-
selves from other commelinoid monocotyledons by the
presence of a so-called mixed linked (1—3,1—4)-B-D-
glucan (Smith and Harris, 1999).

Besides these chemical differences in primary wall
structure, structural differences have also been observed.
In an earlier report (Verbelen and Kerstens, 2000), the
remarkable difference in the mean or net orientation of
cellulose fibrils in the outer epidermal wall of roots of
arabidopsis and maize was highlighted. In arabidopsis roots,
the orientation of cellulose fibrils in the elongation zone was
transverse to the growth direction. However, in maize roots

©2002 Annals of Botany Company



670

the orientation of cellulose fibrils in the elongation zone was
clearly parallel to the direction of extension. The aim of this
study was to investigate whether this longitudinal net
orientation of cellulose fibrils in the outer epidermal wall of
the root could be assigned to a specific taxonomic group of
angiosperm plants.

MATERIALS AND METHODS

Seeds were obtained commercially or from the National
Botanical Garden of Belgium. They were sown on
vermiculite or potting compost and grown under normal
cultivation conditions. A few days after germination,
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seedlings were harvested. Some plants were harvested in
the wild. The species used are listed in Table 1.
Classification is according to the Angiosperm Phylogeny
Group with recent minor corrections for some families of
monocotyledons (APG, 1998; Chase et al., 2000; see also
http://www.biologie.uni-hamburg.de/b-online/APG.html).
The mean or net orientation of cellulose fibrils in the
outer epidermal wall was revealed using Congo Red and
polarization confocal microscopy (Verbelen and Stickens,
1995; Verbelen and Kerstens, 2000). After harvesting, roots
were washed and incubated in a 1 % aqueous solution of
Congo Red (Merck, CI22120, Darmstadt, Germany) for
approx. 30—60 min. Samples were then rinsed in water and
studied using a confocal microscope, consisting of a Biorad

TABLE 1. List of species studied

Monocotyledons

Commelinoid monocotyledons

Poales Poacea

Triticum dicoccum Schrank*

Briza maxima L.*
Cenchrus ciliaris L.*

Vulpia myuros (L.) C.C. Gmel*

Beckmannia syzigachne (Steud.) Fernald*

Zea mays L.

Juncaceae

Juncus effusus L.

Luzula luzuloides L.*

Cyperaceae

Carex flacca Schreb. Subsp. Flacc*

Cyperus congestus Vahl*

Cyperus alternifolius L.*

Typhaceae

Typha latifolia L.*

Typha angustifolia L.*

Bromeliaceae

Pitcairnia imbricata (Brongn.) Regel*

Puya mirabilis Mez) L.B.Sm.*

Sparganiaceae
Zingibirales Cannaceae
Maranthaceae
Musaceae

Commelinales Commelinaceae

Sparganium erectum L.

Canna indica L.*

Maranthochloa leucantha (K. Schum.) Milne-Redh. *
Musa sapientum L.

Tradescantia zebrina Hort. Ex Heynh.

Commelina nilagirica L.

Arecales Arecaceae

Pritchardia gaudichaudii (Mart.) H. Wendl.*

Phoenix laureirii Kunth*

Livistona chinensis (Jacq.) R. Br. Ex Mart.*

Coccothrinax argentea (Lodd. Ex Schult.) Sarg. Ex Becc.*

Chamaerops humilis L.*
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MRC600 mounted on a Zeiss Axioskop upright microscope. highly ordered fashion to cellulose fibrils in such a way that
Congo Red is a fluorescent dichroic dye that binds in a the degree of fluorescence depends on the orientation of the

TABLE 1. Continued

Non-commelinoid monocotyledons
Liliales Liliaceae Asphodelus fistulosus L.*
Tulipa gesneriana L.
Convallaria majalis L.
Asparagales Iridaceae Belamcanda chinensis (L.) DC.*
Sisyrinchium convolutum Nocca*
Crocus vernus (L.) Hill

Iris pseudacorus L.

Agavaceae Dracaena draco L *
Alismatales Araceae Lemna minor L.
Dicotyledons
Asterales Asteraceae Helianthus annuus L.
Chnicus benedictus L.*
Callistephus chinensis (L.) Nees*
Trigonella caerulea (L.) Ser.*
Tragopogon pratensis (L.) subsp. pratensis *
Lactuca perennis L.*
Brassicales Brassicaceae Arabidopsis thaliana L.
Cochlearia officinalis L.*
Caryophyllales Portulaceae Calandrinia landiflora Lindl.*
Cornales Loacaceae Blumenbachia hieronymi Urb.*
Dipsacales Dipsacaceae Scabiosa atropurpurea L.*
Cephalaria gigantea (Ledeb.) Bobrov & Tartarian
Fabales Fabaceae Lupinus polyphyllus Lindl.
Lamiales Lamiaceae Elsholtzia ciliata (Thunb.) Hyl .*
Scrophulariaceae Chaenorrhinum minus L.*
Hebenstretia dentata L.*
Plantaginaceae Plantago afra L.*
Malpigiales Euphorbiaceae Euphorbia helioscopia L.*
Lineaceae Linum usitatissimum L.*
Salicaceae Salix alba L.
Solanales Convolvulaceae P harbitis purpurea (Roth.) Bojer*

Distinguished from monocotyledons and dicotyledons

Pinerales Pineraceae Pothomorphe petalta L.*

Classification is according to APG (1998). In this classification the Piperales are a clade at the same
level as the monocotyledons and the dicotyledons.

