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Abstract

The morphogenesis of primary vascular tissue was studied of the vein endings
in the leaves of Hedera. The observed differentiation has been related to the
development of stomata and the transpiration stream. The scquence of charac-
teristics of the developing of vascular tissues between adventitious buds and
developing vascular tissues in the petioles of leaf cuttings of Lunaria has been
studied accurately. Finally the morphogenesis of vascular tissue between the
scion and stock and other regeneration phenomena in graftings of Piper species
have been studied in detail. The place of first initiation of the promeristem of
the adventitious bud and the course of differentiation of the vascular tissues
in Lunaria and Piper regeneration processes are discussed in relation to the mor-
phogenesis of procambium and apoplastic transpiration transport in the vein
endings of the Hedera leaf. On the basis of the followed route of the differentia-
tion process the theory is defended that the rapid apoplastic transpiration trans-
port must play a major role in morphogenesis of primary vascular tissue.
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1. Introduction

The transport in plant tissues is apoplastic as well as symplastic (e.g. Lauchli,
1976; Esau and Thorsch, 1985; Canny, 1986). The primary cell walls form an
apoplastic space that is pervious to the transpiration stream (Tanton and
Crowdy, 1972; Burbano et al., 1976; Pizzolato et al., 1976). The rate of apoplastic
transport has been estimated to be about 50 times faster than the rate of symplas-
tic transport; the apoplast forms the major pathway for water and the symplastic
pathway is a very slow *by-pass’ (Weatherly, 1963, 1970; Boyer, 1985). In both
the symplast and the apoplast stimuli and nutrients occur, the incidence of which
is much lower in the apoplast (Madore and Webb, 1981; Minchin and Thorpe,
1984; Minchin et al., 1984). A continuous exchange of substances takes place
between apoplast and symplast. Transport of the substances in the apoplast
together with the transpiration stream seems unavoidable and the near vicinity
of the cells probably can change quickly. Both pathways may become entirely
specialized and during these differentiation processes the transport capacity is
enlarged greatly. Magendans (1985) studied the differentiation processes of both
pathways in the vein endings of young Hedera leaves. Leist (1976) mentioned
the procambium as the supply route of substances to the cells of the plate mer-
istem in a young leaf. The apoplast of the procambium will differentiate into
tracheary elements and in this way into the largest volume of the apoplast in
the xylem. The symplast in the procambium will differentiate into sieve clements
and with that into an important part of the symplast in the phloem. In this
article the results of three groups of experiments will be given and considered
in the light of the importance of the transpiration stream for morphogenesis
of vascular tissue.
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2. Materials and methods

2.1 Plant material and culture conditions

The first group of observations was made on the veins of white leaves in totally
white shoots of Hedera canariensis Willd.cv. Gloire de Marengo. The plant grew
in 2 potometerin a conditioned growth cabinet (Weiss, W. Germany). The exam-
ined leaves grew in an atmosphere of 22.5 + 1% r.h. and a light intensity of
about 48 Watt/m? at plant level. The dark period was from 20.30 p.m. unto
08.00 a.m. with 39 + 1% r.h. The temperature was controlled at 31 + 1°C
during the light period and 21 + 0.5°C in the dark period.

The second group of observations was on glasshouse-grown leaf cuttings of
Lunaria annua L. The cuttings were taken from two groups of seedlings; six
weeks and twelve weeks after sowing. In each group of cuttings half of the
number received a cold treatment of 5°C during 12 weeks immediately after
striking the cuttings in order to stimulate the regeneration process. In the first
group of plants the first pair of leaves was used and of the other plants the
second, third or fourth pair of leaves was chosen in order to get leaves of about
the same size. The petiole was about § cm long and cut perpendicularly to the
long axis with a sharp razor-blade and disinfected in a solution with tetramethyl-
thiuramdisulfide (TMTD) before putting into the medium. The cuttings were
raised in a mixture of peat and sand in one to two ratio and were sampled after
three months and later.

