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INTRODUCTION

The fundamental need for the standardization of horticultural
products, which is largely attainsble only through the greatly in-
creased employment of vegetative propagation, has been repeatedly
emphasized within the last few years (112, 162).> The successful
control of vegetative propagation involves & thorough understanding
of the external factors, together with the internal conditions in-
volved. Although the present study is chiefly a contribution to the
knowledge of the internal factors, the importance of the interplay
between the external euvirontent and & complex orgenism is recog-
nized, and where possible the influence of external factors upon t-Ee
internel anatomical chenges, as they proceed, will be discussed.

180 far as this balletin represents the work of the jnnior writer, it was chiefly done
while he wam a collaborator of the U. B. Depariment of Agrienlture, under 8 Natlonal
‘Reacnrch Counc!l fellowship In boteny. To the Nntlonal HRessarch Couneil and to the
Jaternationat Education Board he gratefully ackpowledges the receiﬂl:: of thla prant.
‘Many of the anntomical detatls here presented were ohtniped by Miss Lettice M. Woffen-
den and Miss Ursula Tetley, partly nt Leeds and partly at Meortor, while working under

is from the John Innes Hortlcnltera! Institution, The writers nre also tudebted
gnr many other detalls to Misa R, M. 'Iupper-Carug, to varlosa other members and
stadents of the botany department, nnd to Mr. J. Manby, photographer, of the University
of Jeedn. Much of the matter contalned o this bulletin was presented at the confcremce
on vegetative propagution held st Washington, D, C., April 5, 1927,
3 Reference 55 made by italic numbers in parentbeges to * Literature clted,” p. 89,
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No atiempt has been umade to restate the problems of .vegetative
propagation in directly practical terms. A number of standard
works on horticulture deal with the art of plant propagation, and the
reader desirous of specific instruction as to how fo propagate a given
plant is referred to them (6, 189, 26, 69, 72, 100, 161, 8, 38). This
bulletin is concerned rather with g critieal anatomieal examination
of the internal factors involved in vegetative propagation; though
primarily, it is true, for such light as can be thrown upon those forms
which now offer more or less difficulty in ;propagation. L

It is certain that the behavior of the plani is ci:osely correlated with
its structure and mode of growth. Thus the possibilities of vegeta-
tive propagation among monsocotyledons, where growth nctivities
«re_confied to the apical meristem and certain intercalary modal
regions, are more limited in scope and ave different from the regen-
erative possibilifies possessed by the dicotyledons and gymnosperms;,
in which cambiul tissues are usually present. This is » clear indi- |
cation that structursl features of the plant sre of primary importance
in conmection with ifs propagation by vegetative means, snd it is
from tho point of view of plant structure that the problem is'.con-
sidered in the following pages.

THE PROBLEM IN TERMS OF PLANT ANATOMY

By vegetative propagation is meant the process of obtaining ssex-
uslly an entire plant from a portion. ?[‘his commaonly, buf not
always, means cutiing the plant into pieces and growing complete
plants from the bits. With the more simply organized plants the prac-
ess occurs on o wholesale scale, but in the following pages the writers
are concerned with this phenomenon only as it oceurs in the flowering
plants and, unless otherwise indicated, only in the dicotyledoms. |
These plants consist in the main of shoot and root, the shoot de- |
veloping from the usuglly upward-growing shoot apex and the
voot from the downward-growing roof apex. In the seedling plant
all this complex organization has emerged from the seed, and -ulti-
mately irom one single cell in the seed, the fertilized egg cell. The
complex organization thus developed is still built up of cells,
Though they remain minute they mny be exceedingly numerous, and
no limit seems to be set to their continued muitipficat;ian so long as
conditions remain favorable for growth. Hence, if the proper condi-
tions nre present, cell multiplication in the fashion characteristic of
the individual plant will provide indefinitely a means for plant
growth and unﬁer certain circumstances therefore for vegetative
propagation.

As long as g single cell of the plant remains alive there are reasons
for considering that potentiaily, if it is capable of growth, it is able
to give rise to a whole new plant. But in praetical experience it has
been found that, although individual cells isolated from vemetative
parts of the flowering plant may live for months, no one has thus far
succeeded in obtaining new plants from them. If, however, instesd
of single cells, sufficiently large groups of cells are isolated, they may
be able to reproduce the whole plant and thus ackieve vegetative
propagation. The problem of cell multiplication in the higher plant
san not, then, be separated from the problem of the organization of
cells into the structures characteristic of the higher plant, primarily
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the shoot and the root. Thus the problem of vegetative propagation
becomes that of the development of new shoots and new roots upon
isolated pieces of shoots or roofs. -

Both shcot and- root .ere very complex organizations of living
cells, which themselves ere but litile understood entities, and it is
in terms of this organization that the problem must first be visual-
ized. In the higher amimals growth cceurs as e widely distributed
proeess and takes place simultaneously throughout the greater part
of the organism. In the higher plants, on the other hand, the grow-
ing regions are largely localized at certain apical growing points.
1t is here that.the characteristic features of the shoot snd the root
are laid down and that the leaves and reproductive organs are first
formed. Ultimately, the differences between shoot snd root are to
be looked for in the differences in organization hetween the two
types of apical growing points.

In these apical regions the unit-of construction is singularly uni-
form throughout all the flowering piants. It is a relatively small
cell compared with the size of cells in other regions of the plant.
This “ meristematic cell consists mainly of cytoplasm and nucleus,
is of a semifinid consistency, and contains no aqueous drops of sap in
any recognizable vacunoles. The nuecleus, which 1s usually central
in the protoplast, usually appears rounded like spherieal hquid
drop in a lignid medium. There is no doubt that this living eell
is & very plastic mass of protoplasm. Behind these meristematic
cells other cells are expunding with the intake of water and are
vacuolating so that in mueny cases, as a result, the plastic meriste-
matic cells arve stretched over the growing point. The walls of the
cells moking up the growing point are thin envelopes of cellulose
cemented together by & plastic matrix, pectic in nature. The inter-
nal hydrostatic pressure does not distend the cells sufficiently fo
cause them to round off from one another; hence their walls remain
in continucus contact and no interceliular spaces appenr. Fach cell
is primarily engaged in the same activity, the construction of living
protoplasm out of the simple nutrient materials supplied to it. As
a result of such activity the protoplesmic mass increases in both
nucleus and cytoplasm until & cerfain definite limit of size is reached,
whea cell division occurs and two daughter celis of about the size
. of the original cell are formed. Through the continuous repetition
of this process of growth and division the size of the meristematic
protoplasts is meintained within narrow limits. This is a descrip-
tion of the fundamental process of growth as it takes place ab t}g’
growing point, expressed in terms of the cell units.

Such e continuous construction of new protoplasm requires a con-
tinuous supply of nutrient materials. Presumably, this is taken
in by the individual protoplast over all its surface, which is in
eontact with its cellulose envelope. If the whole mass of the proto-
plast is engaged in the process of protoplasmic synthesis, then with
increase in size the mass of protoplasm will incrense out of propor-
tion %> the surface throngh which it is nourished; hence, these
repeated cell divisions serve to maintein the balance between sur-
face and nass.

The process so far described is characteristic of any merisiem at
ft growiing apex, whether of shoot or of root. The differences hetween
individual piants, and still more those between shoot and root of
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the same plant, in the main must be attributed to differences in ‘the

organization of the aggregate of these cells at the growin apices. -

‘Certain differences between the arrangement of the cells at the shoot
apex and at the root apex are immediately discerniblz, At the shoot
apex these meristematic cells are found at the surface of the grow-
ing point, whereas those at the root apex are found beneath certain
vacuoluted, differentinted cells making up the rooteap. Recently this
difference in organization has been correlated with cfiﬁerences ir the
chemical nature of the walls intervening between the living proto-
Elasts (113, 121) and thus with the nutrition of the protoplasts,

ecouse, as already pointed out, the nutrient materials required in
the process of - I‘OtOﬁ asmic synthesis must ultimately reach the indi-
vidnal protoplast through t{e intervening walls.

Fortunately, the cell walls in these two apical regicns show defi-
nite differences in microchemical reaction to the iodine celluloss
reagents. Although the meristem walls in the region of the shoot
apex give the normal blue reaction with iodine in potassium iodide
immediately after trestment with 70 per cent sulphuric acid, and
with chloriodide of zinc after brief previous trestment with cold
aqueous or alcoholic potash, sections of the root apex show neither
of these reactions unless they have previously been vigorously boilad
in strong alkali. This difference in microchemical reaction kas
tentativeTy been correlated with the presence in the root apex of
substances, both protein and fatty in nature, which are intimately
associated with the cellulose and pectin of the walls in such a way
as to mask the characteristic celluloss reactions (768). In the
shoot gpex the only masking substances prssent in the walls seem
to be fatty in nature, and these are much less firmly held by ceilu-
lose, so that they are removed by brief treatment with cold alkali.
In the case of the shoot apex, most of the fatty substances originall
present in the walls when they were first deposited between the di-
viding protoplasts seem to have “ crenmed ¥ to the external surface
of the shoot. Here they have linked up intc a continuous thin
fatty layer containing a certain amount of unsaturated chemical
compounds stich as are always present in vegetable oils. These begin
to oxidize and dry and thus form the thin cuticle (8¢, &5, 710) which
has many of the properties of varnish.

Saying that the carbohydrate mixturs of the walls which intervene
between the protoplasts of the root apex is impregnated with protein
and fat is probebly only another way of stating that when the car-
bohydrates were deposited at the interface between two dividing
protoplasts the living protoplasm was incompletely withdrawn from
the intervening region, so that the fats and profeins characteristic
of the protoplasm are still found in the wal (125). These walls
separating the meristematic masses are probably of great importance
as channels of nutrition for the actively growing protoplasts, and
their behavior in this respect is likely to ie materially affected by
the retention of considerable quentities of the main rotoplasmic
constitients. If it is assumed that the ceMulose wall of the normal
plant cell is completely permeable to both water and the solutes
contained in it, then the characteristic semipermeability of the liv-
ing cel] is to be ascribed to the protoplasmic envelope within. If,
however, sufficient protoplasm is retained within the cellulose well,
this will become much less permeable; when this oceurs the behavior
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of the wall mey be expected to be more like that of gelatin than that
-of filter paper. In agueous solutions this may well mean that while
still permitting diffusion or molecnlar movement of solutes through
the wall, it resists flow or movement of liquid en masse through the
wall, At this point the differences between the .meristem walls of
the shoot and reot apices must be left, until with a wider knowledge
of the structure of the shoot and of the root the problem of the nutri-
tion of these special meristems can be more fully visualized,

It is difficult to form a comparative estimste of the rate of growth
of meristematic cells; bub as the processes of growth always mvolve
an increase in size between certain narrow limits, following which
cell division oecurs, and as the process of division itself requires ap-
proximately the same time to take place in each case at a given tem-
perature, in comparing one’ layer of cells with another a rough
estimate of their comparative rates of growth can be made by Ee-
termining the percentage of cells in similar sections of each layer
which are found to be in certain stages of cell division. Comparisons
by this method have been made by Schiiepp {139, 140) for the shoot
and by Lundegirdh (92) for the root, with results that will now be
considered in some detail,

THE: SHOOT APEX

Typical meristematic cells are found at the surface of the shoot
aspex and for a cerfain number of layers within. (PL 1, A.)
schilepp found thet throughout all these layers the proportion of
cells in division stages was about the same and that the rate of
growth of these cells thus does not appear to be affected by their
positions (789, 1/0). On the other hand, the sarrangement of
these cells shows that the direction of cell division is nof the same

throughout all layers. The surface layer, or dernatogen, and the next

layer or two, Hanstein’s periblem (55}, invariably divide by the for--
mation of new cross walls at right angles to the surface of the plant.
The result is that all new cells thus formed are added to the layer
in which they arise and do not contribute to the core of the shoot,
over which these surface layers may be regarded as stretched.

In the case of the inner ineristematic cells, which divide st the
same rate as the outer ones, the divisions are not always in the same
plane, so that in this plerome region new cells are being added to
the meristematic layer and to the core within. But if new cells are
thus being added at the same rate in both regions, in the outer layers
only in the superficisl plane and in the inner layers in depth as well
as 1n surface, then the only possible result will be & more rapid in-
<crease of the surface than of the mass within. Such an inerease, in
terms of cell division, is represented by the appearance, in the layer
beneath the dermatogen, of walls that are no longer at right angles
to the surfaces, cells thus being thrust outward from the surface;
henee, quite close to the apex are formed folds, the new loaf initials
(149). Thus it is scen that the superficial leaf initials are the natural
result of the method of organization of the meristematic tissue at
the shoot apex.

