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ABSTRACT

By inserting entomological needles into the lower

parts of young inflorescence stems of three-month-

old Arabidopsis thaliana (L.) Heynh var. Colombia

plants, we studied the process of regenerative xylem

production. Regenerative xylem was formed only in

one- to two-day-old inflorescence stems but not in

older ones. The regenerative vessels originated from

re-differentiation of cortical parenchyma. To char-

acterize the process of regenerative xylem forma-

tion, we conducted a histological study from the

time of wounding to day 30 after wounding. In the

first day after wounding the tissues showed no

structural responses except for the wounding itself.

After six days, regenerative vessel members were

already differentiating in a basipetal pattern, form-

ing a vascular bypass around the wound. Regener-

ative vessel member formation reached a maximal

level on the twelfth day after wounding. Sixteen

days after wounding the pith parenchyma started to

become loose as if indicating tissue senescence. Al-

together, vascular regeneration following wounding

in inflorescence stems of Arabidopsis thaliana is

similar to that in other dicotyledon plants. These

findings provide the basis for the use of Arabidopsis

thaliana as a model system to study the genetics,

physiology and cell biology of wound healing and

regenerative vascular tissue formation.
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INTRODUCTION

Considerable progress has been made in under-

standing the role of auxin, gibberellin and ethylene

in regulating the differentiation of vascular and

various secondary tissues and cell types from ex-

periments involving wounding. Classic wounding

experiments (Sinnott and Bloch 1945; Jacobs 1952;

Roberts 1960; Roberts and Fosket 1962; Sachs 1981;

Berleth and others 2000; and earlier works cited in

these studies) in combination with external hor-

monal or inhibitor applications provided the fun-

damental developmental-physiological knowledge

of the regulation of vascular differentiation. Earlier

findings suggested that polar auxin transport in-

duces polar vascular and fiber differentiation, and

inhibits periderm (cork) development and dilatation

activity, gibberellins are involved with auxin in fi-

ber differentiation, and ethylene is a major activator

in ray, cork and dilatation development (Savidge

and Wareing 1981; Sachs 1981; Little and Savidge

1987; Lev-Yadun and Aloni 1990, 1992, 1995;
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Jacobs 1998; Fink 1999). Wounding itself influences

cell-type differentiation (inhibiting fiber formation

and inducing resin or gum ducts) or quantitative

parameters, such as the proportion between cell

types or cell size (Lev-Yadun 2000, 2002). However,

many of the findings concerning the role of growth

regulators have already been supported by studies

using genetic and molecular methods or tissues of

Arabidopsis thaliana (Romano and others 1991;

Gälweiler and others 1998; Mattsson and others

1999; Sieburth 1999; Berleth and others 2000; Av-

sian-Kretchmer and others 2002; Little and others

2002).

Regenerative xylem formation following

wounding is characterized by the re-differentiation

of cortical parenchyma cells into vessel members

without cell divisions. The differentiating regener-

ative vessel members deposit thick, lignified sec-

ondary cell walls, perforate their end walls that

connect them to the next vessel member and die as

do all vessel members. The stimulus for the process

is believed to be the polar transport of auxin (Jacobs

1952; Sachs 1981). Very little has been done to

characterize wounding in experimental systems of

model plants using modern methods (Reymond and

others 2000; Nishitani and others 2002). Reymond

and others (2000) studied wounded rosette leaves of

Arabidopsis thaliana and Nishitani and others (2002)

used Zinnia elegans.

Even after all this progress in understanding the

regulation of differentiation, we know only the

basics of the processes. For a deeper and more de-

tailed understanding of the primary and secondary

plant body we need better systems for the studies.

Establishing experimental systems in Arabidopsis

thaliana for the study of wood and fiber formation

may significantly increase the level of understand-

ing of processes at the cellular and genetic levels

(see Lev-Yadun 1994, 1997; Zhao and others 2000;

Beers and Zhao 2001; Lev-Yadun and Flaishman

2001; Chaffey 2002; Chaffey and others 2002; Funk

and others 2002; Little and others 2002). The ob-

jective of the present study was to examine the

ability to produce and characterize the process of

regenerative xylem production in inflorescence

stems of A. thaliana.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Seeds of Arabidopsis thaliana var. Columbia were

germinated in the growth chamber under short day

conditions (9 h light/15 h dark, 22 ± 1�C, 45

lIS)1m)2). Several dozens of single, seven-week-old

rosettes were transferred to 1.7 liter pots filled with

a mixture of peat/tuff/perlite (40%/40%/20% v/v)

fertilized once a week with Osmocot (NPK) and ir-

rigated twice a week. The light regime remained

short-day (9 h light/15 h dark, 22 ± 1�C) for two

months until the rosette leaves filled the pot. Then

they were transferred to long-day conditions (12 h

light/12 h dark) to stimulate flowering. Develop-

ment of rosettes of A. thaliana larger than usual was

induced by repeated excisions of inflorescences

(Lev-Yadun 1994). Inflorescence stems that grew

from these large rosettes were used for the experi-

ments.