The third group of observations was on graftings of Piper nigrum L. ¢v.’s
Kaluvally, Kuching and Cheriakaniakadan, and Piper hirsutum Swarlz as scion
material on rootstocks of Piper colubrinum Link. These grafts were made and
cultivated in a greenhouse of the Research Station for Nursery Stock and Urban
Greenery in Boskoop, The Netherlands. Temperature could be adjusted to a
value of 20°C and the light period was 12 hours; relative humidity was kept
above 65%. The veneer side graft method (Garner, 1979) was applied (Fig. 10).
After making the grafts, at first the plants were placed under a plastic tent for
about four weeks and after that the rootstocks were cut back and the grafts
were hardened off to standard greenhouse conditions.

2.2 Microtechnique

For the first group of observations square leaf tissuc pieces (25 mm?) were
punched out of Hedera leaves near the base of leaves of various ages and imme-
diately fixed in F.A.A. The air in the tissue was extracted, the tissue was dehy-
drated with the TBA method and embedded in paraplast (Lancer, Sherwood)
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paraftin wax. Paradermal and transverse sections of 7 um were made at various
leaf ages. The sections were made with a Leitz rotary microtome and stained
with safranin and fast green. All observations were made with a Wild microscope
using oil immersion and 1,500 x magnifying optics.

For the second group of observations fixations with Randolph’s modified
Navashin fluid (Johansen, 1940) were made of the underside of the petiole of
the Lunaria leaf cuttings at points of time dependent on the development of
the regeneration processes. Microtoming was done with a sliding microtome
without embedding. The plant material was put in a small block of wood with
a hole in it of about the same shape and size as the piece of material. After
that the plant material was attached to the block by melted paraffin, filling up
the small spaces between material and wood. After placing in position the plant
material and the paraffin around the tissue, the petiole had to be kept wet with
ethanol. Serial transverse and longitudinal sections were made in this way of
the underside of the petioles of the cuttings and of the thickened roots. Clearing
of sections was done with Eau de Javelle and chloral hydrate. Suberized and
cutinized cell walls were stained with Sudan ITI (Gerlach, 1969).

The third group of observations was done on F.A.A. fixed Piper grafts. After
embedding in paraplast (Lancer, Sherwood) sectioning was carried out with a
sliding microtome. Serial sections were stained with safranin and fast green.
Observations were made with a Wild microscope, sometimes using oil immersion
and 1,500 x magnifying optics.
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3. Results

3.1 Initiation of vein endings in the leaf of Hedera canariensis Willd. cv. Gloire
de Marengo

In the plate meristem of a young Hedera leaf (Fig. 1) the minor veins normally
differentiate in the 5th cell layer. Differentiation of the vein endings proceeds
over a period of leaf growth between 15% and 40% of the final length of the
lamina (% F.L.L.) (Magendans, 1985). The transpiration stream in the young
leaf is possible due to the development of the large intercellular spaces in the
layers 6-11 of the plate meristem being coordinated with the initiation of stomata
in the abaxial epidermis. At 15% F.L.L. functioning i.e. open stomata are al-
ready present. The vein endings (mostly 6th or 7th vein order, Fig.2) differentiate
acropetally and show intrusive growth in the areoles (Magendans, 1985), sur-
rounded by small veins that are of the 4th order mostly. Though the distal ends
of the procambium strands of the free ends of the venation terminate somewhere
above the (developing) stomata (Fig. 3), this relation is not very strict in the
Hedera leaf. In the six cell layers between the differentiating vein endings and
the stomata many large intercellular spaces develop. At the same time the tran-
spiration transport takes place along them from the procambium of the vein
endings at + 30% F.L.L. (Magendans, 1985).

1 — adaxial epidermis

ITFTTTITITE L ) intiationor

I I ! | | | ] l I I | palisade parenchyma

—initiation of vein ending

initiation of spongy parenchyma
with large intercellular spaces

— abaxial epidermis with stoma

Fig. 1. Schematic drawing of transverse section of young Hederg leaf at about 35% of the final
length of the lamina. The vein endings mostly differentiate in the 5th layer of the plate meristem;
in this layer no intercellular spaces have been formed yet, except at the end of the vein ending.
1-12, layers of plate meristem. ————, apoplastic streaming pattern.
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Fig. 2. Light micrograph of paradermal section of young Hedera leaf at 38% of the final length
of the lamina, The free end of the venation consists entirely of procambium and is composed of
three segments (1,2, 3).