Beneoath these characteristic meristematic cells clothing the sur-
face of the shoot apex and continually throwing up folds upon it as
it grows are found cells that are changing in various ways. They
are vncuolating and thus are growing larger as they become distended
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with sap. They are forming relatively less protoplasm but more
carbohydrate; thus more cellulose is being deposited upon the walls,
although et first the rapid extension of the wall prevents any very
noticeable increass in thickening. TFor s time these cells are also
forming stareh, but this is so rapidly hydrolyzed by the water enter-
ing the cells during vacuolation that except when the shoot is grown
in the dark {in which case vacuolation is a slower process} this
temporary appearance of starch in the meristematic tissue is often
missed {115}.

As the elastic walls of the cells extend under the hydrostatic pres-
sure exerted by the sccumulafing sap within, they tend to assume &
spherical form. The resultant strain upor the amorphous pectin
deposit which cements the cells together is too great and intercellular
spaces arise. In the early stages at the growing apices these inter-
stices are filled with sap, which ounly later is displaced by air {117).
These cells still, although more slowly, continue to divide, and the
rate of protoplasmic synthesis likewise slows down ; the cells enlarge,
but a great part of each cell is now filled with dilute sap, and the
protoplasm, which is now also less dense and more watery in nature
than previously, is restricted to a narrow envelope hetween the vacu-
ole and the wall. The nucleus is still dense, and probably in this
type of cell, as Gerassimow’s experiments bave indieated is the cese
in similar vacuolated Spirogyra cells, growth, so far as it involves
the i'or;nation of new protoplasm, is now restricted to the nuecleus

39, 40).

( In the shoot apex, vacuolation first appears behind the dome of
meristematic cells in the center, which is the region of the future
pith. Tt next appears in the cortical region. Befween these two
regions of vacuolating cells lies a cylinder of cells which are still
meristematic and which, therefore, are compressed between their
expending neighbors on either side. This region is the procambial
ring. As the cells are squeezed between the cells within and with-
out, being plastic they extend vertically or longitudirally. Such
extension converts them into Iathlike cells in which increase in mass
is not accompanied by a relative decrease in surface, so that as long
s they remain meristematic they can continue to synthesize proto-

lasm. Thus arise the elongated cells of the procambial strand,
g:om which later the vascular elements differentiate. The protoxylem
elen.ents differentinte on the inner side of this ring and the pro-
tophloem elements on the outside. In the shoot the new vascular
elements thus formed are always isolated from the main vasculer
strand beneath. They seem rather to be associated with the new
leaf initials, appearing first in the procambial ring just where a
strand diverges from it and enters a leaf initial. As the isolated
xylem elements differentiate, their protoplasts become more permes-
ble, and all cell contents ultimately are lost. Previously, however,
owing to the osmotic pressure of the relatively concentrated saﬁ
within, such a cell may expand, because it constitutes a system whic
withdraws water by osmosis from the less concentrated sap in the
general vascular system below it in the shoot,

This process of differentiation in the procambial strands appears
to be of great importance in the nutrition of the superficial meristem

of the shoot. Tt seems quite probable that water is thus being con-

il
'
E
i
)
1
I
i


http:extt'.nd

VEGETATIVE PROPAGATION AND PLANT ANATOMY 7

- tinually withdrawn from the main supply below and then driven
forward into the tissues surrounding the differentiating vascutar
elements, and with the water would go-solutes from these differentiat-
ing vascular elements. Thus the protophloem differentiation, of
which but few details are yei known, involves & sudden swelling of
the develcping element, o disappearance of the dense, protoplasmic
contents, and a thickening of the wall, along with the assumption of
a striking, pearly, highly refractive sppearance. These henomena
ure followeg by the total collapse of the element. The solutes which
were thus in evidence must have gone somewhere when they disap-
peered as the element collapsed; perhaps they added to the solutes
present in the sap released by the differentiating xylem, all being
then pushed forward into the superficial meriztem by the rising
tide of sap. And apparently only such a flow of liquid could account
for the adequate maintenance ofy nutrient supplies to the superficial
layer of the meristem, so that this layer is able to grow as fast as any
+ layer within. Diffusion does not seem to account for the continuous
delivery of solutes to these cells, which are usually more than 10 ecell
layers, and sometimes 100 or movre cell layers, from the end of the
negrest differentiating xylem element.

THE ROOT APEX

An attempt by Lundegirdh to determine the proportion of .cells
in certain division stages in different layers of the root apex (92)
led to results very different from those ogtained by Schiiepp for the
shoot (739, 140).” In the root, the cells to the inside of the meristem,
those in the plerome region, were found to be growing by far the
most rapidly; the cells farther out showed a rapid falliing off in
the rate of growth, and the differentiated cells at the oufside of
the root apex showed no growth at all. (PL 1, B.) Other differ-
ences in organization are known to be associated with this; the
inmer cells grow the most rapidly and divide rincipally by walls
laid down at right angles to the main axis of the root, so that most
of the new cells contribute to the growth in length of the root.
Therefore, there is no tendency for the formation of superficial
folds at the root apex, and no exogenous lateral members are formed.
Thus it is clear that the main characteristics of root growth are
also directly due to the general organization of the meristematic -
tissues at the apex.

Here, again, vacuolation occurs in the cells behind the meriste-
matic apex, usuaally first in the cortical ecells, in which region also
intercellular spaces form first. As in the sinoot, these spaces are
at first filled with sap, but farther behind the root apex they be-
come displaced with air. The cells within are still meristematic’
and are compressed by the expanding cortex. 'They form the stele
and are bounded on the outside by the cells which later form the
pericycle and the endodermis. As already pointed out, the walls of
these cells, unlike those of the corresponding cells in the shoot
apeX, are as yet heavily impregnated with fatty substances and
proteins. Though these substances leave the wa(ll}.:s more slowly in
the root than in the shoot, they do gradually migrate, and bechuse
of their effect on surface tension they tend to accumulate at any
surface where the liquid matrix is in contact with air. But as'they
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thus move outward, air is diffusing inward from the intercellular
spaces in the cortex, and thus the fatty substances tend to -oxidize
and condense in a varnishlike strip on the radial and transverse
walls of the endodermis (the outermost envelope of cells clothing
the stele} inside which air spaces have not yet appeared. Thus
the characteristic Casparian strip, an invariable constituent of the
endodermal walls in roots of all the flowering plants, is formed.
This Casparian strip appears to be of fundamental importance in
the further development of the root. All the vaseular differentia-
tion in the root takes place within the endodermis, and the solutes
which are released by the differentiating vascular elements ars
retained within the stele, because outward movement -along
the walls is precluded by the continuous fatty deposit in the Cas-
parian strip on the radial and transverse wells of every cell of the
endodermal cylinder (779). Water and solutes may pess outward
or inward, moving from cortex to stele and vice versa; but such

movement must take place across the protoplasts of the endodermis - |

and is, therefore, under protoplasmie control. Furtherinore, this
varnishlike layer of the Casparian sirip rapidly sets, forming a
relatively rigid structure; thus as the cells of the stele within vacuo-
late, their tendency to expand and round off against one snother is
materially restricted by the resistance offered by this fine network.
As Schwendener (141) long ago pointed out, the expansion of the
tissues within against this network produces a relatively rigid struc-
ture, much as the gas envelope of the balloon may swell against its
limiting cord network until 1t forms a relatively rigid entify. One
result 1s that intercellular spaces are but little developed within the
root stele; but still more important, even when formed, in the young
developing root they have never been found to contain air, because
there are no air spaces in the endodermal eylinder and no air bubble
can work past the Casparian strip which firmly cements the cells of
the endodermai cylinder together. Within this roct stele, vascular
differentintion proceeds, but in a very different manner from that
taking place behind the shoot apex. Here, in the root, such differ-
entiation takes place much nearer to the deeply sunken meristematic
tissne, the differentiating elements being in continuity with the vas-
cular elements already formed. This means that thers is little tend-
ency toward the fluctuation of sap pressure such as would be brought
"about by the appearance and disappearance of new isclated osmotic
systems. But the walls intervening between vascular elements and
meristem cells are different in nature from the corresponding cells
in the shoot. In the root such walls are impregnated with protein
and fat which probably offer considerable resistance to fiow Eut not
to diffusion. Since there are no {uctuating sap pressures in the
- root, it must be assumed that the solutes are supplied to the layers
beyond the vascular elements largely, if not entirely, by diffusion.
Such solutes certainly become available when the protophloem ele-
ments swell up and collapse, and the protoxylem elements lose all
their organic contents, only a part of which can be retained upon
their walls.

But can diffusion supply the necessary solutes with sufficient
rapidity to the meristem cells? There can be no doubt of this,
provided the distances are sufficiently short. Hill has recently pointed
out (59) that while the chemist regards diffusion in lLiquids as
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a comparatively slow affair, this is because he is deeling with
comparatively large space units. Before a steady state is reached,
stbstances are transmitted by diffusion with a speed inversely propor-
tional to the square of the distance, and though this may appear to
be a siow method of transmitting substances across a distance
measured in centimeters, when the distance is of the order of
thousandths of a centimeter, the process will proceed one million
times as fast. Between the ends o? the differentiating vascular sys-
tem in the root and the innermost tayer of meristem of the root apex,
the distances are always measured in microns, as never more than a
few small cells intervene. The total distance rarely exceeds a few
hundred mierons, and for such distances diffusion constitutes an ex-
tremely efficient agency for the delivery of nutrient soluies. More-
over, this furnishes a good explanation of why the rate of delivery of
the solutes in the root, and with it the rate of growth, falls off with
great rapidity in the outer layers of the meristem. Hence it is seen .
that the difference between the method of nutrition of the shoot
meristein and that of the root, determined by differences in the
microchemical nature of the walls separating the protoplasmic
masses, seems to play the predominant role in determining the dis-
tribution of growth gctivity in these two meristems, and thus to
determine the general organization of the shoot and the root, new
exogenous lateral members appearing only at the shoot apex. If
the nutrient supplies reaching the root are adequate, meristematic
growth may continne indefinitely, but the new meristem cells must
always be found neur the vascular supply. New groups of meristem
cells do arise in the flanks of the vascular elements within the
endodermis, the walls of the protoplasts outside the endodermis be-
mng cut off from such supplies (720). These new meristems, which
give rise to new branch-root apices, form just within the endodermis,
1n the pericycle, which is a layer made up of living cells relatively
slow to vacuolate.

In the light of the foregoing brief analysis of the general struc-
tural organization of shoot and root apices, it is possible to take up
the consderation of the problems involved in vegetative propagation,
which include the formation, in isolated portions of plant tissue, of
new shoot apices, new root apices, or both.

Such new shoots and roots, formed as a result of artificial condi-
tions involved in propagation, usually may be regarded as examples
of adventive structures. The origin of shoot apices obviously pre-
sents different anatomical problems from the origin of root growing
points. The origin of adventive shoot and root apices will first be
exemined in the light of some detailed studies of their formation in
isolated pieces of the root of seakale (Crambe maritima).®

VEGETATIVE PROPAGATION OF CRAMBE MARITIMA
FORMATION OF ADVENTIVE SHOQTS

The organization of the shoot apex and that of the root apex have
now been considered. Both types of apices consist in the main of

3The suthority for the specles 1s given M this bhulletin eonly for forms not llated in
Atandardized Plaut Nomes ($).

v e
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meristematic tissues, apparently similsr as regards the structure
of the individual cells of which they are composed, but differing be-
tween root and shoot in arrangement and organization, both in the
meristematic tissues themselves and in the differentiating tissues
which arise from the meristems and which probably are very im-
portant in their nutrition. The problem .of vegetative propagation
as generally considered involves the production of such an organized
meristematic tissue in some region where normally it does not ocear
or where if present at all it is dormant at the time a portion of the
-oré%inal lant is isolated. '

he place of origin of such an adventive growing point differs
in different cases of vegetative propagation, but the fundamental
problem is always the emergence of an organized meristematic apex
from tissues of a different character. Therefore, before attempting
2 generalized statement .of the various ways in which such apics
organizations may be induced {o appear, it will be well to consider
one case in detail and to discuss in turn the problems presented in
the different stages of development in such & complex process. Both
the processes of shoot and root organization can very well be studied
in the regeneration seen at the cut surfaces of pieces of the fleshy
root of Crambe maritima (Cruciferae). '

BUD FPRODUCTION

Root enttings are commonly used in propagating seakale, although
it may easily be grown from seed. The root cuttings are sown 1n -
the field in the spring, and the roots of the resulting plants are dug
in the fall; the lateral roots are trimmed off and stored for sowing
the following spring, and the large main roots, which are 2 to 5
ceniimeters in diameter and about 10 to 20 centimeters in length,
are planted in s darkened forcing bed in the greenhouse. Within a
few weeks these roots will have expended themselves in ‘throwing
up etiolated shoots, each perhaps a meter high and as thick as the
root itself. Neither these shoots, which constitute the commercial
crop, nor the old roots are commonly used for propagation. '