Wounding Experiments

Several preliminary sets of wounding experiments

were done using var. Columbia. Wounding was

done either by inserting needles into the inflores-

cence stems at various positions along their length

or by making a longitudinal slit in the middle of the

stems or a slit that partially separates a sector of the

stem using a sharp razor blade. The wounded stems

were sampled one or two weeks after wounding.

For the detailed histological examinations we

wounded approximately 100 one- to two-day-old

(days from bolting) inflorescence stems of var. Co-

lumbia by inserting entomological needles that

penetrated from side to side. The needles severed

either some of the primary vascular strands, the

interfascicular zone or both.

Screening for Regenerative Xylem Formation

For quick screening of the formation of regenerative

xylem without sectioning, the stems were cleared

and examined under the microscope. Clearing

started by overnight incubation of the wounded

stems in 95% ethanol at room temperature. They

were then rinsed in water, boiled briefly in lactic

acid, and kept immersed in the acid for 16 h. The

cleared tissues were then washed several times in

water and left immersed in water for 1 day to wash

out the lactic acid. Some cleared stems were then

stained with Safranin and fast green and some were

not. Both stained and non-stained stems were de-

hydrated with absolute ethanol, washed and im-

mersed in solvent for histology (Frutarum, Haifa,

Israel; Cat. no. 55417), mounted with Entellan new

(E. Merck, D-6100 Darmstadt, Germany; Cat. no.

7961) and dried on a hot plate for two days at 50�C.

Slides were examined under bright field with a Leitz

Dialux 20 microscope equipped with a Nikon F3

camera, at magnifications of ·16 to ·400.
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All figures are tangential longitudinal sections through inflorescence stems of Arabidopsis thaliana wounded with a needle.

Figure1.Thetissue rupturedby theneedleas seenonedayafterwoundingwithnochanges indicatinghealing.Bar = 100lm.

Figure 2. The first regenerating xylem (arrow), formed by re-differentiation of parenchyma, as seen six days after wounding.

The newly formed vessel members that bypass the wound are not yet fully lignified. Bar = 40 lm.

Figure 3. An advanced stage in the formation of the regenerative xylem (arrow) as seen nine days after wounding. The upper

part of the bypass formed by re-differentiation of parenchyma is many cell-files wide. The white patch at the bottom of the

picture is the wound. Bar = 100 lm.

Figure 4. A general view of the wound and bypass 12 days after wounding. The regenerative xylem in the bypass (arrow) is

fully lignified as indicated by the red staining. Bar = 100 lm.

Figure 5. A closer view of the wound 12 days after wounding. The regenerative xylem in the bypass (arrow) with its typical

pitting is clearly seen. The white patch at the bottom of the picture is the wound. Bar = 100 lm.
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Histological Examination

After wounding of var. Columbia, seven inflores-

cence stems were sampled for each sampling date:

time zero, 1, 2, 4, 6, 9, 12, 16, 21 and 30 days after

wounding. From each specimen, a segment, about 1

cm long with the wounding at its center, was cut off

and fixed in a mixture of 3:1 ethanol and glacial

acetic acid overnight at room temperature. Several

additional samples were taken for cross sectioning at

each date but their examination showed that lon-

gitudinal sections were better for understanding

wound-healing processes. After fixation, samples

were washed three times for 15 min each in PBS

(pH 7.2), dehydrated in a series of ethanol solutions

(25, 50, 75, 96, and 100%), and embedded in par-

affin. Serial tangential longitudinal sections, 10 lm

thick were prepared with a rotary microtome

(American Optical model 820, Spencer), from the

whole width of each stem segment, stained with

Safranin and fast green and mounted with Per-

mount (Fisher Scientific, Cat. No. SP15-100). These

slides were examined under the microscope as de-

scribed above.