3.2 Initiation of adventitious buds in petiole and root of Lunaria annua

Adventitious apical meristems originate in a layer of periderm (Figs 4, 6c,
d, 7a). This layer differentiates in the cooled cuttings almost entirely after cessa-
tion of the cold treatment; therefore no direct influence of the cold treatment
on the regeneration process of adventitious buds could have taken place. Under

@mature stoma (=) developing stoma

Fig. 3. Reconstruction by means of 34 paradermal sections of an areole in a young Hedera leaf
at 29% final lamina length as seen from the abaxial side. The free ends of the venation at this age
of the leaf consist entirely of procambium; only in the left ramified complex of free ends in the
areole 1 tracheid (tr) is formed in the most basal part. Stomata are already developed; also younger
and smaller stomata are present.
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Fig. 4. Lunaria annua, transverse section of isolated median vascular bundie in the basal part of
the petiole of a leaf cutting (cp. Fig. 8), four and a half month after striking the cutting (with cold
treatment). A periderm layer originates from a starch sheath around the bundle while the ather
ground tissues of the petiole and the epidermis degenerated. Within the bundle the primary xylem
and the adaxial group of sclerenchyma are still visible; in the primary xylem a periderm originated
with some tertiary phloem in the phelloderm. Much secondary xylem and phloem were produced
by the vascular cambium. Mostly at the places left and right of the adaxial side of the bundie adventi-
tious buds were initiated in the phellogen. The connection between basipetally differentiating pro-
cambium of the bud and the vascular cambium of the petiole is easiest at places where the layer
of unlignified sclerenchyma in pericycle and obliterated phloem is thin or absent locally. ab, adventi-
tious bud; ab!, ditto, grazed only; abax, abaxial; adax, adaxial; ¢, vascular cambium; p, primary
and secondary phlocm; pc, procambium; pd, phelloderm; pg, phellogen; pm, phellem; prm, peri-
derm; px, primary xylem; pxt, dead, isclated primary xylem; sc, sclerenchyma, often with some
lignin; sc’, sclerenchyma without lignin; sx, secondary xylem with few tracheary elements; tp, tertiary
phloecm.

the surface of the phellem at first an extra meristematic activity of the phellogen
cells is found (Figs 5, 6a, b). The cells of the phellogen are periclinally smaller
within the initiation and they contain much more cytoplasm. From these mer-
istematic cells a young apical meristem with leaf primordia and procambium
strands belonging to them arises (Figs 6c, d). The procambium joins under the
apical meristemn to one strand (Fig. 7b) that differentiates progressively to join
the vascular cambium (Figs 4, 6d). This differentiation is hampered by a layer
of thick walled elements in the pericycle and obliteraied primary phloem (Figs
4, 7b; s¢’). In a more adaxial direction this layer becomes thinner and after di-
viding of some cells with thin walls in this layer further differentiating of the
procambium through pericycle and phioem in the direction of the vascular cam-
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Fig. 5. Lunaria annua, initiation of adventitious bud in the phellogen. pd, phelloderm; pg, phellogen;
pm, phellem; pr, protoderm of young apical meristem. The small rings indicate the cells of protomer-
istem (pr and below) and of phellogen.

bium has become possible. In Fig. 8 a transverse section of the basal part of
the whole petiole is shown. Adjacent to one of the five regular vascular bundles
an older adventitious bud has originated in the periderm layer around the vascu-
lar bundle. After examination of other transections of this young bud, the pro-
cambial development in the phelloderm became evident. At several places the
differentiation of procambium in the direction of the vascular cambium has tak-
en place, at first at the most adaxial side of the vascular bundle. This longest
connection has already been accomplished and along this route the layer of cells
with thick walls is absent. Other initiations of procambium differentiation to
reach the vascular cambium along a shorter connective route were not vet suc-
cessful (Fig. 8).

In Figs 7c, d, 9 a developing adventitious bud is shown. This bud originated
in the phellogen of a rather thick periderm layer initiated in the pericycle of
the thickened root. This root contains much parenchyma tissue filled with starch
in phelloderm, phloem and secondary xylem. There is no layer with thick walled
elements. The progressively differentiating procambium strand from the bud
will reach the vascular cambium directly along a straight path, without meeting
any obstruction (Fig. 7d). Also the transport of morphogens and nutrients into
the direction of the developing primordium will have been along the same, short-
est route and will keep this route afterwards.