NORMAL ANATOMY OF ROOT

A cross section through a seakale root of the size used for root cut-
tings (pl. 2, A-D) shows a small core of primary wood, surrounded
by o wide ring of very parenchymatous secondary tissue. In the
xylem a few vertically extended lignified elements are scattered in
radially arranged groups; but in ke sectors opposite the protoxylem
groups most of the tissue consists of somewhat prosenchymatous
parenchyma, for the most part with the long axis of the cells parallel
te the axis of the root. Under these circumstances the bulk of this
tissue, although filled with starch, seems better described wes xylem
parenchyma than as ray parenchyma; it is regularly arranged in
radial serinl order (pl. 8, C), the small amount of expansion of the
occasional lignified vessels not leading to any serious distortion,
though the parenchyma cells in the immediate neighborhood of
these vessels remain small, apparently compressed by thxir lignified
neighbors, and free from starch. These cells, judging from their
subsequent. behavior in isolated root pieces, seem to retain many
meristeratic gualities,
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THE APICAL REGIONS OF THE PLANT (LONGITUDINAL SECTIONS)

A.—Shoot npex of Spefage rafgeris.  The youngost poit of leaf initinds and the cells
crewning the rpex of the shoot are still completely; merisienatie.  Denenth the
n]llcx the vacuolnting but still dividing eulis of the pith are vigible, where longitu-
dinnl extension js asgoclnted witll n series of trangverse divisions. To cither side
the Jongitudinally estended, siill meristematic cells of the procumbiol strands are
evident. X 230,

B.—Root apex of Chiorephytum, The outer cells of the rooteab arp raoualated
aned bave cenged to divide.  Behind the dense weristematie apical reglon voacuo-
Inticl is wisible in the ceatral andd the cortival reglons; belween these Lwo regions
Be the mweristerantic cells of the pericyele and the eododerinis,  The protoderm ()
ean e trapwd well o the apien! reghoun, X 40
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DIFFERENCES N CAMBIAL ACTIVITY AT OPPOSITE ENDS OF CRAMBE ROOT
CUTTINGS (TRAMNSVERSE SECTIONS)

A and B.—From {-day material, X g5 A, Proximal end. Cambium sctivity ¥s very slight
and is restricted to the fscicular cambium. B, Distol end.  Meristematie netivity is indicatnd
ncross the rays snd ncound some of the xylem vessals

C and I».—Front T-day mutorinl, ©, Proximal eml. Meristematic aetivity s more extensive
than In A, but s 6l chiefly restricted to crescont-shnped regions just within the youngest
philetmt. Some activity i5 also indicated npround the xylam vessels. X 40. D, Distal ond.
‘The pebivity of the vasculsr cowsbivm, wihich hps increpsed in intensity and extent over that
shown in C, extands right soross Bhe rays. X 65
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MERSITEMATIC ACTIVITY M ISOLATED ROGT FPIECES OF CRAMBE {LONGI-
TUDINAL SECTIONS)

A ~-Appesrance of tissues bemenidy freshly eut surfree. o phloem lies to the left of the cpm-
biam {a). X 35

B.—A sitnilar reglon three davs after autting. Cells cutb through ore collapsed and dying, and
the walls of those imedintoly benenth show suberin depegits; stoveh has disappented from the
living cells below these, but not from the tost of the tissue.  This disuppearance hos procesded
mask actively in the neiphborhood of the combinm. X 4.

C.—A very thin root slice after thics duys, showing snberin deposit snd bepinning of phellogen
netivily on bolh surfnces, The section is nlinest sxuctly rodial nad shows the vory reguiar
arcangoment of the secondary Lissucs.  As tn all such shiort rast pieces, there is very little dif-
feronce iu the degree of suberization and exteat of phicliogen getivity between the upper (prox-
imaly pred the lewer (distal) surfaces, X 20,

D.—After 14 days, suberization and phellogen activity are more marked ot the distal surfnce.
Comiprre extent of suberizotion nnd phellogen activity sl the Lwo sides of Lthe tear aceidentally
Reft ot the Gistpl surfee when the slice was ool X 35
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FIRST STAGES IN ADVENTIVE-SHOOT DEVELGPMENT ON CRAMBE ROCTS

A.—Indieations of the suberized Inyers {very heavily stoined) ot a; beneath this are u few wide periderm
cells, with typical phellogen showing bepeath them on the left. In the center the meristem cells pre
becoming more neatly Isodiatmelric. W 210

B.—A slightly loter stage, Xt is now cleav that ceils bensath the isodinmetric cells in the bud initisl are
themsolves becoming meristemnatic, Typical flattened phellogen cells, with compressed puclel, re
plainly visibleon theright. X 235

C.—A young bud initial sppearing¥n the wound pheilogen formed on the side of a pieve of xylem cut cut
[roto the root with o cork hover, X 210
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VEGETATIVE PROPAGATION AND PLANT ANATOMY I

‘On the phloem side of ‘the cambinm a similar type of prosen-
chyimatous cell, also arranged in regular serial order near the cam-
bium, is recognizable. - As these cells are pressed farther to the
. outside they become more rounded off from one another and -the
intervening spaces become very murked and apparently filled with
air. At this stage the cellstend to become more nearly 1sodiametric,
- because, thus forced to the outside, they have plenty of room to
expand, and the regular serial arrongement of the tissues is lost.
While the phloem elements near the cambium show sieve plates with
callose deposited in the transverse walls, along with lattices on the
tadial walls, and some evidence of conienis characteristic of sieve
tubes, much of the secondary phloem is simply storage tissue, mest
of the cells being filled with starch. Occasional myrosin storage
cells are present here as well as in the xylem parenchyma; oceasional
lignified fibers, either in groups or scattered singly, are also found in
the phloem parenchyme. The original elements of the primary
phloem are not visible in the periphery. Usually the bounding
dayer of periderm is somewhat irregular in outline, as ruptures
ccourring during expansion have been followed by reformation of
periderm at deeper levels. The periderm originally arcse in the
pericycle of the root just within the endodermis.

The young root shows a well-marked endodermis, immediately out-
side of which are found the curious thickenings of the radial walls
of the inner cortical cells, These radial markings which are charac-
tear;stji'c of the Cruciferae have been fully described by Van Tieghem

170). .

Seakale does not seem to offer any exception to the gemneral rule
stoted by Solereder (749), namely, that intraxylary phloem does
net occur among any of the Cruciferae.

Active regeneration of both shoots and roots can be seen in pieces
of these fleshy roots 2 to 3 centimeters long if they are simply laid
horizontally on filter paper in a Petri dish and kept under warm,
moist conditions. The observations reported in the following para-
graphs are based on such pieces of roots which had been in a germi-
nator at 23° C. for periods of three days and longer.

HEALING OF THE CUT SURFACE

SUBERIZATION

A necessary preliminary to all successful vegetative propagation is
that the isolated piece of tissue should remain heslthy. Necessarily,
isolation has involved the exposure of the cuf surface, and the first
thing that must be considered is the conditions under which tke
wound surface remains free from serious invasion by the micro-
organisms which have been offered an ideal medium for growtih.
Frequently rapid decag does take place at the cut surface, and the
cutting disintegrates before the mew growing points can be re-
generated.

The cut surface in a parenchymatous tissue—other considerations
enter ‘when the cut is made across a woody tissue as in the case of
hardwood cuttings (759)—is always covered immediately by sap
and débris from the crushed and broken cells that lay in tiie path of
the knife. This gradually dries, forming a somewhat sticky film, but
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during the process it constitutes an ideal medium for many miero-
organisms, and it may be taken for grarted that colenies of such
organisms are always to be found here.  Even the saprophytic organ-
isms, though they may be unable to penetrate the living protoplasis
themselves, will be able to spread along the cellulose waﬁ:; between,
in many cases digesting the pectic or cellulose constituents of these
‘walls and disorganizing the tissues generally.

Such disorganization will be followed by death and decay; hence, '

unless changes in the walls beneath the cut surface, such as prevent
the inward migration of microorganisms, take place more quickl
than the Intter grow and multiply, decay is bound to follow. Suc
changes in parenchymatous tissues seem usually to be brought about
by the deposition, npon the carbohydrates in the wall, of a. made
up of fatty substances which rapidly oxidize and dry, in the same
way that similar films of unsaturated vegetable fatty substances,
when exposed to the air, set to form compounds of a varnishlike con-
sistency. (PL 2, A and B.) Such films resist digestion and direet
physical pevciration by all micronrganisms if formed in ‘time.

These deposits, which are obviously of great practical importance,
are usually recognized by their reaction to fat stains such as Sudan
III. It is necessary in considering the conditioris of their forma-
tion to examine beth the sources of the fatty substances from which
they are formed ani the conditions under which they set to & suberin
deposit. Since the writers’ observations upon sesksle, so far as
suberization is cohverned, were by no means so extensive as the in-
vestigations that have been carried out-with other plants, especially
potato tubers, these remarks about suberization are somewhat genersal
and not primarily concerned with seakale, However, so far as ex-
perimentation with seakale has been made, all that is szid applies
equally fo if.

The fatty substances themselves undoubtedly arise from the sap
which injects the intercellular spaces and the cell walls in the region
of the cut. Such a cut can not be made without the cells nesr the
wound (although not actually in the path of the knife) being so
strained that an increase of permeability, usually temporary in
nature, is brought about in the still-living protoplasts. If this strain
is too severe, the increase in permeability 1s irreversible, and the cell
dies. Janse (67, 68) has shown how widespread is this increase in
permeability of the living cells as the result of shock. The inter-
cellular spaces in the neighborhood of the cut graduslly fill with
Iiquid which is not pure water, but which instead is water that con-
tans solufes, including fatty substances, apparently released from
the protoplasts. The result is that these fatty substances, which
lower surface tension, accumulate at the water-sir surface along the
region of the cut; then, provided there is sufficient access of air, they
immediately begin to change in chemical nature and are deposited
as suberin in the cell walls and on the surfaces bounding the inter-
cellular spaces (129).

If sieve tubes are present in the neighborhood of the cut, the con-
tents of these apparently add greatly to the supply of these fatty
substances; furthermore, probu%ly becanse the reaction of the con-
tents of these sieve tubes is usunlly relatively alkaline, these fatty
substances are supplied under conditions favoring rapid condensation

P —
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to 2 suberiniike film. In the polato tuber this suberin deposit may,
under some conditions, be seen in sections made 12 hours after the
out surface has been exposed, and it is usually visible after 36 bours;
it is probably effective before it is detectable by microchemical
methogs. If formed at this speed it is prebably effective in pre-
venting the eniry of microorganisms. In the seakale root it forms
very rapidly and is o firm layer within three days, but in some fleshy
roots it i3 much slower in formation. It does not form readily on
exposed imjuries in the parsnip root, & fact undoubtedly closely con-
nected with the observation that such roofs seem fo br very suscep-
tible to diseases brought about through chance injuries to the root
in the soil. Cut slices of red and sugar beets, slthough visible
suberin deposits sre slow in forming, usually remain healthy, What
prevents t}?e spread of decay in such tissues 1s an interesting question

In most shoots or roots, when upper and lower surfaces are ex-
posed by the process of cutting, it is a striking fact that suberization
1s usualiy more pronounced and occurs nearer to the cut surface at
the lower cut then at the upper cut. This is enly one indication, of
the many that will be considered, of the polarity at play in the

lant.*

P In this case the formation of the greater amount of suberin at
the lower surface suggests a larger supply of fatty substances pres-
ent, while the fact that the suberin is nearer the exposed surface
suggests that there is » larger quantity of sap which does not with-
draw into the wall so rapidly as at the upper end; hence, the air-
water surface is nearer the exposed surface of the walls. At the
upper end, particularly in a giece of shoot, the sap seems to with-
draw into the tissues so rapidly that the deposits of suberin oceur
in a most irregular fashion. Especially does this occur in the center
of the pith and in the outer cortex, that is, in the regions which are
farther from the vascular system and thus where the sources of sap
are less and the air spaces frequently large. Here the deposits in
many cases are so irregular, especially in an internodal region, that
these fissues are not sealed from the sir by a continuous film; in
such cases water loss from the carbohydrate walls continues so freely
that the tissues do not decay but dry out and wither.

If the sap supply at the cut surf]:xce is adequate fo give 2 contin-
wous film of liquid, then as the fatty substancrs  cream” to the air-
water surface the rapidity and effectiveness of suberin formation
is dependent upon various factors. In particular, the free access '
of oxygen is essential. Thus, if the cut surface is kept swimming in
water, the fatty substances leach away and oxygen does not reach
them while on the walls, and no suberin deposit is formed. This
condition is fatal to successful suberization, and no single factor is
so likely zs an excess of water to produce decay at the cut surface.
This is one reason that justifies the procedure, adopted with many
diffienlt cuttings, of exposing the cut surfaces to air for some time
before placing them in the soil.

