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THE  EFFECT  OF  SUBMERGENCE  ON  ONTOGENY OF  CAMBIUM 
AND  SECONDARY  XYLEM  AND  ON  FIBER  LIGNIFICATION  IN 

INFLORESCENCE  STEMS  OF  ARABIDOPSIS
by
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SUMMARY

The inflorescence stem of Arabidopsis thaliana is characterized by a 
wavy ring of lignified fibers inward to the cortex. In young stems, pri-
mary fibers develop from the ground meristem, forming the outer part 
of the pith, while in mature stems the fiber system is comprised both of 
these primary fibers as well as secondary ones that differentiate from 
the cambium. Typically, the cambium formed in the inflorescence stem 
is not always continuous. Therefore, the secondary xylem and the sec-
ondary parts of the wavy band of fibers are usually formed only in 
sectors at the circumference. Submergence of the developing inflores-
cence stem arrests both the lignification of the wavy band of primary 
fibers and the development of the cambium. The arrest of cambial onto-
geny and fiber lignification by environmental conditions offers new 
avenues to study the cascade of genes involved in cambial initiation 
and fiber lignification.

Key words: Arabidopsis thaliana, cambium, differentiation, fibers, in-
florescence stems, lignification.

INTRODUCTION

Development and structure of the secondary xylem and the fiber system in inflo-
rescence stems of Arabidopsis thaliana is still only partly documented. Kondratieva-
Melville and Vodolazsky (1982) first described the formation of small amounts of 
secondary xylem during the later stages of inflorescence stem development. In some 
stems, the cambium forms a continuous ring, while in others it is found only in sec-
tors of the circumference. Dharmawardhana et al. (1992) showed the formation of 
lignified tissues in the shoot of A. thaliana, including only a small amount of second-
ary xylem (because of growth conditions) as demonstrated in their figures 16–18, yet 
they claimed that A. thaliana does not undergo secondary growth, a view accepted 
by many. The histological characterization of the fiber system showed that long fibers 
(300 μm and longer) differentiate in the inflorescence stem, where it forms a wavy, 
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hard, compact band with a softer, nonlignified matrix on both the inner (pith) and 
outer (cortex) sides (Lev-Yadun 1997).
    Polar auxin transport is the basic signal for xylem differentiation (Sachs 1981). In 
fact, the experimental manipulation of auxin transport has been used to alter xylem 
differentiation in the inflorescence stem of A. thaliana. Application of auxin transport 
inhibitors resulted in the proliferation of vascular tissues, although vascular discon-
tinuity was noted (Mattsson et al. 1999). MacDonald et al. (1999) also showed that 
experimental modification of polar auxin transport altered secondary xylem produc-
tion in the inflorescence stems of A. thaliana.
    Studying the physiology and the molecular aspects of wood and fiber formation in 
trees is not an easy task, because of their large size, long generation time, and their 
large amount of DNA content. Therefore, it is of great importance to further explore 
the potential of using A. thaliana, the best known model plant for studying cambial 
ontogeny and activity as well as wood and fiber formation.
    There is an obvious and urgent need for a proper anatomical description of the 
A. thaliana plant, especially because of its relevance to molecular biology as a model 
species (i.e., Zhao et al. 2000). Unfortunately, misidentification of xylem as phloem, 
and other obvious anatomical misunderstandings are found in papers published even 
in the best, high-impact journals. The objective of the present study was to character-
ize inflorescence stems of A. thaliana in terms of cambial activity, secondary xylem 
development, fiber band development and lignification, and the arrest of these proc-
esses by submergence. The presented findings will contribute to the usage of A. thaliana 
as a model plant for studies of tree development and physiology.