3.3 Processes of graft union in Piper species

In Fig. i1 a small part is shown of a transverse section through a 44 days
old grafting of two varieties of pepper as indicated in Fig. 10. Above the wound
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Fig. 6, Light micrographs of transverse sections of the basal part of the petiole of leaf cuttings
of Lunaria annua. Adaxial side is above. a,b, three months 0ld leaf cutting with initiation of adventi-
tious bud in the phellogen at a thin spot or rupture in the phellem; b, detail, the protoderm of
the young apical meristem lics at the surface while the phellem is interrupted; ¢, same section as
a, b, other initiation of young adventitious bud below rupture of phellem against median vascular
bundle of petiole; d, isolated median vascular bundle with adventitious bud initiated in the phellogen.
For abbreviations see legend to Fig.4 and sc, group of sclerenchyma cells at the adaxial side of
the vascular bundle; pa, parenchyma of ground tissue of petiole; pa’, ditto, degenerating,
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Fig. 7. Light micrographs of transverse sections of the basal part of the petiole with adaxial side
to the left (a, b) and of an adventitious root (¢, d) of three months old leaf cuttings of Lunaria
annug. a, adventitious bud initiated in the phellogen around one of the bundles next to the median
vascular bundle; b, detail, basipetal differentiation of procambium stops against the layer of scleren-
chyma of pericycle and primary phioem and after that the differentiation is directed 1o the adaxial
side; ¢, d, young adventitious bud initiated in the phellogen of a thickened Toot; ¢, section through
the bud; d, section through the procambial strand differentiating basipetally to the cambium. For
abbreviations see legend to Fig. 4 and: pex, procambium in which tracheary elements differentiated.
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Fig. 8. Lunaria annua, transverse scction of the basal part of the petiole with five vascular bundles
of a leaf cutting, three months after striking the cutting (without cold treatment). The connection
between basipetally differentiating procambium of the adventitious bud and the vascular cambium
of the petiole succeeded only at the most adaxial position in which the pericycle layer of sclerenchyma
without lignin is thinnest or absent. For abbreviations see legend to Fig. 4 and: co, collenchyma;
e, epidermis; pa, parenchyma of ground tissue of petiole; pa’, ditto, degenerating,

surfaces a part of the small slice of the rootstock is visible and under the wound
surfaces a small part of the cut scion. In the zone 1-2 of Fig. 11 the wound
surface of the cut cortex of the scion shows many dividing cells and a wound
periderm has been formed. There was no possibility to realize a graft unification
in this zone 1-2 because no tissue of the graft partner is found opposite this
living parenchyma tissue.

In Fig. 13 a survey is given of scores of the reaction {division of cells) of all
types of tissue that can be found in the wound surfaces of rootstock and scion
owing to the grafting of an other type of tissue at the opposite place in the wound
surface.

The reactions of the wound surfaces in scion and rootstock and their interac-
tions can be summarized as follows. The living cells in epidermis, cortex and
central cylinder (vascular bundles and surrounding parenchymatic pith) always
show dividing of cells near the wound surface. The cells of sclerenchyma and
xylem cylinder do not divide; these cells are dead or lignified. The extent of

Agric. Univ. Wageningen Papers 88-4 (1988) 13
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Fig. 9. Lunaria annua. Transverse section of thickened triarch root of leaf cutting, three months
after striking the cutting (without cold treatment). An adventitious bud originated in the phellogen.
While differentiating to the vascular cambium of the root the procambium of the bud will not be
hampered by a layer of sclerenchyma and progresses straight onto the vascular cambium. For abbre-
viations see legend to Fig. 4 and: pcx, procambium in which tracheary elements differentiated al-
ready.

Piper nigrum
chKaluEally

smail slice (veneer)

section = FIG.8.

Fig. 10. Veneer side graft (Garner, 1979) of Piper nigrum cv. Kaluvally (scion) onto Piper colubrinum
cv. Green (rootstock).
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Fig. 11. Camera lucida drawing of a small part of the transverse section of a graft union, 44 days
after grafting and as indicated in Fig. 10. Many possibilities of contact between the different tissues
in the rootstock and the scion are shown (summarized in Fig. 13). The zones of the wound surfaces
at which different tissues of rootstock and scion are grafted opposite to each other have been indicat-
ed with 1-6. ¢, cambium (in rootstock only); co, collenchyma in cortex; e, epidermis; en, endodermis;
It, latex tube; p, phloem of vascular bundle; pa, parenchyma of ground tissue; px, xylem of vascular
bundle; sc, sclerenchyma layer; sx 1, secondary xylem initiated before grafting: lignified ray parenchy-
ma, and lignified libriform to the left (darker shaded); sx2, secondary xyiem formed after the grafting;
tra, differentiating tracheary elements to vascular bundle of scion; trb, idem, to parenchyma cells
of scion in interruption of sclerenchyma layer; ws, wound surface(s).