4 When questiona of _po!arhy are under discussion, there is sometimes the possibility
of confusion when the ferms ' lower' and * upper™ nlone are employed. The lower sur-
face of a2t lgaisted plece of root is, therefore, apoken of ug the distsl end, and the upper
aa the tgroximal. These worde are, of course, used in the reverse seunse for fhe shoot,
where the upper I8 the distel end und the Jower the prozimal. .
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According to Herklots (58), suberization is also aided by a rela-

tively alkaline resction in the sap, the oxidation of the fatty sub-
stnnces proceeding more rapidly to the slkaline side of pH 6.5
Also, in the case of cut potato tubers, on which most work has been
done in this subject, direqt exposure to sunlight has often prevented
the formation of a continuous suberin deposit at the cut surface,
ap]ﬂxrently because of a too rapid di'ﬁing of the sap deposit in the
walls and interceHular spaces below the-cut (723).

Corx FoRMATION

Beneath the continuous deposit of suberin the walls and air spaces
which are still saturated with sap are to a considerable extent pro-
tected from evaporation. Under these conditions there was found in
senkale a region below the suberin film in which, with free-hand
sections of the tissue transferred directly from the knife to strong
glycerin, the whole tissze appeared translucent, becavse free from
aiv. In this region o whele series of reactions follow which seem
to he initiated as the result of the displacement by sep of the air
normally present around these living cells. One of the first changes
noticed in seakale cuttings is that starch begins to disappear (ap-
porently being hydrolyzed to sugsr); this 1s aceompanied by an
increase in the respiratory activity of the cells, and in some cases
there is evidence of incrensed oxidase activity in this region (17).

Some of the cells thus greatly depleted in starch become very active
in the synthesis of protoplasm and at the same time lose their central
vacucles. Starch is not lost from the outermost dead cells, which
are more or less cut off from the active cells by the deposit of suberin
on the intervening walls. Within the suberin deposit there gradu-
ally emerges a characteristic layer of cells which contain but very little
starch and are dense in protoplasm with the nuclei prominent; and
in these cells divisions paralle]l to the surface now oceur. Accom-
panied by and even preceding the appearance of this characteristic
luyer, occurs the enlargement of many of the cells at right angles to
the surface. This is evidently closely correlated with an intake of
water, following upon the release of pressure incident upon the act
of cutting, but other factors are obviously involved.

The cells thus cut off by this layer, meristematic in pature and
without vacnoles, show more tendency for division than for enlarge-
ment, so that soon they are flattened between the more actively en-
larging cells beneath them and the relatively rigid suberized cells
above. This layer continues to divide by walls parallel to the sur-
foce; the cells thus formed to the outside vacuolate and develo
internal suberin lamellae such as are characteristic of cork or peri-
derm cells. These flattened meristematic cells, which within a few

~days form a continuous layer across the cut surtace below the suberin

deposit, function as a cork phellogen, and the permanent protection
of the cut surface against the entrance of microorganisms or loss of
water is mainly effected by the sheet of periderm produced from this
phellogen. . . ..

This layer of periderm has certain qualities not found in the origi-
nal suberin film, which, being merely a thin, rigid film deposited on
walls that originally were refa.tively elastic, is readily broken by the
strains set up by changes in the water content of the underlying



http:I"et!l.On

VEGETATIVE PROPAGATION AWD PLANT AWATOMY 15

tissues. If the cells beneath the cut are losing water at a fairly
rapid rate, the consequent contraction beneath this semirigid surface
leads to deeip cracks in the suberin layer ;:these occur under conditions
in which the underlying tissues show but slight tendency toward the
accumulation of sap in the intercellular spaces. The result is that
air and microoz yanisms obtain access to the deeper lying tissues un-
der conditions that militate against fresh suberizetion at the newly
exposed surface within the crack, and thus is favored the witherin
of the tissues, or, with & recnrrence of moisture, the resumption of
decay. On the other hand, if o sheet of periderm is formed beneath
the originel deposit of suberim, in the periderm tissue the suberin
lameline of the cells are deposited within them snd these are ce-
mented together by a general fattfr impregnation of the interveping
cellulose walls and middle Iamellae (787). The result is a layer
with very much greater resilience than that of the original suberin
film, and one which does not so readily crack under the strains re-
sulting from loss or gain of water by the underlying tissues, and
which, because of its depth and composition, is a much more effective
protection against the entrance of gecu,y or the loss of inoisture,

The same polarity is indicated in the formation of the phellogen -
at the upper and the lower cut surfaces as is displayed in the pl‘{)(ﬁlc-
tion of the original suberin deposit., The phe[ﬁrgém appears first at
the lower surface, usually in the neighborhood of the original vascu-
lar carobium; from here its formation rapidly spreads across the
parenchyms on the xylem side of the cambium, but its formation
across the phloem parenchyma is very slow in seakale, and toward
the periphery both the suberin layer and the cork phellogen are
usually sunk farther into the tissue away from the exposed surface.
This is probably correlated with the presence of larger air spaces in
this region and with the natural tendency for the level of the liquid
retained in these spaces to recede farther from the surface.

At the upper surface of the cutting the cork pheliogen appears at 2
later time and spreads even more slowly toward the peripﬁ)ery. This
difference in the rate of formation of the suberin deposit and the
cork phellogen at the two ends was more marked in the longer cut-
tings, but it was evident even in the thin transverse disks, as is indi-
cated by Plate 8, C and D.

Considerable discussion has taken place dpring recent years re-
garding the causes controlling phellogen production at the cut sur-
faces of parenchymatous tissues. Haberlandt’s school (48, 49), re-
garding phellogen activity as one of the manifestations of growth
that is promoted by hormones, have assumed tavo sources for these:
(1% The dead or dying cells at the cut surface; and (2) the phleem.

uch hormones remain as yet purely hypothetical. There is no
doubt that from the dead and dying cells, which become completely
permeable, there are released substances which contribute to the
supply of fatty substances involved in the original suberin deposit.
However, as was pointed out above, such a deposit within a very few
hours after the trauma becomes a barrier between these dead and
dying cells and the cells which some time later become active as a
phellogen. Hence any transfer, across this suberin deposit, of sub-
stances that function as hormones and stimulate phellogen activity
seems extremely improbable. Furthermore, suclﬁJ substances cer-
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tainly are not present in normsal ecases of phellogen activity in s
plant that is intact.

~ The other source of hormones is assumed because of Haberlandt’s
striking experiments with small disks of parenchyma cut from potato
tubers and left under moist conditions {48). He found that such
disks produced corlkc phellogen at their expossd surfaces only when
they contained a sieve tube. In the potato tuber, as Artschwager
demonstrated (4), the sieve tubes form a very irregular network
throughout the parenchymse of beth pith and cortex, so that such
isolated disks of parenchyms often contain sieve tubes.

Such experiments}l evidence, pointing toward the direct influence
of sieve tubes upon phellogen production, seems very strong and is
in accord with the general position of the phellogen in the normal
plant, where it is usually found facing the phleern, although, in the
case of epidermal cork, at some little distance from it. The move-
ment of solutes in the phloem is a phenomenon us yet very littls
understood, but there is considerable evidence to indicate that phloesm
differentiation, and possibly therefore translocation, usually takes
place in 2 downward direction, both in shoots and in roots. Further
evidence of downward differentintion in secondary pbloem has been
obtained at Leeds in recent years; this seems to suggest that the
tendency to downward movement of substances in the phloem is
mainteined in isolated pieces of tissue, and that polarity, as regards
both suberization and meristem formation, is closely associated with
this polar organization of the phloem. When, however, very short
pieces are cut out, exudetion of substances takes place freely from
both cut ends, and these are now so close together that the effect of
polarity, as shown in the downward transference of the remaining
contents of the phloem, is greatly lessened. In experiments with
isolated pieces of short internodes of ‘Cucurbita and Coleus consid-
erable evidence has been obtained that the contents of the phloem
gracually shift mainly toward the basal end of the isolated segment.

A]ﬁm't from ‘this suggestion it is difficult to give any explanation
of the marked polarity of these isolated pieces of shoot and root
save that they are undoubtedly correlated with the polar manner in
which these tissues are laid down in the root at the growing apex;
the shoot, on the contrary, is orgarized segment by segment, with
vascular differentiation proceeding downward in each internodal
segment (p. 6).

It would be unwise at the present state of the knowledge to over-
emphasize the role of the phloem in phellogen sctivity, particularly
in view of some of these experiments with seakale. Disks of sec-
ondary xylem parenchyma, which were entirely free from any of the
outer ring of secondary phloem, were cut out of the center of the
root with a cork borer. The disks of tissue thus obtained produced
phellogen freely at all surfaces. Unforturately, it is impossible
to describe this tissue as being absolutely free from phloem, becsuse
such disks always coniain oecasional slender strands which run
radially out through the tissue and which are the vasculer connee-
tions of the originel lateral roots that long ago cessed to be active.
No evidences of phloem were noticed in these root traces, nor is
there any renson to assume that any was present,
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In any case, if phloem is necessary, its role as a source of “lepto-
hiormones ¥ still remains entirely hypothetical; and it is_doubtful
whether the adoption of a terminology taken from the physiology
of animals, the higher ones of which have elaborately developed
specinl organs of internal secretion, without the support of eritical
experimenta] evidence derived from plants themselves, does any-
thing except delay the understanding of the problem by employ-
ing a phraseology which, with the present limited kmowledge of
the product and processes concerned, can not have a precise eon-
notation,

The Leeds studies of developmental anatomy have suggested an
aiternative explanation of the contribution made by the phloem to
meristematic activity. The cytological characteristic of the appear-
ance of the phellogen is the emergence of densely protoplasmic cells
in a region where previously the cells either had keen storing earbo-
hydrates or were swollen with the hydrostatic pressures of large
vacuoles, the protopiasm making up but a thin layer around the out-
side of the cell The mew protoplasts are characterized by a
disappesrance of the central vacuole along with an increase in
protoplasm. Pearsall and Priestley (104) have su%gested that the
behavior of the cell in relation to these processes is closely correlated
with the pH of the external sap bathing the protoplast. The main-
tenance of intense setivity in protein synthesis suggests a ready
transference of the water thus released by synthetic chemical con-
densations into neighboring vacuolated protoplasts; it is only over &
limited range of pH, in the neighborhood of the isoelectric points of
the main constituent proteins, that the protoplast is likely to behave
in this manner.

Microchemical reactions show thot the suberin deposit, when first
forming, is relatively acid in reaction {58}, as also are the young
differentiating cork cells at the time suberin lamellse are being de-
posited. On the other hend, aceording to Sachs (730) the contents of
the sieve tubes usually are relatively alkaline, in many cases actually
alkaline to litmus. Thus in # plant which is intact the sap present in
the walls and intercellular spaces lying between sieve tubes and the
young suberin deposits would show & gradient of hydrogen-ion con-
centration, across which the phellogen forms. The plastic meristem
calls, although compressed by their neighboring vacuolated cells so
that they are elongated parallel to the tut sur%ace, never divide at
right angles to the surface—that is, by a wall of minimal area, as is
usual in a cell at equilibrium with its surroundings (35, 165)—but by
walls which lie at right angles to this gradient, as might be expected
if the gradient is infiuencing the synthetic activity of the protoplasm.

This a:fmnent ¢an nof be carried further in this place, but it has
besn developed in general relation to the present problem elsewhere
{227}, 1t at least provides an alternative explanation of the rela-
tion of the sieve tube to phellogen activity, and one which permits
of an understanding of the circumstances under which the part
pla_iyed by the phlosm might sometimes be played by other tissues.

he cut surface of the root is, in the xylem region, interrupted
by the presence of tracheids and vessels, '}:hese were probably full
of sap at the time of cutting, but the sap is rapidly displaced by the
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air enterinithe surface with the result thet near any xylem vessel
present at the cut surface the subsequent air-water interface is found
on the flanks of this vessel. Consequently, suberization and cork
formation will be found surrounding such a xylem element, the cork
cells beiny cut off toward the empty cavity rather than toward the
surface of the cut. In many cases, however, the new cells push
through the walls of the vessel s do tyloses, and then rapidly push
out through the open ends, so that ultimately the vesséls are com-
pletely plugged.
APPEARANCE OF THE BUD

Of the process oceurring at the wounded surface of seakale cut-
tings, suberization and cork formation are the ones that have so far
been considered because they are associated with the healing of the
cut, a necessary factor in successful propagation.