MATERIALS  AND  METHODS

Seeds of Arabidopsis thaliana ecotype Columbia were germinated in the greenhouse, 
and several dozens of single, 1-week-old rosettes were transferred to 3-liter pots. 
Development of larger rosettes of A. thaliana was induced by repeated excisions of 
inflorescences (Lev-Yadun 1994). Inflorescence stems which grew from the thus ob-
tained large rosettes were used for the developmental and experimental studies. Twenty-
five inflorescence stems were used to study the ontogeny of the wavy fiber band, 
cambium and secondary xylem (five were 1-day-old, five 2-day-old, five 3-day-old, 
five 7-day-old and five 14-day-old). Submergence was performed three times, twice 
for two weeks and once for three weeks. Each pot, supporting a large single plant, 
was placed in a 10-liter plastic bucket which was filled with water to a height of c. 15 
cm above the rosette. The study followed 18 inflorescence stems that grew under 
water for 14–21 days and 2 upper parts of inflorescence stems that emerged above 
the water level. Nine additional inflorescence stems from plants which were not sub-
merged were used as controls.
    The central part of the second internode from the bottom of each inflorescence 
stem, and the upper parts of the two stems that emerged above the water level were 
fixed overnight at room temperature, in either freshly prepared 4% paraformaldehyde 
or a mixture of 3 : 1 of ethanol and glacial acetic acid. After fixation, samples were 
washed three times for 15 min each in phosphate buffer solution (pH 7.2), dehydrated 
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in a series of ethanol solutions (25, 50, 75, 96, and 100%), and embedded in paraffin. 
Cross sections, 10 μm thick, were prepared with a rotary microtome (American Opti-
cal model 820, Spencer), stained with safranin and fast-green and mounted with 
Permount (Fisher Scientific, Cat. No. SP15-100).
    Slides were examined under brightfield and polarized light, with a Leitz Dialux 20 
microscope equipped with a Nikon F3 camera, at magnifications of × 40 to × 400.

RESULTS

Under normal conditions, the vascular cambium in a dicotyledonous stem originates 
from two sources: 1) the fascicular procambium and 2) the interfascicular parenchyma 
between the strands of procambium, just outside the primary fiber band (Fahn 1990). 
This is also the course of cambial ontogeny in A. thaliana inflorescence stems (Fig. 
1–8). Several bundles of primary vascular tissue are formed during primary growth 
(the number differs among stems) (Fig. 1, 5). Next, a wavy fiber band differentiates in 
the interfascicular regions (Fig. 1, 6). This process, however, is rather gradual around 

All Figures are cross sections through inflorescence stems of Arabidopsis thaliana. Figures 
4 – 8 and 11–13 were taken with polarized light.

→
Fig. 1. A view of two vascular bundles (V) with red lignified vessel members. The large cells 
in the center belong to the pith parenchyma. In the center, a 3-4 cell-file-wide band of lignified 
interfascicular primary pith fibers (large arrow). Cambium is seen within the upper vascular 
bundle (small arrow). The cortex is 4-5 cells thick and the epidermis (outer cell layer) is in-
tact. — Fig. 2. A similar zone to Fig. 1 showing an interfascicular vascular cambium (arrow-
heads) that has been formed outside the band of lignified interfascicular primary pith fibers 
(arrow). — Fig. 3. Two vascular bundles (V) with red lignified vessel members. The large 
cells in the center belong to the pith parenchyma. The band of lignified interfascicular primary 
pith fibers (large arrow) is often difficult to distinguish. A fascicular cambium is seen within 
both vascular bundles (small arrows), and the interfascicular vascular cambium (arrowhead) 
has been formed outside the band of lignified interfascicular primary pith fibers. — Fig. 4. A 
sector of the stem showing two vascular bundles with red lignified vessel members. The pri-
mary xylem (small arrows) is found nearest to the pith (the large cells in the right). The band 
of lignified interfascicular primary pith fibers (large arrow) is not always easy to distinguish. 
A gap has been formed where the active fascicular cambium was located (stars). More than 10 
cell files of the secondary xylem were formed from the interfascicular vascular cambium out-
side the interfascicular primary pith. — Bar in Fig. 1–3 = 37 μm, in Fig. 4 = 58 μm.