dividing activity of the living cells of the scion is strongly dependent on the type
of tissue of the rootstock that happened opposite this tissue after grafting. Oppo-
site living cells of the rootstock the reaction is small, but the dividing activity
of the cells in the wound surface of the rootstock is much more intense (Fig.
13: £, resp. + +).

F

Fig. 12. Light micrograph of transverse section of graft union 44 days after grafting and as indicated
in Fig. 10 and 11. The possibilities of contact between the different tissues in the rootstock and
the scion are shown in Fig. 11. For abbreviations see legend to Fig. 11.
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Dividing of cells near the wound surface
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other not . not . not
Lignufied lignified lignified lignitied lignitied lignitied
3.4 56 &3 np 2-3 np
Rootsiock
Dyviding of cells near the wound surtace
Section passes through unlignilied of lignilied tissue or borders on & cavity or open air

Fig. 13. Summary of the reaction of different tissues (cell divisions} of scion and rootstock in the
near vicinity of the wound surfaces after grafting. Twenty four different graftings have been exa-
mined (three types of graftings and four different combinations of graft partners, varictics of Piper
nigrum, P, hirsutumand P. colubrintm). The reaction of the tissues in the wound surfaces is dependent
of the type of tissue (lignified or not) that can be found opposite this tissue after graftings. —, no
cell divisions; +, cell divisions only locally; +, cell divisions; + +, rather many cell divisions;
+ + +, many cell divisions; np, not present in Fig. 11. The numbers 1-2, 2-3, etc. refer to the num-
bered zones in Fig. 11.

The living cells of the scion near the wound surface react with a sirong dividing
activity {Fig. 13: + + +) when graft union fails to occur because the grafting
took place in such a way that the tissue of the scion came to rest opposite lignified
tissue of the rootstock. Also when the grafting resulted in the position of living
cells of the scion opposite open air or a cavity, a strong reaction takes place
(Fig. 13: + + ), followed by the initiation of periderm. The reaction of the
living non-lignified tissues near the wound surface of the rootstock was always
rather strong (Fig. 13: + +); only the reaction of living cells opposite open air
or a cavity was sometimes weaker.,

The differentiation of vascular tissue in the graft union, shown in Figs 10
and 11, occurred about six weeks after the date of grafting. From the cut vascular
bundle of the stock (Figs 11 and 12, tr a, zone 4-5) differentiation of tracheary
elements in the dividing parenchyma cells near the wound surface of the stock
took place in the direction of the nearby vascular bundle of the scion (Fig. 11:
zong 3-4). Also in other graft unions examined the initiation of new tracheary
elements occurred from vascular tissue of the stock to vascular tissue of the
scion. In Fig. 11 a special case of differentiation of vascular tissue is shown
also (tr b). Near an interruption of the periderm in the wound surface and the
absence of the sclerenchyma, differentiating tracheids branching off in the direc-
tion of the living parenchyma cells of the scion can be observed in some sections
lower in the graft union.
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4. Discussion

4.1 Introduction

In the symplast as well as in the apoplast stimuli {morphogens) do occur of
which the concentration in the apoplast is much lower, but this solution is proba-
bly in a continuous situation of exchange with the solution in the symplast {e.g.
Fritz et al., 1983; Gifford and Thorne, 1986; Minchin et al., 1984). Thus via
the apoplast the direct surroundings of a cell can change quickly. Both transport
routes may undergo a strong specialization, during which process the transport
capacity of both does increase very much. The apoplast of the procambium
(tr o) specializes via stages of differentiation of tracheary elements (e.g. tr 1,
tr 2, tr 3, Magendans, 1985) into the largest volume of the apoplast of the xylem,
and the symplast in the procambium (se o} via stages of differentiation of the
sieve elements {e.g. se 1, se 2, se 3) into the most important part of the symplast
in the phloem concerning transport.