However, these ure not the only precesses sccurring in the early
stages following upon the act of cutting. As already indicafed, they
are nssociated with an injection of the intercellular spaces near the
surface with sap, and this in turn is associated with a loss of starch
from the living cells near the eut surface. This disappearance of
starch is probably correlated with an increased production of soluble
organic solutes, sugars and acids, in the vacuole of these cells, with
s resultant increase in osmotic pressure. Certainly many of the
cells, in which extension of the elastic walls is not prevented by too
rapid deposition of suberin, undergo considerable enlargement, and
the free walls markedly round off under the internal osmotic pres-
sure. New cells appear, arising as the result of sporadic cell divi-
sions, or forming serially in a chain from the phellogen cells; these
in turn may also swell and round off instead of developing internal
suberin lamellae while still regular in outline, in which case they
contribute to the formation of callus instead of to the formation .of
cork. ‘These tissues are certainly to a large extent interchangeable,
callus arising under conditions of greater moisture, while the same
cells would have contributed to the suberized envelope or to the cork
prover if the surrounding air had been drier. These alternative
processes have been fully discussed by Kiister (82) and by Grau (46).

In the meristematic cells near the cut surface, at the early stages
in development most division occurs in 2 plane at right angles to
the cut surface, the new dviding walls being laid down in & plane
paralle] to this surface. This is illustrated by the frequency with
which mitotic figures are found in longitudinal seetions through the
mgterial at this stage, while series cut transversely and hence parallel
to the cut surface show very few.

The first stages in the appearance of a bud in this material are
Hlustrated in Plate 4. The figures, which are teken from 6-day
. material, show in line with the cork phellogen a _%riroup of meristema-

tic cells which without s doubt originally formed part of this layer.
These cells now differ from normal cork-phellogen cells in their
shape and in the plane in which successive divisions occur. They
.are no longer compressed parallel to the surface, and as a result they
are larger and their nuclei are completely rounded and lie free in
the center of the cells, as occurs in the normal meristematic cells
of the apical growing point. '
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- Ia all probability these chanies are the result of a chanie in tthe
conditions existing in the meighhorhood of the original phellogen.
Hore the meristem cells are compressed against the relatively rigid
suberized cells outside by the expanding vacuolated cells benenth.
But beneath these uncompressed cells the pressure is released becduse,
as the photographs show, these internal cells are becoming meristema-
tic ulso. This seems to be the keynote to the emergence of an apical
bud, an extension of the tendency to become meristematic from the
single cell layer of the phellogen to the living cells within. The
result is the development of a small group of meristematic cells, in
svhich the ghepes, determined by the mutual pressures, differ from
those of the cork-phellogen -cells, and in which division no longer
takes piace exclusively in a plane at right angles to the eut surface.
(Pls. 4,C and 5, Ac{

Ou the other hand, the outermost cells of this meristematic group
very-soon show g definite tendency to divide entirely by walls at right
angles, not to the surface of the cut, but to the surface of this

up of active cells. This is the method of growth characteristic
of the shoot dermatogen, and it soon leads to the development of the
typieal foliar lobes upon this mass of meristematic tissue. (PL
5,E.) At the snme time this tendency to become meristematic spreads
inward into the tissue beneath this original group. (PL 5, B and D.)
The cells thus filled with protoplasm and free from vacuoles are sur-
rounded on all sides by the ordinary vacuolated puarenchymatous
tissue, the result being that these cells become elongated in a direc-
tion vertical to the cut surface and so appear to run outward into
the lobed mass of meristematic tissue above, forming the first indica-
tion of the procambigl strands of the new shoot. (PL 5, E.} Thus
the early differentistion of the new shoot tisSues, behind the spical
meristem, seems to take place downward, just as 1t normally does in
every subsequent internode of the new shoot; hence the ordinar
characteristics of the organization of the shoot apex and of the dif-
ferentinting shoot beneath it are already in evidence.

Vascular differentistion now proceeds in the procambial strand
subtending the newly organized shoot apex; and, as is characteristic
of the shoot, this vascular differentiation -occurs sporadically here
and there along the line of differentinting cells, not in direct con-
nection with the vascular supply of the mother tissue. (FL 5, E.}
With this, vascular connection is made only later.

The new shoot aFex is now characteristically organized and
rapidly thrusts itself out from the surface of the mother plant;
and the usual active cell divisions, characteristic of internodal
growth, proceed along the flanks of the npewly differentiating
vascular system. It does not seem necessary, therefove, to follow
the development of this new shoot system further.

Tt will be clear from this account that the new shoot organization
has developed from the cork phellogen, a point that was reported
earlier by Simon (144) for similar buds emanating from the callus
at the ends of isclated shoots of Populus. Similarly, he described the
differentiation of the new vascular elements going on bepeath the
bud and made clear that such differentiation need not always be pre-
ceded by differentiation of clearly outlined procambial strands, for
he found that cells of the callus parenchyma lying in the path of the
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new vascular channel frequently differentiated direetly into conduct-
ing elements, The general significance of +his place of origin of the
stem growing point will be considered in s later section, but it seems
necessary here to refer to some recent statement of similar cases .of
bud formation in callus—statements which appear to be completely
contradictory to these, .

Taylor (763) and Grahan: and Stewart (45) described buds arising
from the callus 2t the cut surface of fleshy roots of Acanthus mon-
tanus T. And. and Anchusa itelica and referred to them as arising
from the vascular cambium. Their statements are supported neither
by detailed developmental figures nor by structural cf:sscrip.tions of
the bud development. A. éfelica is mentioned again on page 58.
Studies upon bud formation in Acanthus were carried out at Leeds
some years ago, and 1t was found that root cuttings of this iplant be-
baved in general like those of senkale. In Acanthus also-the meriste-
matic activity of the ceils beneath the suberized surface, ieading to the
production of new cork and callus cells, was found to be most detive
n the region of the former vascular cambinm. But these new eell
divisions were, found {o occur in meristem cells which became flat-
tened parallel to the surface, cut off new cells to the outside, and in
all respects behaved as a cork phellogen,

Lt is true that if one individual cell in this phellogen is considered
it may have previously been functioning as a cell of the vascular
cambium. But it can not be too strongly emphasized that all ex-
perience suggests that there are no fundamental differences between
individual meristem cells and that the single cells have the same

eneral meristematic properties whether found in the vaseular cam-

ium, the phellogen, the root apex, or the shoot apex, The behavior
of the individusl meristem cells is determined by the tissue organiza-
tion of which they form & part, and in the case of Acanthus, beneath
the cut surface these meristem cells are functioning as members of
a cork pbellogen and not as vascular cambium cells; hence it is &
definite misuse of terms to deseribe such tissue as any longer being
vascular cambium. On the contrary, these buds seemed just as cer.
tainly to arise in the typicel cork phellogen as did those of the segkale
just described; however, the meristematic activity associated with
these buds was not confined to this one layer of cells, for, us was.em-
phasized in connection with seaksle, the cells beneath this layer ve
soon similarly became meristematic and contributed to the further
development of the new shoot. Hence, sections of Acanthus as well
as of seakale cut through young shoots, still hardly discernible b
the unnided eye, show much activity in the tissues behind the phel-
logen, and it might be easy in many such cases to assume that the
shoot had been formed in the inner tissues.

As Bchmidt has pointed out (36), it is probable that in many
cases only the superficial layers of the shoot are actually dertved
from the cork phellogen, whereas in other cases, as seems to be true
with seakale, tﬁe entire new shoot except the base is derived from
this phellogen layer. This point is obviously of very great Impor-
tance in the question of the formation and the reversions of periclinal
chimeras {260).

When disks 1 centimeter each across and 3 to 5 millimeters thick
were removed with u cork borer from the xylem region of a large
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seakals root, it was found that all syrfaces exposed heceme covered
with a cork cambium which was capsble of forming buds. Capacity
to form buds on the sides and root end was also observed on other
slices less than 1 centimeter in length, and also in cone case upon s

iece of a very large root, 5 centizneters thick and 5 centimeters in
length, which stood inverted. Centrifuging also sided in the produe-
tion of buds upon the root end, as was reported by Jones (6’.9j1 . The
actual formation of the lateral and distal buds seemed to follow the
same course as for those forming on the shoot end. Plete 5, C, shows
various steges of development of buds on the three -exposeé surfaces
" 1t must be clearly recognized that different factors are andoubtedly
at play, in determining the initiation of these adventive buds, from
the factors responsible for their further development. In one disk,
11 millimeters in diameter and 3.5 millimeters thick, 14 days nfier
it ‘had been cut out with a cork borer from the xylem of a main root
thore were counted 131 separate stem growing poinfs which had
arisen in the wound cork cambium. These were distributed as fol-
lows: Proximal {shoot) surface, 57; distel, 27; side, 41; and internal
{in cork cambiumn which had formed around vessels}, 6. Considering
the surfaces exposed in the first three categories, there was ronghly
1 bud formed for each 1.8 square millimeters on the shoot end, 1 for
each 8.5 square millimeters cn the root end; and 1 for each 2 square
millimeters of ares or the side. This, it will be remembered, was in
tissue which contasined no true cambium and no phloem atf the time
it was cut out of the parent root, except such slight traces as might
have been present in the remains of the original lateral roots.

Many more buds were initiated on small pieces than on large
ones. Except for the one bud that formed on the one large inverted
piece, no buds formed on the root end of any cultings more than §
millimeters thick unless the piece had been centrifuged. Further-
more, all buds that arose dig so from cork cambiwms which had
formed in either the region of the vascular cambium ot the xylem
perenchyma; and not a single stem growing point, out of several
thousand observed in these seakale studies, came from .the phloem
parenchyma. This tissue did not seem fo possess the power tv form

uds, notwithstanding the fact that it did, in time, form & cork cam-
bium, It is possible, however, that since this cork cambium was
present, had steps been taken to inhibit the formation of buds in
the other regions, new stem growing points might have developed in
the phloem region. The lack of developmeni of buds in this region
seems to be closely connected with the greater development of inter-
cellular pir spaces here. In the regeneration experiments of Simon
with Populus (744), buds weére obtained upon £be exposed surface
of the pith, but their development in these cases was very slow in-
desd, obviously because the deeper lying meristem differentiation
which should lead to the formation of a procambial strand and ulti-
mately end at a functioning vascular supply could not tale place.
Simon obtained the further development of these buds by cutting
& channel through the wood; this permitted vascular differentiation
from the apical group of meristem cells to proceed backward to the
young differentiating vascular elements associated with the eambium.

Thus it is seen that the formation of an adventive bud seems to
require the organization of a superficial group of meristem cells—
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the conditions for their functiﬂnintﬁ approximating closely those that .
prevail at & phellogen—along with a sap supply which permits the |
maintenance of this meristematic activify that 1s subsequently asso- |
ciated with vascular differentiation beneath this superficial group
of meristem, :

FORMATION OF ADVENTIVE ROOTS

The development of new roots from any isolated root system may
take place either laterally or from the wound callus. In Crambe |
the first roots in evidence after isolation emerge from the normat, :
lateral surface of the root, when, as is pointed out in the next section
(p. €0), they usually appear as branches from the older laternl roots -
already present in the tissue of the main root. Very rarely in old ;
roots the new roots may emerge laterally from the neighborhood of
ihe cambium of the main axis, ;

These types of root production are not considered further in this
section, but atiention is confined to reot production from the wound |
callus which occurs in Crambe as in some other fleshy roots; such
adventive roots appear some days after the separation of the Toot. |

1f the root piece is sufficiently long, marked polarity is noticeable |
in the isolated -segment. Bud production begins very early and is |
manifested much more vigorously at the proximal end than at ¢he
roob-end, though under exceptional circumstances (p. 21) buds maey
appear at the distal end also. In the case of seakale, after shout
10 %o 12 days, with cuttings kept at about 25° C., vigorous root pro-
duction from the cut surface was in evidence at the distal end only,
and bud production from this end seemed entirely inhibited. The
roots.usually appeared in a ring over the site of the original vascular
cambium. Other roots were occasionally seen to be arising from
the xylem region, but no roots emerged from any part of the surface
outsice the cambjum ring. Van der Lek (86), considering compara-
ble roofs arising upon stems, termed them “wound roots” to dis-
tinguish thém from the “morphological roots ” emerged through s
surface that was intact, but this terminology does not seem fortunate,
for presumably even wound roots have a morphology.

It will be remembered that when the pieces of root were very
short so that distal and proximal surfaces were but a few millimeters
apart, both surfaces bore buds freely. On such disks of root no
new roots emerged from either surface. Thus from the outset the
longer pieces of root differed more in the behavior of the opposite
end%, the more activity being displayed at the distal surface; this
difference in behavior between the long and the short cuttings evi-
dently increased with time. TIn the long pieces, during the first few
days suberization proceeded more niarT;ecIly at the distal than -at
the proximal end, and phellogen activity was likewise more pro-
nounced at the distal end. These differences were also recognizable
to a lesser degree in the short slices, but in the further deve%];)ment
of the meristematic activities at the two ends by far the greater
manifestation of polarity was seen in the long pieces. Although the
distal ends of the short pieces formed buds and in the long pieces
great meristematic activity was displayed, buds did not form. at
the distal end, but the new meristems in the longer cuttings were
organized instead into root epices. This new development, charac-
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" teristic of the distal end of a roob piece 2 centimeters or more in
length, will now be examined in some detail.