→→
Fig. 5. A one-day-old inflorescence stem showing secondary cell walls (bright regions) only in 
the primary xylem. — Fig. 6. An inflorescence stem on the second day of development, show-
ing secondary cell walls (bright regions) in the primary xylem and in parts of the wavy inter-
fascicular primary pith fiber band (arrows). — Fig. 7. An inflorescence stem on its third day of 
development, showing secondary cell walls (bright region). The wavy interfascicular primary 
pith fiber band is complete. — Fig. 8. A two-week-old inflorescence stem showing secondary 
cell walls (bright regions). The much thicker wavy fiber band is composed of both primary and 
cambium-derived secondary tissues. — Bar in Fig. 5–7 = 144 μm, in Fig. 8 = 233 μm.
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For legends, see page 161
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Fig. 9. A control stem for the submergence treatment showing two vascular bundles (V) with 
a well developed fascicular cambium (small arrows) and vessel members of the secondary 
xylem (stars). The large cells in the center belong to the pith parenchyma (P). The band of lig-
nified interfascicular primary pith fibers (large arrows) has thicker cell walls. An interfascicular 
vascular cambium (arrowheads) is clearly seen outside the band of lignified interfascicular 
primary pith fibers. Cortex cells are seen in the upper part. — Fig. 10. An inflorescence stem 
that grew under submergence for 2 weeks, showing three vascular bundles with no band of 
thick-walled lignified interfascicular primary pith fibers and no interfascicular vascular cambium 
or secondary fibers. The large cells in the center belong to the pith parenchyma (P). Cortex 
cells and the epidermis are seen in the upper part. — Bar in Fig. 9 & 10 = 58 μm.

→
Fig. 11. A two-week-old control for the submergence treatment showing secondary cell walls 
(bright regions). The thick wavy fiber band is composed of both primary and cambium-
derived secondary tissues. — Fig. 12. An inflorescence stem that grew under submergence for 
2 weeks, showing secondary cell walls (bright regions) only of the primary xylem. The inter-
fascicular thick wavy fiber band has not been formed. — Fig. 13. The aerial upper part of an 
inflorescence stem that grew under submergence for 2 weeks. Differentiation of the interfas-
cicular thick wavy fiber band occurred in the aerial part only. — Bar in Fig. 11–13  = 144 μm.
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the circumference. Differentiation of the wavy fiber band in the interfascicular re-
gions continues until it extends all around the stem (Fig. 7). Soon afterwards, the 
cambium is formed, initially from the fascicular procambium (Fig. 1) and later from 
the interfascicular parenchyma (outside the wavy interfascicular fiber band) (Fig. 2–
4). The use of polarized light showed that in one-day-old inflorescence stems only 
primary xylem (which originates from the procambium and is arranged in bundles) 
has birefringent secondary cell walls (Fig. 5). On the second day, the wavy band of 
fibers, inward to the cortex, becomes obvious because of the formation of secondary 
cell walls which are clearly seen under polarized light (Fig. 6). On the second and 
third days (varying among inflorescence stems), the primary wavy band of fibers 
becomes fully differentiated (Fig. 7). During the following days, after the cambium 
initiates its activity, secondary xylem (rich in fibers in the interfascicular zone) differ-
entiates, resulting in a much thicker wavy band of fibers (Fig. 8). Other experiments 
(unpublished data), show that under lower temperatures or illumination, the develop-
ment of the wavy fiber band and secondary xylem may take several additional days.
    In the submerged inflorescence stems, extension growth was much reduced com-
pared with the controls (data not shown). The cambium, which developed in the con-
trols (Fig. 9), did not differentiate in the submerged stems, and secondary xylem was 
not formed (Fig. 10). In addition, the differentiation of the primary wavy band of 
lignified fibers that took place in the controls (Fig. 11) was arrested in the submerged 
stems (Fig. 12). However, the primary wavy band of lignified fibers differentiated in 
the two aerial sections of inflorescence stems that were vigorous enough to emerge 
above the water (Fig. 13).