RESULTS

The Age of Inflorescence Stems Suitable for
Regenerative Xylem Production

To examine the production of regenerative xylem in

the inflorescence stems of A. thaliana, several pre-

liminary sets of wounding experiments were done

using var. Columbia. During the preliminary ex-

periments we defined the best method, the location

within the inflorescence stems and the timing for

wounding. Many of the slits made with a razor

blade resulted in stem breakage. Therefore, inser-

tion of needles was chosen as the method of

wounding. The lower part of the stem forms more

xylem; therefore this part was used for further ex-

periments. As it became clear that regular regener-

ative xylem formation following wounding

occurred only in young inflorescence stems, only

one- to two-day-old inflorescence stems were used

for the final experiments. Inflorescence stems that

were too thin often broke when wounded, and we

used only thicker (approximately 2 mm) ones, some

of which became about 2–3 mm thick at the end of

the experiment.

The Development of Regenerative Xylem

On the first day after wounding the tissues showed

no regeneration-related responses and the wound

showed only the rupture of the tissues by the nee-

dles (Figure 1). After two days, the pith parenchyma

cells were already pressed against the needles that

formed the wounds. Four days after wounding,

some pith parenchyma cells near the wounds had a

somewhat denser cytoplasm and there were more

cells with visible nuclei in the vicinity of wounds

than in pith regions further away. After six days, the

pith parenchyma usually changed cell orientation

and the cells became larger. Sometimes, regenera-

tive vessel members that originated from the corti-

cal parenchyma were already formed near the

wounding in a basipetal pattern (Figure 2). Nine

days after wounding, many regenerative vessel-

members in the cortex formed a vascular bypass

around the wound (Figure 3). More regenerative

vessel-members were seen 12 days after wounding

(Figures 4, 5), some of which were spiral. The sec-

tions from later dates (16, 21 and 30 days after

wounding) did not show more regenerative xylem

(Table 1). Sixteen days after wounding, the pith

Table 1. Regenerative Xylem Formation in Young Inflorescence Stems of Arabidopsis thaliana var. Columbia

Days after

wounding

Rupture of

tissue

Pith parenchyma

attached to needle

Regenerative vessels

differentiate

Vascular bypass

fully developed

1 7

2 7 2

4 7 5

6 7 7

9 7 7 1

12 7 7 6

15 7 7 7

21 7 7

30 7 7

Seven stems were sectioned at each date; the numbers indicate how many showed the developmental change.
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parenchyma started to be loose as if showing tissue

senescence.

DISCUSSION

This study describes the formation of regenerative

xylem in response to wounding of young inflores-

cence stems of A. thaliana at the histological level

and examines basic physiological aspects, such as

the influence of the age of tissue. The regenerative

vessel members originated in the cortical paren-

chyma that re-differentiates, probably as a response

to the changing polar auxin flow, following the

wounding that damaged the original pattern of

auxin flow.

The ability to form significant amounts of re-

generative xylem declines with the age of the in-

dividual inflorescence stems of Arabidopsis thaliana.

Probably, the physiological changes that cause the

whole plant to perform monocarpic senescence,

desiccation and death following flowering and seed

production start to operate at the level of the in-

florescence stem and influence its developmental

plasticity. A simpler but related alternative expla-

nation is that the polar auxin flow decreases, thus

resulting in a decreasing ability to form regenerative

xylem. The third possibility is that the cortical cells

lose their ability to re-differentiate for another rea-

son. Our experiments were designed only to show

that regenerative xylem differentiation could be

induced in A. thaliana and cannot answer these

questions.

The polar auxin transport is the basic signal for

xylem differentiation (Sachs 1981). In fact, the ex-

perimental manipulation of auxin transport has al-

ready been used to alter xylem differentiation in the

inflorescence stem of A. thaliana. Application of

auxin transport inhibitors resulted in the prolifera-

tion of vascular tissues, although vascular disconti-

nuity was noted (Gälweiler and others 1998;

Mattsson and others 1999). Recently, Little and

others (2002) also showed that experimental mod-

ification of polar auxin transport in young inflo-

rescence stems of A. thaliana altered secondary

xylem production.

We conclude that young inflorescence stems of

Arabidopsis thaliana have the ability to form regen-

erative xylem, and thus may serve as a model sys-

tem for the study of the genetics and physiology of

regenerative vascular differentiation. The data

shown here help to close the gap in the availability

of model systems and enable the use of Arabidopsis

thaliana to illuminate the biology of the classic

wounding experiments with the advantages of

modern technical methods and perspectives. The

presented findings will probably contribute to

spreading the use of A. thaliana as a model for wood

and fiber development.
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Berlin: Gebrüder Borntraeger.

Funk V, Kositsup B, Zhao C, Beers EP. 2002. The Arabidopsis

xylem peptidase XCP1 is a tracheary element vacuolar protein

that may be a papain ortholog. Plant Physiol 128:84–94.