- The fuct that in such material rost production appeared to be
confined to the distal callus suggests that in such a root a redistribu-
. tion of meristematic activity continues to take place after isolation,
-~ finally resulting in shoot production at one end and root production
at the other. Symptoms of such a reorganization of meristematic
activity throughout the root piece can be seen in transverse sections
through sach root pieces, taken after different intervals of time.
Ir the normal roct, meristematic activity is mainly, but not entirely,
confined to the region of the vascular cambium. Here typical
meristematic activity takes place in the region between xyler: and
phloem. Hemwever, growth activity is not confined to the immediate
neighborhood of the vascular elements, for interfascicular activity
also takes place in the cambial ring, thus the rays keep pace with
the iuerease in the xylem and phloem. In such a fleshy root,
moreover, where xylem and phloem are very parenchymatous, cell
divisions continue to ocour in both the xylem and the .p{loem paren-
chyma, and, as hes been seen, the regularity of the tissues becomes
less and less distinet, particularly in the outer phloem.

After such a root has been isolated, 4-day material shows that
near the proximal end the meristematic divisions of the vascular
cambium were still strictly confined to the region between xylem
and phloem, and in the rays but very slight activity was evident.
(Pl 2, A.) On the other hand, near the Eis_tal end (pl. 2, B) it is
seen that the meristematic activity of the cambium has extended
across the rays as well. Fach of these sections was taken about
1 millimeter beneath the cut surface. Plate 2, C, illustrates the state
of affairs 2 or 3 millimeters below the proximal surface as seen after
seven days. The change in distribution of meristematic activity is
here very striking; the activity of the vascular cambium appears to
be entirely confined to a region close to the groups of recently formed
phloem, which thus comes to be seated outside crescent-shaped rows
of actively dividing cells, to the inside of which new groups of short
tracheids or vessel elements have already started to differentiate.
These are the vascular groups with which are later connected the
procambial strands of the buds formed at this end. This section
also provides definite evidence of cell division around some of the
-%ll'oups of older vessels—indications that call to mind the cambium
that forms in this manner as g normal thing in many fleshy roots
like Oenanthe crocata L., producing concentric rings of secondary
xylem and phloem irregularly throughout the root.

At the lower (distal) end, as Plate 2, D, shows, after seven days
similar rings of meristematic activity around groups of vessels are
apparent in the interior of the root, but the ring of vascular cam-
binm is Liere not broken up at all; greater cambial activity has been
taking place at this end than before, both between xylem and phloem
and scross the rays. The products of this activity, to the inside,
have differentiated into the short tracheids and vessel segments char-
acteristic of wound wood (p. 88), and to the outside have been cut off
sells which presumably must be regarded as phloem parenchyma.

This increased activity of the vascular cambium 2t the distal end
gives, in longitudinal section, a new appearance which is completely
missing at the proximal end. In this plane it is seen that the cam-
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bial activity has spread around the ends of the differentiated, ligni-. -
tied xylem elements; these old vessels are now covered at the cut i
surface by the parenchyma cut off during the carly stages of .the "
calluslike cell multiplication, and the new cambium differentiates :
through this parenchyma. : 3
- Beneath the suberized cut surface and separated by a paren- ;
chymatous semimeristematic tissue two layers of meristem are now  :
siretching; the outer meristem, which forms first, constitutes :the -
cork phellogen, while the inner one is intimately associnted with the
vascuiar cambium. The inner line of meristem does not extend into
the phloem region at all, but it stretches only across the xylem |
region. As shown in Plate 6, it seems to merge into the cambium, ]}
at the side and into the cambiumlike groups which surround the J
vascular elements scattered within the xylem. This plate also shows }
that this new cambium has cut off new tracheids to the inside and |
cells very much like phloem and phleem parenchyma to the outside. §
Hence, in all respects this new cambinm seems to be a regenerated
vascular cambium. It is in this mass of tissue, part of it definitely
meristematic and pari potentislly mieristematlc, extending from
cork phellogen to the layer in connection with the vascular cambium,
that root initials now originate. '
Early stages in root initiation are shown in Plate 7, A-D. In the

layer just beneath the phellogen, cells that were already semi- |
meristematic become filled with protoplasm and the nucleus becomes |
spherical. The phellogen cells themselves, thus released from the
pressure exerted from beneath them by vacuolating cells, are no

onger so compressed ; for a time they remain meristematic in appear-
ance, but they do not undergo rapid division, and therefore there is
no increase in the surface of the newly organizing meristéem. On
the other hand, for several lnyers within, the cells become meristematic
and divide frequently. This happens throughout quite a mass of
the subjacent tissue, so that as the root apex becomes more definitely
organized (pl. 7, D and pl. 8, B) all the cells throughout a consider-
able width ef tissue appear equally meristemetic. Under these con-
ditions there is no indication of a slender ring of meristematic tissue
undergoing compression by vacuolated cells within and without, ;
such as is shown by the differentiating bud, so that no procambial - |
strands can be detected, there being on%y a solid core of meristem .of
which the inner cells are probably dividing more rapidly then the
outer ones (p. 7). Even before the root emerges this core of
meristematic tissue has extended down practically as far as fhe new.
transverse meristem. However, in every case the roots were seen to
arise in the superficial position indicated, opposite either the vaseular
cambium itself or & strand of cambiumlike tissue surrounding o group
of xylem vessels. Hence, as the root organization begins its forward
movement, there is a continuity of meristematic tissue between the
new cells of the growing pomnt and the newly formed lignified
vascular elements of the wound wood, which are connected with the
older vessels. In Plate 8, C, the continuity of the vertically ex- |
tended cells of the vascular cambium with the meristem of the emerg- .|
~ .ing root is very clearly seen, and near the base of the root some of
the newly formed xylem elements are visible.

In the case of bud formation at the cut surface the newly organized

meristematic zpices could not be attributed to any single meristematic
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LATER STAGES IN ADVENTIVE-SHOOT DEVELOPMENT ON CRAMBE ROOTS

A—A bud Tnilial, showing its position beneath the wound eork.  Dead cells still illed with sinreh
are shown ot the cut gurbee thave U suberlzed oolls X 949,

B.—A yousg Bd breakime troigth the wound cork just above the originnd cambium, X 50,

C.—Loneidinag? seetfon Chrough o disk of xylem cut ant from (he rool witii a eark horer. A
wottadd phellogen is active an every surface of his Qisk, and bud initinls sire piso present on each

Cosurfiree, M1

1y el Fo—sisges of el formation at the proxinmi surfice, ilsteating the grndunt extension af
meristematic feLivity mia the decper loyers of the tisse,  In B, procambial strands are ditfer-
entinting in the two ooy deal initinds ainl thenee backward inte the meristestintic tissues -
nmeath the bued, 1), X LHE B, XS
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LONGITUDINAL SECTION THROUGH DISTAL END OF ROOT PIECE OF CRAMBE
AFTER 14 DAYS
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T'he cork phellogen iy visihle benenth tie suberized ayer, snd is has formed riresh in Lhe ouler Jayers
of the colius, where this tiasie has burst throupgh the original suberized Invers, Just benenth the
pusition of the origined cumbiizm o root Lms grown out.  In the deeper in¥ers of the Ussue helow
tha cut surface there can be troced & line of meristerntic tssue from which new xyiem elements
are being cut ofl toward the inner siripee.  On the euter side the tissue cut off directly opposite
these xylent gmui;s hnsull the sppearnnes of phiosm. ‘'his meristematic inyer extends on]Iy from
calubium b cambinm. X 50,
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FORMATION OF ADVENTIVE ROOTS ON CRAMBE

A~D.—Lougitudiun! sections througl: the distal end of rool pieces 12 guys afler isolation, A, Gn
the Jefb note Lie srrepaiar wosh, lned on alf siles by phellogen Iving beancath decply skrined
clepiosits of sitberin.  To the right of this gash, just below the cul surfaee, the merisienntic cells
of & very voung root initid ure present. X 1)l H-D, Progressively older stages in the organ-
izmbion of 3 yeung root initind, | < 0,

If these secthons are conipared witl thoso shown in Plotes 4 amd 5, it will be seen that at the Lime
an! plie of nitintion the phaell y iy less fak bLenenth the wowk! cork and seems to
take less part in the merisiematic tratsformutions nssocinled with the orgnnization of raoy ini-
tinds than with shoot inftmls.
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COLDER STASES 1IN ROOT FORMATION N CRAMBE (LONGITUDINAL SECTIONS)
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tissue of the original roct, though they were clearly associated with
the wound phellogen. In this later development of meristematic
gctivity, occurring at the distal end alone, there is unmistakeble
indieation of close correlation existing between root preduction and
the increased meristematic activity associated with the vascular
cambium at this end. When the root initial is originally organized
the phellogen of the cut surface mey form an integral part of its
surface layer. But this layer, as is appropriate to a rootcap, ceases
to be an aciive meristematic layer; meristematic characteristics and
cell division appear within deeper and deeper layers of the tissue at
the wound surface, so that by the time the root is organized and
ready to emerge, its inner, actively dividing layers are closely asso-
ciated with the normal activity of the vascular cambium.

For the internal factors contributing to root formation, therefore,
one must lock to the factors contributing to this reorgamization of
meristematic activity which oceurs throughout the isolated root.
Unfortunately, the anatomical story of polurity, as already indieated,
is still largely a matter of speculation. Polarity is bound up with the

*organization of tissues as a whole, so that to o considerable extent the
longer the piece of root employed the more accentuated Is this effect,

In the discussion of the relation of phloem to phellogen activity
the possible significance of the downward movement in the phloem
of solutes essential for meristematic activity has been considered.
Such a correlation seems suggested by the increased meristematic
activity in evidence at the distsl end of the longer pieces, considered
in relation to the decreased activity of the vascular cambium af the
upper end. and the way in which this diminished activity is con-
fined to crescentlike regions around the groups of phleem. On the
other hand, such a correlation between the activity of the phloem and
that of the vascular cambium and phellogen is clearly not the only
factor concerned, as is shown by the appearance of meristematic
activity around many of the internal groups of vessels. As siready
pointed out, the parenchyma found around these groups is always
compressed and relatively free from intercellular air spaces, and to a
large extent the distribution of meristematic activity at the prozimal
end of the root piece could be understood on the assumpticn that it
was necessarily confined to those regions which alone had access to
adequate supplies of solutes,

At the distal end, solutes accumulate by the continued polar dis-
tributive activity of the phloem, and at this end most-of the tissues
lying just beneath the cut surface remain charged with sap, so that
cambial activity takes place not only near the pTxloem but also across
the rays. Likewise, the entire xylem region, several cell layers back
from the cut, becomes more or less meristematic. Between the cork
phellogen and the deeper lying meristem which forms subsequenﬂ%
there is thus left a layer of semimeristematic parenchyma in whic

EXPLANATORY LEGEND FOR PLATE §
OLpER STagEs !N RooT Fomitarios ¥ CraMez (LoNeITomyaL SecTIONS)

A, —Distal end afier 12 days, showing manner io which proliferntion of eallus forces thsun out throogh
the barder of subsrized cells, Whers this huppens very little merlstemntic sctivity ig seen; thaygh s

phall is reorgnnizing outside the suberlzed layers in several places. Abave the suberized layer, on

the lalt of tha sectlon, a root initial is orgunizing. X 5,

B.—Distal exd nfter 12 days, showing s 700t npex emerging Irom the cul surface. X 160

C.—Distal snd near emergencs of a large root (very deeply stalned). Behind this o connectlon can be
traced hetween the Imeristem cells of the toot apax and the vasculer cambium of the maln root. Onthe
right of this lilne of meristem cells pew xylem elements are differentiatlng. > 50,
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the intercellular spaces are small and injected and in which therefore,
the supply of water and solutes are adequate for.growth. This tissue,
as it wmultiplies, expands with considersble pressure against the bar-
rier of suberized cells at the surface. Often here end .there the
inelastic film of suberized and dead cells is broken; with, as an im-
mediate result, the emergence and exposure of the parenchymatous
cells within, which “flow out” through the gap as a large-celled,
loose, spongy tissue in which the large interceltular spaces Al with
alr. As Plate 8, A, illustrates, where such rupture occurs, organized
meristematic activity ceases. The meristematic cells of the newly
organizing root imtials as well as those of the shoot initials were
always seen to be confined to the region of tightly packed cells lying
beneath this still-effective suberized barrier. %Teither roots nor shoots
were seen to arise epposite breaks in the cork cambium.