Species annotated with an asterisk were provided by The National Botanical Garden of Belgium.
Other species were obtained commercially or collected from the wild.
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electrical vector of the polarized laser light from the preferential orientation, the fluorescence of the cell wall will
confocal microscope. In the case of a cell wall with a be greatest when the electrical vector of the laser light is

F1G. 1. Figures 1-3 are polarization confocal micrographs of roots of different species after staining with Congo Red. Arrows indicate the vector of

polarization of the laser. On all micrographs, the microscope was focused on the outer epidermal wall and fluorescence is colour coded from low

(blue) to high (red), except in C where colour coding was omitted. The bar in A represents the scale bar for colour coding. Scale bars = 100 um. In all

Poaceae a longitudinal orientation of cellulose fibrils with respect to the root axis was detected, indicated by the greatest fluorescence intensity in A

and D (Triticum dicoccon Schrank), and was present from the very beginning of root growth (F, exact species unknown). The position of the root cap
is clearly visible in C.
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parallel with the net orientation of the cellulose fibrils. laser light is transversely oriented with respect to the net
Fluorescence will be at a minimum when the vector of the orientation of cellulose fibrils. If there is a net random

F1G. 2. See Fig. 1 legend for details. A-D, A longitudinal orientation of the cellulose fibrils in relation to the root axis was also seen in the Juncaceae

(A and B, Juncus effusus L.) and the Cyperaceae (C and D, Cyperus congestus Vahl.). E-H, In all other species of the Poales not belonging to the

families Poaceae, Cyperaceae or Juncaceae, the orientation of cellulose fibrils in the outer epidermal wall of the root elongation zone was transverse

with respect to the growth axis of the root. This is indicated by greater fluorescence in F (Sparganium erectum L.: Sparganiaceae) and H (Typha
angustifolia L.: Typhaceae). Scale bars = 100 um.
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orientation of cellulose fibrils in the cell wall, there will be  pinhole of the confocal microscope was adjusted adequately
no difference in fluorescence intensity with changing to avoid ‘out of focus’ fluorescence from underlying cell
orientations of the electrical vector of the laser light. The walls and layers.

F1G. 3. See Fig. 1 legend for details. In all other species tested belonging either to the commelinoid monocotyledons, the non-commelinoid
monocotyledons or the dicotyledons, the orientation of cellulose fibrils in the outer epidermal wall of the expanding zone of the root is also transverse
with respect to the root growth axis (A and B, Transdescantia zebrina Hort. Ex Heynh.: Commelinaceae; C and D, Lemna minor L.: Araceae; E and
F, Elsholtzia ciliata (Thunb.) Hyl: Lamiaceae). G and H, The Arecaceae (palms) occupy a special position as their roots show no clear elongation
zone and the epidermal cell wall has no preferential orientation of cellulose fibrils. The species shown is Phoenix laureirii Kunth. Scale bars = 100 pm.
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RESULTS

In the figures, fluorescence intensity is illustrated by colour
coding. High, intermediate and low fluorescence intensities
are coded by red, green and blue, respectively (see bar in
Fig. 1A).

All Poaceae tested exhibited a net longitudinal orientation
of cellulose fibrils (parallel with the root axis) in the outer
epidermal wall of the elongation zone (Figs 1 and 2). These
results are illustrated for Triticum dicoccon Schrank (Fig. 1).
In Fig. 1B, where the vector of the laser light is parallel with
the root axis, the fluorescence is higher (red in Fig. 1B) than
when it is transverse to the root axis (green in Fig. 1A). In the
elongation zone visualized here, cells increase in length from
35 = 2 um behind the root cap to 65 = 7 um (towards the top
of the figure). A micrograph without colour coding of
fluorescence clearly shows the position of the root cap
(Fig. 1C). At higher magnification the size of elongating cells
is clearly visible (Fig. 1D and E). Thus, in this species as in all
other Poaceae, the net orientation of cellulose fibrils in the
epidermis of the root tip is parallel with the growth direction
of the root cells. This orientation has been found in all roots of
the root system, and is present from the very beginning of root
growth. This is illustrated in Fig. 1F and G, showing net
cellulose orientation in an emergent adventitious root in a
commercially obtained unidentified grass species.

The same conclusions can be drawn for all species of the
Juncaceae (Fig. 2A and B, Juncus effusus L.) and
Cyperaceae (Fig. 2C and D, Cyperus congestus Vahl). In
these families the net orientation of cellulose fibrils in the
root tip is also parallel with the growth direction.