DISCUSSION

This study describes the ontogeny of the cambium and secondary xylem in inflo-
rescence stems of A. thaliana and the arrest of cambial development and lignification 
of the primary fibers in inflorescence stems of submerged plants. We found that the 
wavy band of fibers can be of only primary, or of both primary and secondary origin, 
and that the primary part of this wavy band is part of the pith. In young stems, the 
wavy band of fibers is primary; it develops from the ground meristem, and forms the 
outer part of the pith. We mention this fact because the interfascicular cambium origi-
nates outside the primary wavy band of fibers. In mature inflorescence stems, the 
fiber system comprises the inner layers of these primary pith fibers and the outer 
layers of secondary xylem fibers which are formed by cambial activity.
    It is long known that the cambium in inflorescence stems is less active than in veg-
etative stems. A zone of mainly thick-walled, secondary xylem elements is found next 
to the cambium in flowering stems, whereas in non-flowering stems, vessel members 
and thin-walled parenchyma are more common (Wilton & Roberts 1936; Wilton 1938; 
Metcalfe 1979). The inflorescence stem of A. thaliana shows the usual characteristics 
of flowering stems. In general, flowering reduces cambial activity, and treatments 
that stop flower development, such as a change in photoperiod (Wilton 1938) or manual 
clipping of flowers (Lev-Yadun 1994), promote prolonged cambial activity.
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    Secondary cell walls usually contain both cellulose and lignin. However, identi-
fication of cells with secondary cell walls in unstained material or by means of com-
mon tissue staining is often difficult (especially in the early stages of their formation). 
A simple method that highlights secondary cell walls is the use of polarized light. The 
microfibrils of the cell wall contain crystalline cellulose, which is birefringent (it has 
two refractive indices). The refractive index to light waves parallel to the long axis 
of the cellulose chains and microfibrils is larger than to light passing at right angles. 
Light that is polarized by passage through a polarizing filter will not pass through a 
second polarizer oriented at 90° to the first. When a piece of birefringent material (in 
this case a secondary cell wall) is placed between such crossed polarizers, so that its 
axis of major or minor refraction is at 45° to the planes of polarization of the polar-
izers, then the light passing through it becomes polarized and is able to pass through 
the second polarizer. The birefringent material between the polarizers appears bright to 
the viewer (Lyndon 1990). In the case of A. thaliana, this is an easy method to distin-
guish between parenchyma with primary cell walls and xylem and sclerenchyma (fibers 
and sclereids) with secondary cell walls (Lev-Yadun 1994, 1997) (Fig. 5–8, 11–13).
    Submergence is a common phenomenon and its effects on stem growth have been 
documented in various species. In submergence-intolerant species, radial growth is 
arrested during submergence, whereas in submergence-tolerant species it is increased 
temporarily, to be arrested only after a longer time (Kozlowski 2000). Growth inhibi-
tion following submergence is the result of complex physiological responses, among 
which are changes in phytohormones involved in wood formation: some, such as 
ethylene and abscisic acid, increase in their levels, whereas others, such as auxin, 
gibberellins and cytokinins, usually decrease (Kozlowski 2000). The common struc-
tural effects of submergence on plants include hypertrophy of the cortex (including 
lenticel growth and initiation), aerenchyma production, and inhibition of stem exten-
sion (Kawase & Whitmoyer 1980; Jackson & Drew 1984). Many of these effects 
have been attributed to the actions of ethylene (Jackson 1985; Abeles et al. 1992; 
Drew et al. 2000). Submergence reduced the number of fibers in the xylem of Acer 
platanoides (Yamamoto & Kozlowski 1987) and caused a reduction in their number 
and lignification in Annona species (Núñez-Elisea et al. 1999). Interestingly, sub-
merged organs of water plants are also characterized by a reduction in the number and 
degree of lignification of tracheary elements, and by the absence or great reduction in 
the cambium (Fahn 1990). Our present results show that submerged A. thaliana inflo-
rescence stems show several known and common effects of submergence, including 
reduced extension growth, inhibition of cambial activity and fiber formation, and 
reduced lignification.
    One of the difficult questions in the ontogeny of the vascular system is the transi-
tion from the primary to the secondary body. Clearly, the appearance of rays usually 
marks the transition from procambium to cambium (Larson 1982; Soh 1990). How-
ever, there are many species that are either totally or temporarily rayless (Carlquist 
1988) and, in these cases, the distinction between the procambium and the cambium 
must depend on other characteristics. The situation is further complicated in the case 
of the hypocotyl of A. thaliana, because the first-formed secondary xylem elements 
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have helical wall thickening like those of the metaxylem, and only later do the sec-
ondary xylem elements exhibit the typical scalariform and reticulate thickenings (Busse 
& Evert 1999). Moreover, the physiological and regulatory mechanisms for this tran-
sition are still elusive. The fact that submergence of A. thaliana plants, and probably 
other simple types of manipulations, arrest the transition from the procambium to the 
cambium, opens new prospects for the study of this question.
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