The development of shoot apices and root apices taking place at
the cut surface of Crambe hus been considered. It is clear that
internal factors, which are at present far too little understood, deter-

mine which, if either, of these types of meristematic activity ‘will be

manifested. Shoot meristems appear first, arising in the layer of
actively growing cells which lie nearest the cut surface (cork cam-
bium} and under conditions which allow the supplies of food neces-
sary for the continued development of this meristem to reach it
through the underlying tissue. This activity may appear at either
cub surface, anywhere over the cambium or the xylem psrenchyms,
and possibly under special conditions even over the phloem paren-
chyma. At the distal surface only, and later in time, special
conditions of meristematic growth prevail, in which activity is so
orgenized that the inner lgyers of the meristematic tissue are the more
active in division, and from an early stage in their development
these are closely associated with the meristem which is giving rise
to differentiated xylem within—the vascular cambinm. Thus, from
an early stage, the dense core of the root meristem is organized in
contact with the vascular stele. The cells in the ounter layers, pre-
viously phellogen, whether from lack of foed or from some other
reason fuil to divide actively, and contribute instead to the rootcap
of the new structure. Hence, » type of oreanized ineristem emerges
from s meristematic matrix that, bhad it been given certein other
internal correlating factors, would have utilized the same energy in
the production of a shoot.

That meristematic tissne with such potentialities for shoot produe-
tion should actually give rise instead to root initials ean not be a mat-
ter of surprise, in view of the faet that many years ago Beijerinclk
deseribed the transformation of a typical shoot apex into a root meri-
stem (27}. Lateral shoot buds appear at intervels along the root of
Bumer acetosella L. and under normal conditions often grow out into
new shoots. But if & piece of this root system is isolated and placed
vertically in damp soil, while the upper buds grow out into shoots,
in some cases one or more lower bud initials will grow on into roots.
Plate 9, C, shows such a root; at its base rudimentary bud scales
can be seen. It was obtained in experiments at Leeds, in which
Beijerinel’s original observations were confirmed by Edmondson.®

* EpMoxpsoN, W. E.  THER TRANSITION FROM BOD [N[TTAL TC BOOT IN RUMEX ACETOBRLLA.
Leeds. 1825. '[Unpublished thesis,]
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‘Furthermore, In a later section {p. 78) a case is illustrated where
shoot and root apices were organized very close to one ancther
awithin the parenchyms. near the cut surface of a root .of Cichorium
dntybus. Heve shoot and root meristemns must have ori%-i.nally come
from groups of cells that were as close to one another gs the phellogen
and the deeper lying meristematic layer in the distal callus of the
root of ‘Crambe,

Root production seems to be much more closely related than shoot
production to the normal activity of the vascular cambinm. It i,
therefore, perhaps worth emphasizing the striking parallel that
exists baetween the normal vaseuler cambium, which cuts off more
cells to the inside, and the root meristem, which is the more active
on the inner surface, facing the stele (717). The general conditions
governing these two forms of growth activity, the adventive shoot
apex and root apex, will be reviewed once more and from a wider
angle, in the next section, where a wider range of phenomens js
discussed in connection with their organization during vegetative

propagation.
THE GENERALIZED PROBLEM

ADVENTIVE SHOOTS

Apparently the apical organization and development of the shoot
always proceed slong the lines indicated in the preceding seciions
so that to this extent the problem of the origin of new shoots in
vegetative propagation is always the sume. But the orgunization of
the tissues in which they may arise varies greatly and the problem of
the development of adventive shoots is (ﬁiferent, when such struc-

tures develop upon isolated leaves or stems, from the problem as
outlined above for seakale, and if is still more distinet in the case of
buds arising on uninjured roots.

Tn adl cases it is necessary to distinguish clearly between the further
development of s meristematic shoot apex, dormant but already
organized, and the initistion of such an apex as the result of develop-
mental changes brought about by specia]l conditions such as the
isolation of a portion of the plant. Shoot apices may be present in
o dormant state upon any portion of the plant, either shoot or root,
and the extremely diverse manner in which such primordia com-
monly occur in different species makes it difficult to use the
qualifying term “adventive” {(or “adventitious”) with 2 precise
connotation.

Koch (78) described very fully the process of branching in ithe
flowering plant. He showed that the meristematic “anlagen,” con-
stituting the lateral buds, in the case of some water plants as -well
ay oocasionally in inflorescences, may appear upon the apex, even
Liefore the subtending leaf initials appear. On the other hend, in
. ‘practically all frees and shrubs the new lateral buds arise some time
after the leaf initials have appeared at the growing point, at &
time when the internodal development taking place makes these
axillary meristematic groups distinct in origin from the meristematic
tissne crowning the apex. It would probabiy be incorrect, therefore,
to define, as Hofmeister (67} did, an adventive bud as any bud which
arises on the axis, without genetic n:eristematic connection with the
original apical meristem, since such a definition would undoubtedly
incﬁde as sdventive a number of axillary buds that have emerged
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in their regular place, in acropetal order, upon the shoot. On the |
other hand, it is equally difficult to draw a clear distinction between
different buds based upon their order of development, or even upon -
the relation of injury to their emer ence, as Sachs (737) did. Thus,
every uxillary bud is the result of the activity of a little axillary
cushion of meristem which is usually located in the axil between stem |
and leaf, but which may be on the surface of either leaf or stem near |
the axil. The activity of this meristematic mass is not always ex-
hausted by the formation of a single bud; in many plants, as a regu-
lar thing, other buds may be organized in series near the first buds, |
either above or below them, or on the flanks. Such buds were termed ]
“ Beiknospen ” by Sandt (734}, who investigated the phenomenon
very fully. This employment of the prefix “%ei ¥ needs to be borne
in mind because of the possibiiity of confusion arising from ‘the en-
tirely different way in which the term “ Beiwurzeln ” is employed
(p. 60). :

( Thess * Beiknospen ” may be oviginally present in the leaf axil;
at other times, as the result of injury or removal of the original
single bud, an exactly similar behavior of the axillary meristemstic
cushion mey cause their production; in the latter case, such * Bei-
knospen ” would be terme(f “ adventive ” by most ‘workers, Similarly,
the dormant bud which emerges long efter the usnal time of a pear-
ance as determined by its acropetal position on the axis may ge the
further development of » meristematic cushion which had been lett
on the axis at almost any stage of development between that of an
original group of meristematic cells and that of & definitely organ-
ized shoot apex. :

Again in many plants, including Cardamine pratensis, Atherurus
ternatus [Pinellia tuberiferq Ten.) &59) and Torenia asiatico L.
185), buds regularly arise upon leat veins or petioles, and thus,
though a feature of the plant's normal development, certainly fall
into the category of “adventive,” using this term as originally de-
fined by Du Petit-Thouars (34), who clussified as adventive gll ‘buds
not terminal or axillary. ‘These leaf-borne buds, however, do not
coineide so well with the remainder of his original definition—buds
arising later in life than the normall,y situated structures,

However, if the term “adventive” were employed with shoots as
De Candolle (20) and many later workers have employed it for
roots—only roots arising on other organs than roots being described
as adventive—these shoots, emerging normally from leaf tissue, and
therefore from & portion of the shoot, could not come into the cate-
gory of adventive, while all the numerous cases in which shoots
sppear upon the root as a part of the normal development of the
cicotyledon root system {17} would be ineluded., '

There seems, therefore, only one of two alternatives to be followed
in the practical employment of the ‘expression “adventive.” 1In
dealing with such diversely organized structures as flowerin plants,
either the term must be loosely employed or all but a single group
must be ruled out. If the term is used in a general sense, there
seems little reason to depart far from the original practice, in which
any shoot orgunization appearing in any ﬁ)osition other than terminal
or axillary, or which appears at some re atively late stage in devel-
opment, may be termed “adventive.” On the other hand, if a pre-
aise use of the word is desired, it must be restricted to the numerous
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«ases where, as the result .of the abnormal conditions resulting from
" injury (as in cutting propagation), buds erise in tissues which,
- wwhether .meristematic .or permanent, were not previously organized
/as meristematic shoot .apices. ]
' "This strict -delimitation .of the term would make possible preci-
. gion in its use, but at the .cost of some practical convenience; .con-
:saquently for the present the writers will continue its use in-the
general sense, because the problem with which they are concerned
18 ‘the :development of buds in a portion of the plant isolated for
wegetative propagation. Sucb buds may -emerge from -dornant
- .apical shoot .organizations, from meristematic cushions in which
- this capacity to organize so is Jatent or .only partly indicated at
the moment of separation, or, as was seen in the case of seakale, such
* ‘buds may be an entirely new development resulting from the injury
and isolation which is essentially a part of cutting propagation. As
has been: said, the main differences between these types appear in
- the .organization of the tissue upon which the shoot apex vemerfges.
For that reason it will be convenient ito discuss first the develop-
ment of shoots upon shocts and then of shoots upon roots. '

SHOOTES UPON SHOOTB

MONGCOTYLERONS

In the great :majority of cases when isolated portions .of shoots
are used for vegetative propagation, the system isolated includes
gsome normal axillary buds and the shoot system of the new plant
arises from these. ﬂ the case -of most monocotyledons this is prac-
tically the only possible method of vegetative propagation, as per-

- manent tissues very seldom again become meristemetic in such
plants, while in the older regions of the plant meristematic tissues
are found only in the node and the basal portion of the leaf.

In & number of monocoi?rledons isolated portions of shoot .or
root will produce a type of cork at the injured surface, but, as
Philipp (708) pointed out, this cork is usnally different in mature
from that characteristic of the dicotyledon. Imstead of the original
permenent tissue differentiating into a phellogen layer which then
remains active for an indefinite period, the cellz in one or more layers
beneath the cut surface divide into a limited number of segments
by walls parallel to the cut. None of the individual .cells thus
formed function as meristematic phellogen; all become suberized
and in many cases no further cork formation takes place -hey.ond
ithat occur.rini in this single layer. In other cases, cells adjacent
.to those which first divided, in turn become active and divide, so
thet quite a depth of suberized cells may be produced; but the
seriation of the blocks of cells in the tissues, as seen in section, is
determined by the -arrangement of the cells in the original par-
.enchyma in which the .divisions occurred, and there is no continu-

- -ous serial order of the cells such as results when a common phellogen
- - iz responsible for their formation. In the -origin of the adventive
shoots of Crambe maritima it was clear that the new shoot organi-
zptions arose from the meristematic cells of the phellogen. No
layers with such meristematic potentialities appear during the
process of cork formation in most monocotyledons, and it 15 not
surprising that no case has so far been described of adventive-shoot
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formation from the cut stem or root surface in any monocotyledon |
where cork formation is of this type, which is termed by Philipp
“etagen 7 cork, in contradistinction to the ordinary © initial ¥ cork @
of the dicotyledon.
In some monocotyiedons tyjpical phellogen activities are displayed, |
as ore also certain other characteristic cambial layers. It is from |

such members of the Liliacese alone that bud formation has been 3

deseribed, either from the stem callus, as in Alog arborescens var, |
rutescens Link (69), or from the root callus as in Dracaena and
Dioscorea. In several species of Lilium, in ‘Ornithogalum, and in i

Pinellia tuberifera, bulbils, -or shoot organizations, appear upon the

leaf-lamina base as a normal thing, very much as similar structures |
occur within the ovary in Allium. Such buds are, of course, com- ;
monly employed in propagation. Furthermore, in the ease of many

fleshy monocotyledon leaves in which the basal meristem normally §

persists for some time, when these leaves are isolated, adventive buds |
appear at or near the cut surface, arising from cells lying just below §
suberized cells, near the point of injury. Examples are Hoemanthus |
(43), Drimin (44), and Sansevieria,

Whether the shoot organizatioh is already present in the plant at |
the time of separation, or forms at the leaf base only after injury, i
its development. follows the same regular course.

The leaf initials arise as folds, almost completely surrounding the
meristematic apex; beneath these the internodal tissues subsequenti
differentiate as cylinder within cylinder, while at the base of eac
differentiating internode, root initials are developed in connection
with the procambial ring. Apparently, in every case in the mono-
cotyledons new roots are formed in connection with such nodal or
leaf-base buds, in the new shoot itself; hence at a very early stage
the new individual is completely independent of the parent plant.
Of course, in many ceses where the stem is used as a cutting, roots
arise from the main axis as well as from the base of 2 developed bud.
This point will be briefly considered in the next section. Schubert
(237, 138), in his account of the propegation of monocotyledons by
cuttings, gave & list of species in which propagation has been suc-
cessfu]glir effected from leaf bases.

Dicoryremore

In the dicotyledon, meristematic tissues are much more widely dis-
tributed, their regeneration from permanent tissues occurs very much
more frequently, and therefore the modes of organization of ad-
ventive buds are much more numerous.