Gälweiler L, Guan C, Müller A, Wisman E, Mendgen K, Yeph-

remov A, Palme K. 1998. Regulation of polar auxin transport

by AtPIN1 in Arabidopsis vascular tissue. Science 282:2226–

2230.

Jacobs WP. 1952. The role of auxin in differentiation of xylem

around a wound. Am J Bot 39:301–309.

Jacobs WP. 1998. Hormone transport and action in the green

shoot: long-term studies of a clonal stock of Coleus blumei (La-

biatae). Am J Bot 85:1353–1363.

Lev-Yadun S. 1994. Induction of sclereid differentiation in the

pith of Arabidopsis thaliana (L.) Heynh. J Exp Bot 45:1845–

1849.

Lev-Yadun S. 1997. Fibres and fibre-sclereids in wild-type Ara-

bidopsis thaliana. Ann Bot 80:125–129.

Lev-Yadun S. 2000. Cellular patterns in dicotyledonous woods:

their regulation. In: Savidge R, Barnett J, Napier R Eds. Cell

and Molecular Biology of Wood Formation. Oxford: BIOS

Scientific Publishers Ltd. pp 315–324.

Lev-Yadun S. 2002. The distance to which wound effects influ-

ence the structure of secondary xylem of decapitated Pinus pi-

nea. JPGR 21:191–196.

Lev-Yadun S, Aloni R. 1990. Polar patterns of periderm ontog-

eny, their relationship to leaves and buds, and the control of

cork formation. IAWA Bull n s 11:289–300.

Regenerative Xylem in Inflorescence Stems of Arabidopsis thaliana 257



Lev-Yadun S, Aloni R. 1992. Experimental induction of dilatation

meristem in Melia azedarach. Ann Bot 70:379–386.

Lev-Yadun S, Aloni R. 1995. Differentiation of the ray system in

woody plants. Bot Rev 61:45–88.

Lev-Yadun S, Flaishman MA. 2001. The effect of submergence on

ontogeny of cambium and secondary xylem and on fiber

lignification in inflorescence stems of Arabidopsis. IAWA J

22:159–169.

Little CHA, Savidge RA. 1987. The role of plant growth regulators

in forest tree cambial growth. JPGR 6:137–169.

Little CHA, MacDonald JE, Olsson O. 2002. Involvement of in-

dole-3-acetic acid in fascicular and interfascicular cambial

growth and interfascicular extraxylary fiber differentiation in

Arabidopsis thaliana inflorescence stems. Int J Plant Sci

163:519–529.

Mattsson J, Sung ZR, Berleth T. 1999. Responses of plant vascular

systems to auxin transport inhibition. Development 126:2979–

2991.

Nishitani C, Demura T, Fukuda H. 2002. Analysis of early proc-

esses in wound-induced vascular regeneration using TED3 and

ZeHB3 as molecular markers. Plant Cell Physiol 43:79–90.

Reymond P, Weber H, Damond M, Farmer EE. 2000. Differential

gene expression in response to mechanical wounding and in-

sect feeding in Arabidopsis. Plant Cell 12:707–719.

Roberts LW. 1960. Experiments on xylem regeneration in stem

wound responses in Coleus. Bot Gaz 121:201–208.

Roberts LW, Fosket DE. 1962. Further experiments on wound-

vessel formation in stem wounds of Coleus. Bot Gaz 123:247–

254.

Romano CP, Hein MB, Klee HJ. 1991. Inactivation of auxin in

tobacco transformed with the indoleacetic acid-lysine synthe-

tase gene of Pseudomonas savastanoi. Genes Dev 5:438–446.

Sachs T. 1981. The control of patterned differentiation of vascular

tissues. Adv Bot Res 9:151–262.

Sachs T. 1991. Pattern formation in plant tissues. Cambridge:

Cambridge University Press.

Savidge RA, Wareing PF. 1981. Plant-growth regulators and the

differentiation of vascular elements. In: Barnett JR Eds. Xylem

cell development. Tunbridge Wells: Castle House Publications

Ltd. pp 192–235.

Sieburth LE. 1999. Auxin is required for leaf vein pattern in

Arabidopsis. Plant Physiol 121:1179–1190.

Sinnott EW, Bloch R. 1945. The cytoplasmic basis of intercellular

patterns in vascular differentiation. Am J Bot 32:151–156.

Zhao C, Johnson BJ, Kositsup B, Beers EP. 2000. Exploiting

secondary growth in Arabidopsis. Construction of xylem and

bark cDNA libraries and cloning of three xylem endopeptidases.

Plant Physiol 123:1185–1196.

258 M.A. Flaishman and others