The mutual relation between the specialization of apoplast and symplast var-
ics to the organ, to the plant species, and is also dependent on the climate (Esau,
1975; Esau and Kosakai, 1975; Larson, 1984; Magendans, 1983; Sivaramakrish-
na and Vijayaraghavan, 1983). For example this relation proves to be dependent
on the prevailing water potential and with that probably on the supplied stimuli.

4.2 The vein endings

Owing to the relative low water potential, caused by transpiration via the
intercellular spaces and the stomata, a transpiration stream arises through the
small veins surrounding the areoles and through the procambium of young vein
endings (Magendans, 1985 and Figs 2, 3). In the areole-bounding small veins
a relative high water potential prevails and in many places a streaming originates
out of the areole-bounding veins to points in the areole with lower water poten-
tials. The direction of the cell walls in the two cell layers between the differentiat-
ing palisade chlorenchyma and the spongy chlorenchyma is probably of impor-
tance for the preferred direction of the transpiration stream following the onset
of transpiration (e.g. the origin of a main stream in a meristem). The main stream
originates along the route of the largest drop of water potential and this route
is also dependent on the direction of the cell walls. The starting-point of an
ultimate main stream probably arises at that point where the direction of the
cell walis is parallel with the line of largest drop of water potential (Fig. 14).
The transpiration sink can be a stoma for instance, as in a young leaf. Along
the cell walls indicated with arrows the drop of water potential will be largest,
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Fig. 14. Paradermal sections of young leaves of Hedera canariensis through 5th or 6th cell layer
of plate meristem (cp. Fig.1, 2). Acropetal differentiation of vein endings. a, b: 15% final lamina
length; c: 38% final Jamina length.

a. Main stream of transpiration (ms) develops between tracheary elements (1r3) differentiated al-
ready in veins of lower order via the walls (cw) of procambial cells (pc) and the cells of the
plate meristem (pm) to the stomata in the lower epidermis (st).

b. Main stream of transpiration will be directed along the newly developed procambial cells in
the plate meristem. At the distal end of the new procambial cells a higher concentration of stimuli
per unit of time will be found (—) that causes the adjoining plate meristem cell to differentiate
into procambial cells; i.e. acropetal differentiation of vein ending,

c. Veinending originated in three cells of the plate meristem and therefore consists of three segments
(s, 52, 53). At the distal end of the lengthwise fully differentiated vein ending intercellular spaces
(i) developed. The main stream of transpiration will be directed along the vein ending to the
stomata via cell walls and intercellular spaces. At this moment differentiated tracheids will be
present near the proximal end of the young vein ending; in a and b they are still at a larger
distance from the proximal end.

depending also on the positions of intercellular spaces in the cell layers 6-11
of the plate meristem (Figs 1, 14a). Through these cell walls, generally forming
the shortest connection between the nearest tracheary element and the intercellu-
lar spaces near the stoma, the main stream of transpiration will take place (Ma-
gendans, 1985 and Fig. 3).

Together with the generated main stream a larger number of stimuli (as IAA,
cp. Bruck and Paolillo, 1984) arrives, probably also coming from the distal front
of the acropetally differentiating phloem at a position in the young venation
farther away yet (Magendans, 1985). At first these stimuli reach the cells at the
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starting-point of the main stream nearest the procambial cells and tracheary
elements of the young vein surrounding the areole. Then cell division, cell exten-
sion and a strong intrusive growth of the new procambial cells do occur, at
first at the proximal end of the row of cells along the main stream (Magendans,
1985 and Fig. 14b). Meanwhile the procambial cells become fusiform. The new
walls in the first segment of the new vein ending (Fig. 14c) are anticlinal walls
and are always parallel with the main stream, thus increasing the apoplastic
space and decreasing the resistance of streaming between tr 3 and the stoma.
Now the transpiration stream will be attracted by the route of least resistance,
i.e. by the new procambial cells (‘autocatalytic effect’). Then a bigger number
of stimuli will be supplied at the distal end of the young procambial cells (Fig.
14b) and the adjoining mesophyll cells along the route of the largest drop of
water potential will be incited to divide and extend. Thus continuation of the
differentiation process of procambium takes place and in the first instance-the
acropetal differentiation of a procambium strand will be the result (Fig. 14c)
constructed by forming several segments of successive longitudinal groups of
procambial cells. Soon more cell divisions occur in the proximal segment (S1)
and the new walls are always formed parallel with the longitudinal axis of the
vein ending at this stage of development (Magendans, [985).