The situation is different for all other families belonging
to the order Poales. The net orientation of cellulose fibrils in
the epidermis of the elongation zone is transverse to the
growth direction of the root. Results are shown for a
representative of the Sparganiaceae (Fig. 2E and F,
Sparganium erectum L.) and of the Typhaceae (Fig. 2G
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and H, Typha angustifolia L.). The greatest fluorescence in
these cell walls is indeed seen when the electrical vector of
the laser light is transverse to the growth direction of the root
(Fig. 2F and H).

The transverse orientation is found in all other orders of
the commelinoid group of monocotyledons, and is shown
here for a species of the Commelinaceae (Fig. 3A and B,
Tradescantia zebrina Hort. Ex Heynh.). The surface of this
root is less smooth than that of most other species
investigated as the plant was grown in sand. This also
results in a less homogeneously stained root, as is the case
here.

The non-commelinoid monocotyledons and all dicotyle-
dons exhibit a net transverse orientation of cellulose fibrils in
the root epidermis. Figure 3C and D shows the root tip of
Lemna minor L. (a non-commelinoid monocotyledon), the
root cap of which was removed. Elsholtzia ciliata (Thunb.)
Hyl from the order Lamiales is a typical example of all
dicotyledons tested (Fig. 3E and F). There, too, the
epidermis of the elongation zone has a net transverse
orientation of cellulose fibrils with respect to the direction of
growth. The results for arabidopsis roots have already been
shown in previous papers (Verbelen and Kerstens, 2000;
Verbelen et al., 2001).

A third type of structural organization was found in a
clearly defined group. Species belonging to the Arecales, or
palms (commelinoid monocotyledons), do not have a clearly
defined elongation zone, unlike all other families and orders
investigated to date (Fig. 3G and H, Phoenix laureirii
Kunth). The epidermal cells have a scaly appearance and
they hardly increase in length when they leave the
meristematic zone. In the outer cell wall there is no clear
preferential orientation of cellulose fibrils (compare G and H
in Fig. 3) and hence their orientation can be considered
random.

Thus, all species of the Poaceae, the Cyperaceae and the
Juncaceae (PCJ) clearly had a net longitudinal orientation of
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F1G. 4. Schematic representation of the net orientation of cellulose fibrils in the outer epidermal wall of the elongation zone of angiosperm roots. A
longitudinal orientation is only seen in species belonging to the families Poaceae, Cyperaceae and Juncaceae. A random orientation is unique to the
Areceaceae. All other angiosperm roots have a transverse orientation of cellulose fibrils.
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cellulose fibrils in the outer epidermal wall of the elongation
zone. The five species of Arecaceae did not have a clear
elongation zone and showed a random orientation of
cellulose fibrils in the epidermal cells adjacent to the
meristematic zone. All other species examined, including
commelinoid monocotyledons, non-commelinoid mono-
cotyledons and all dicotyledons had a net transverse
orientation (Fig. 4).

DISCUSSION

The orientation of cellulose fibrils in the primary wall has
frequently been linked to plant growth and development
(Green, 1980; Niklas, 1992; Verbelen and Kerstens, 2000;
Verbelen et al., 2001). In this paper the net orientation of
cellulose fibrils in the epidermis of the root elongation zone
of different angiosperms is reported. It is clear that the data
shown here also have a taxonomic relevance. In total 57
species were studied, belonging to 29 families. Considering
the data, the angiosperms can be divided into three
categories. The first category comprises species with a net
orientation of cellulose fibrils that is parallel to the direction
of growth. To this category belong the families of the
Poaceae, the Cyperaceae and the Juncaceae. The second
category is limited to the Arecaceae, or palms, represented
by five species. They showed a net random orientation of
cellulose in the root tip, while an elongation zone in the
literal sense of the word was absent. To date, these features
have not been observed within any other plant, as we are not
aware of any literature related to this topic. The third
category comprises species with a net orientation of
cellulose fibrils transverse to the direction of growth. This
category includes all dicotyledons, all the non-commelinoid
monocotyledons and the families of the commelinoid
monocotyledons not included in the first or second
categories.

As yet, it is difficult to determine exactly the relationship
between the longitudinal, transverse or random orientation
of cellulose and the organization and biochemical structure
of the root cell wall. However, our data could be used as an
additional tool in biosystematics. The placement of many
families in cladograms is still a point of discussion and is
constantly evolving (Lee and Fairbrothers, 1972; Dahlgren
et al., 1985; Bergner and Jensen, 1989; Harris, 2000). This
longitudinal orientation of cellulose fibrils in root tips is
unique to PCJs. Indeed, this feature was only detected in
three families of the Poales. The other families of this order
lack this longitudinal orientation of cellulose fibrils in
the root. It is interesting to note that the three other families
of the Poales tested (Typhaceae, Sparganiaceae and
Bromeliaceae) were only recently placed in this order
(APG, 1998).

The data presented here relate to the structure and
organization of the outer epidermal wall. Further investiga-
tion is required to determine the exact nature of the observed
differences and their bearing on plant systematics.
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