At the same time the course of the transpiration stream has been investigated
(Magendans, 1985). This course has been shown in the young leaf tissue ( + 30%
F.L.L.) by means of colouring with a solution of eosin. In this young tissue
the eosin was found in high concentration in the free ends of the venation (i.e.
procambium) already after about 15 min. in a totally white shoot. Many stomata
appeared to be open after microscopical examination.

An abrupt end to the distal differentiation of procambium takes place at about
38% F.L.L. and coincides with the development of large intercellular spaces
in this layer of the plate meristem, at first exactly at the distal end of the procam-
bial strand (Magendans, 1985); the transpiration stream will bend away to the
stomata from now on.

Meanwhile more functional stomata are initiated and more, larger intercellu-
lar spaces are formed in the differentiating spongy parenchyma. Therefore the
transpiration becomes stronger and more stimuli will be supplied. In the vein
endings of the Hedera leaf tracheary elements differentiate first in the procam-
bial strand. These tracheary elements differentiate directly from procambial cclls
in the adaxial part of the strand (specialization of the apoplast). At a later stage,
when the lamina of the leaf almost has reached its ultimate length, the first sieve
elements differentiate in the vein endings. These sieve elements differentiate in
the abaxial part of the procambial strand not before many cell divisions in the
procambial cells have taken place (specialization of the symplast, Magendans,
1985). Finally, the minor veins normally differentiate in the 5th cell layer, this
is indicative of a preferential apoplastic transport of the transpiration stream
in this layer.

Agric. Univ. Wageningen Papers 88-4 ( 1988 19



4.3 The adventitious buds

Adventitious buds develop from small shoot apical meristems that are seem-
ingly initiated at casual places in the plant. The origin of those meristems is
exogenous in Lunaria as opposed to the endogenous origin of the apical mer-
istems of the adventitious roots. The investigated shoot apical meristems (e.g.
Figs 4, 6, 15) arise in the phellogen close to a thin spot or rupture in the phellem
(a place where apoplastic water may evaporate and the water potential is lower,
compare the extra activity of the phellogen cells underneath a stoma as introduc-
tion to the initiation of the first lenticels; Esau, 1965) (Figs 5, 6a, b). Besides
these initiations arise at places where the distance of apoplastic transport from
the vascular cambium to the initiation of the bud is shortest (Figs. 4, 15). The
layer of unlignified sclerenchyma in pericycle and obliterated phloem seems to
be an obstacle for this transport (Fig. 8). The interpretation of this regeneration
phenomenon might be as follows and is summarized in Fig. 15.

The osmotic potential of the meristematic cells of the young shoot apex may
be 1.5 to 4 bar below that of the vascular system (Boyer, 1985), and moreover
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Fig. 15. Lunaria annua, transverse section of the basal part of the petiole of a leaf cutting, about
4 mm from the plane of section of the cutting and three months after striking the cutting. A very
young adventitious bud originated in the phellogen of the median vascular bundie, cp. Fig. 8. Under
the protomeristem the young procambium is bowl-shaped. At the bottom of this procambium cne
strand differentiates along the route that the transport stream to the bud primordium might be
expected to follow (arrow). For abbreviations see legend to Figs 4, 5 and 8.
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transpiration will be possible through the thin spot of the phellem (see also Fig.
5). A transport stream comes into being from the vascular cambium (compare
procambium in a young Hedera leaf, Magendans, 1985) to the protomeristem
along the line of greatest decline of water potential (cp. Fig. 8: along the route
of first connection of the procambium to the vascular cambium in earlier stages
of development of the primordium). In this stream morphogens will be trans-
ported and the ‘cells respond to the signal flux by gradually differentiating to
become the preferred or facilitated channels for this flux’ (Sachs, 1981, 1984).
The route of vascular differentiation indicates that the resistance to streaming
through the cell walls is not equal in every part of tissue between the primordium
and the vascular cambium (cp. the direct way of differentiation of the procam-
bium from the adventitious bud to the vascular cambium in the root, Figs. 7d,
9). The layer of unlignified sclerenchyma and obliterated phloem (Figs 7b, 15:
sc’) is avoided; the main stream bends around the adaxial extremity of this tayer
and approaches the young shoot apex from a certain angle. The differentiation
of procambium takes place along the same ‘line of least resistance’ according
to the concept of flux-dependent differentiation (see Warren Wilson and Warren
Wilson, 1984; Sachs, 1984). After a first initiation of procambium (see Fig. 15,
at the bottom of the bowl-shaped procambium in the primordium) these first
procambial cells of the strand, connecting the vascular cambium and the primor-
dium, attract the main siream to themselves because of a local decrease of re-
sistance to streaming. Also morphogens will reach this place of initiation of
procambium in higher concentrations. So the process of differentiation into pro-
cambium is probably the result of an autocatalytic effect; this differentiation
continues along the route of the main stream and the differentiation takes place
in opposite direction, contrary to the situation just below the protomeristem
(Fig. 15, pr) and in the young vein ending (Fig. 14),

4.4 Vascular differentiation in graft unions

The differentiation of procambium and vascular tissue in graft unions takes
place along the apoplastic route along which the first transpiration transport
will occur; it is the only possible route for transpiration transport structurally
and the scion does not wilt. This way of morphogenesis of the vascular connec-
tion between stock and scion, viz. differentiation from the vessels of the stock
to the vessels of the scion indicates that this process is connected with the apo-
plastic transpiration transport, The origin of an apoplastic transport route of
the transpiration stream probably leads to the differentiation of new tracheary
elements under the influence of the resultant of dissolved differentiation stimuli
in the acropetal transpiration stream and of (basipetal) symplastic transport
of stimuli.

In summary it can be concluded that the direction of differentiation of the
vascular tissue in the three treated examples is in agreement with the following
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interpretation. This differentiation is brought about by stimuli transported
through the apoplast and stimuli produced by the symplast. The stimuli pro-
duced by the symplast are in a certain equilibrium with the apoplastic solution
(Madore and Webb, 1981; Fritz et al., 1983). The direction of transport in a
plate meristem of the apoplastic solution is dependent on the transpiration
stream whereas the direction of transport of the symplastic stimuli has not yet
been determined because polarity in the young meristern is not established yet
(Jacobs, 1979). In case of sufficient supply of apoplastic stimuli, the direction
of differentiation of vascular tissue will correspond with the direction of the
transpiration stream in the meristem.

The direction of transport in older tissue in which polarity has been estab-
lished is also dependent on the stimuli in the transpiration stream, but the direc-
tion of transport of the stimuli in the symplast is basipetal (to the roots). The
direction of differentiation of vascular tissue will be dependent in this case of
the stimulus that is limiting. The differentiation of the procambium underneath
the primordium of an adventitious bud in Lunaria leaf cuttings (Fig. 15) is an
example of this situation, The initially slow, symplastic transport of stimuli
(IAA) in a new polar direction determines the differentiation of procambium
in a direction opposed to the transport of the apoplastic stimuli, because the
quantity of symplastic stimuli is limiting in this case. The main transpiration
stream is drawn to the walls of the new elongating procambium cells and the
autocatalytic process can go on. Finally the differentiation of vascular tissue
in a graft union will be realized in a similar manner. In this case, however, the
reverse condition seems to hold true as in the graft union; the vascular differen-
tiation proceeds from stock to scion. The slow developing transpiration stream
in the graft union or the quantity of apoplastic stimuli seems to be limiting now.

The practical significance of the given explanation of the observations con-
cerning the initiation of vascular tissue during the ontogeny of leaf tissue, as
in regeneration and graft unions is the importance of inducing the development
of a transpiration sink. Transpiration out of a certain place of the phellogen
will lead to extra activity in that part of the phellogen and the initiation of an
adventitious bud. Concerning the graft union the maintaining of some transpira-
tion in the scion will be a prerequisite for the differentiation of vascular tissue
from the stock to the vascular system of that scion, in accordance with the practi-
cal experience that a graft union which is kept in humid conditions will not
survive,

In this article it has been tried to link several phenomena in differentiation
of vascular plant tissue in three varied examples. This study of the structural
aspects of the development, normal ontogeny and regeneration is partly a reflec-
tion of the process and with that it provides the initial impetus to the physiologi-
cal approach to the problem of vascular development.
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