Again, the most familiar example is that in which an axillery bud,
left mn the isolated portion of the shoot, continues to develop and
produces the shoot system of the new plant., The development of
such an axillary bud conforms in general very closely to the story
of the development of adventive hugs from wound callus in Crambe,
Such an axillary bud constitutes merely an “ anlage * of meristematic
tissue in the axil of the leaf. Contemporaneous?y with its develop-
ment, the differentiation of the internode in the axis above was pro-
ceeding; the procambial strand of a leaf situated higher on the axis
ends just above the insertion of this bud, so that just beneath it in
the procambial ring oceurs a gap which is filled with parenchymatous,
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" nonmeristematic tissie. When, the procambial ring differentintes
into a vascular system, the 1&)’1&:‘: and the phloem differentiate down-
ward, this tendency to differentiate passing obliquely around the
sides of the branch gap and the leaf gap, which still remain paren-
chymatous. However, when the organization of this axillary shoot
apex continues, the parenchymatous tissne becomes traversed by the
procambial strands of the new branch system. In tfhis process of
differentiation the vascular elements appear as separate .osmotic sys-
terns during the early stages, and only gradually link up, by back-
ward differentiation, with the sides of the leaf gzps and with the
leaf traces below. Thus the organization of this lateral shoot apex
takes place from the surface inward as in other cases, the process
sometimes here extending over several months.

ADVENTIVE BUDS UPON THE BTEM

If no buds are left upon the detached portion of the axis, in very
mary cases new buds can be formed. Frequently these arise from
small shoot apices which were Iying dormant, perhaps in the axil of 2
scale leaf or as accessory buds (* Beiknospen ”) at the base of an
original bud. The recent extensive observations of Plett (109)°
show that even when such initials are absent new buds may still be
formed. Thus, out of 401 species examined, 38 species produced buds
upon internodal cuttings, of which 27 also produced roots. On the
other hand, although oniy 11 species formed buds alone, 87 species
produced roots slone, indicating a relatively greater tendency for
root production than for bud production. In such internodal cut-
tings, where no remnant of the original bud base and meristematic -
cushion is left, the new buds usuaﬁy arise from the wound callus.
Plett found that the following species produced buds in this manner:
Rudbeckia laciniata, Boltonia latisquama, Centaurea calocephala f.
aurea Dry., C. rupestris L., Scabiosa arvensis L., Salvia sylvestris L.,
Physostegia virginiana, Solamen nigrwm, Lycopersicum esculentwm,
Nicotiana tabacwm, Sinningie purpurea Hort., deanthus montanas,
A. mollis, A. spinosus, 4. longifolins Towr., Fittonia argyroneura,
Passifiora caerulea, and Cleome spinosa. He found that in Meuran-
dia lophospermann, Begonia, and several Peperomias the buds arose
in the cortex, in Torenia probably from the epidermis, in Apocynum
they appeared as lenticellike outgrowths in the cortex, and in Liysi-
mschia from one epidermal cell.

Failure to obtain buds from internodal cuttings obviously can not
be accepted as conclusive, as repetition under other conditions might
lead to success. In the absence of the anatomical details in each par-
ticular case of failure it is difficult to determine in just what stage of
the regenerative process the failure occurs.

In a few cases Plett ® found that buds arising at the distal end of
such cuttings were in direct vascular connection through the inter-
node with the roots arising from the basal end; thus 1n such cases
the original cutiing remains an integral part of the new vegeta-
tively propagated plant. In the great majority of cases, however,

* PuETT, W. AMTERSUCHUNGEN {AER DIE REGENIPATIONSERSCHEINONGEN AN TNTER-

NOonIEN. 48 p., ilus, Hemburg, 1821, [Uppublished lonygg. Diss,  Auszup publlybed
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this does not happen, the establishment of the new shoots #s inde-
pendent plants being conditional upon the development of roots
rom their bases, S

In an experimental study upon callus formation occurring in
woody twigs such as Populus, !large}y denling with the influence of :
external factors, Simon (744) paid some attention to anatomy. He |
gointed out in the first place that the somewhat vigorous callus pro-

uction taking place in these shoots in moist air differed greatly -
between the two ends of the shoot. At the upper (distal) end he
found the callus to be very irregular in form; the vascular cambium
seemed to take & comparatively minor réle in its formation, and the
callus was developed through the repeated division of the cells of -all
the living tissues at the exposed surface, including the pith. How-
ever, the cells in the neighborhood of the vascular cambium were the
most active in the process. At the lower end the callus was much
more regular in appearance, being in the main a mass of tissue cut
off by the vascular cambium. This layer continued to form down-
ward into the callus, arching inward toward the wood and cuttin
off both parenchyma and wood to the inside; to the outside it forme:
less tissue, all of it parenchymatous in nature, while still farther
out a cerfain amount of calluslike growth and division occurred. At
both ends near the outer surface of the callus could usuelly be traced
a meristematic Inyer which was forming new cells, mainly toward
the surface, thus contributing to the formation of the callus or cork,
according to the relative humidity.

Simon noted (144, p. 363464{ that buds arose from the super-
ficial cells of the callus if they formed in the early stages of its
development, but when a well-marked meristem or pheliogen had ap-
peared near the surface, then the buds arose from the neighborhood
of this meristem. His results are, therefore, closely in line with the
observations upon Crambe.

Simon (144) also found that according to the conditions under
which the shoots were maintained the position of the buds could be
modified. Thus, while uwsually buds sppeared &t the distal callus
and roots at the proximal, if the formation of the distal eallus was
repressed by some means and the shoots were supplied with plenty
of water, numerous buds arose st the basal callus; inverted cuttings
formed a few buds on the proximal callus. If, however, the distal
callus, now the lower, stood in water, then 75 per cent of the cut-
tings produced buds from the proximal callus. “Tittman {(166) had
similarly shown for Populus that with repression of the distal callus
and with the removal of the axillary buds, adventive buds could be
obtained from the basal callus.

Plett ® noted in his extensive experiments with internodes that.
although the roofs almost invariably appeared at the proximsl en
of the cutting, the buds sesmed to arise anywhere. Only in Salvia
sylwestris and Aconthus mollis were the buds confined to the distal
callus; in several species, including Boltonia latisquama, Physostegia
virginiana, and Nicotiann, most buds were formed upon the basal
callus. Gravity and light seemed to produce very little effect upon
the position and production of these buds, but moisture exerted a

2 Bew footnote G on p. 31,
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- ety mnarked influence. ‘Plett concluded, as Simon was-inelined to do
" before him, thit the marked polarity showsi by regenérating roots as
4 @omgned “with the irregularity in position of the regenerating buds
- might be connected with the relatively different origins of roots and.
shoots. As has been seen, the buds are almost always exogenous in

. -origin, but the rcots, which are generally associated with the vascular
camblium or pericycle, are endogencus. Plett, therefore, suggested
that the inner tissues of the plant seem to be constructed with s
polarized, axial symmetry, wheréas the outer layers and the tissues
of the eallus are not polarized,

. From the standpoint of anatomy the differences in the distribu-
tion of buds and roots upon these internodal cuttings hecome some-
what clearer. A considerable amount of unpublished work has been
doné st- Loeds upon internedal cuttings, partly upon herbaceous
plants such es Helignthus, Phaseolus, Vieia, and Pelargonium, and
partly upon woody plants such as Acer, Ligustrum, and Malus. In
all thig work the general truth of Simon’s conelusion {744) has been
confirmed, namely, that the callus usually differs in origin as well as
i; ;laﬁ'h)a.vior at the opposite ends of isolated pieces of shoots. (Pl. 9,

] - .

At the proximal end of shoot cuttings, from the very early stages,
the vascular cambium is intimately associated with l;yhe production
of the mass of new tissue. The cushion of tissue thus arising at the
base is Jargely formed by the cambium ring through tanfentml divi-
sions whicﬁacut off cells to the inside of the cambium, and just as also
ocours in the normal activity of the cambium many of the cells thus
formed differentinte into short tracheids or vessel segments. Fre-
quently at the hase of the shoot the wood thus formed differs ma-
teriglly from the normal wood in heving fewer vessels and more
parenchyms celiz; the vessel segmenis formed are also shorter and

ave g narrower lumen. This type of wound wood may be limited
to the very base of the shoot or 1t may not be detected at 2ll; it cor-
responds very-closely with the type of wood frequently formed in the
neighborhood of ringing wounds (79, 756). In addition to this-
“]t]ifnamm wadge,” as Hartig called it (54), the cells of the cortex,
phicem, wood parenchyma, and pith may undergo a certain amount
of extension and division, giving rise o a tissue which is carried out-
ward along with the main mass of tissue arising from the cambium.

The fleshy roots of Crambe, as indeed of many other types of
isolated root pieces, show much dess indication of such cambial activ-
ity st the equivalent, i. e. distal end. As has been alrezdy brought
-omt, while callus was formed vigorously over the -whole surface, the
cambivm playing the leading réle in such activity, it was formed
rather by divisions parallel t¢ the surface and not {py divisions with
the orientation usual in the cambium.

At the surface of the callus formed at the basal (proximal) end of
the shoot cutting, even though arising originally fgom the vascular
cambium, another meristematic layer soon emerges just below the
suriace. In this layer, as has been seen, divisions take place by
walls parallel to the surface, giving rise either to cork or to eallus.

Fromm this phellogen buds frequently appesr; in the callus of fleshy

xoot siuch s seakale, this loyer is visible very estly and bud produc.
o 59810° =203
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tion is both early and widespread. ' On thesother hand, s was-qrigi:-
nally pointed out by .Stoll .(154) .the origin of .the roots.can usugkly:
'he found in the.neighhorhood of the layer of dividing cells ‘which iis.

still genetically connected with the vascular cambium; they are thus

" in most cases distinctly endogenous, .

A the distal end of the shoot cutting in.niﬁﬁy cases callus .pmdu&?

tionis very slight indeed. 1f, as commonly happens, the atmosphere, o

avound the cut surface-is not saturated with moisture, the sap-origis;
nally injected into the intercellular spaces beneath the cut surface
seems to be rapidly absorbed, so that the original fatty deposits which
ive rise to suberized membranes are very irregular and often .well
E_elow the surface. Even if the air is saturated and callus .does
appear, as Swingle (762) and several others have .pointed out, :this
is less than that arising at the basal end. More important in this
connection, however, iz the fact that while the tissues adjacent to the
cutb may give rise to a callus by cell extension and multipiication, the
production of o regnlar “ dynamic wedge,” such as that occurring at.
the basal end by the tangential divisions of the cambial cells, has
never been observed at the distel callus, although the individual cells
in the region of the cambium may be especially active in the process
of callus formation. The new cell divisions are irrvegular and occur
mainly by walls parallel to the cut; hence none.of the new tissue
can be regarded as the direct result of the mormsal activity of .the
vascular cambium., A further important point is the fact that none
of this tissue shows any tendency at this stage to differentiate into
xylem, as it does at the basal end; in internodal shoots of woody
plants practically no xylem formation, either of the nature of wound
wood or of the normal type, has been observed in:the Leeds experi.-
ments to occur at the distal cnd of woody cuttings. S
In the distal callus a phellogen also appears near the surface,
and in this buds may arise, Xylem formation in this callus then
occurs in connection with the procambial strands of these new buds
s they differentiate. Hence, nlthough buds may appear at the sur-
face of the callus formed at this end of the cutting, or occasionally
at the other end as well, in view of the fact that the origin.of new
roots seems to be so closely connected with the activity of-the vascu-,
Ial;i cambinom it is not surprising to find roots confined to the basal
end. -
Likewise, in cuttings of fleshy roots, as has been said, cambial
activity at the corresponding proximal end of the cutting is also
less than that oceurring at the distal end, and root production from
this end of the root: piece very seldom if ever oceurs from such wound-
tissue. Anatomy thus seems to throw a little light -upon the more-
extensive distribution of buds in these isolated shoot pieces as coms
pared with the localized production of new root initials.

ADYENTIVE BUDB UPON THE HYPOCOTYL

The dicotyledon seedling usually bears its first buds in the axils,
between cotyledons and epicotyl, but in & number of seedlings buds
frequently occur upon the hypocotyl, below the cotyledons; in many
other cases, though buds do not normally occur in this position, they
may also be formed ugon the hypocotyl asthe result of speciai treat-
ment (20, 18, 87). ¥xtra-axillary buds occur here far more fre-




A and B,—Longitudinal sections of the callus from an isolated internode of Forsythia: A, Distal; B, proximal. In A, the callus has formed ainly by transverse divisions and sub-
sequent cell proliferation of the parenchymatous tissues of pericycle, phloem, and cambium. In B, note the active part taken by repeated longitudinal tangential divisions of
the cambium, so that new tissues, with differentiating tracheids, have been cut off toward the xyfem. The cambium lies around ap are of tissué so produced. This charac-

teristic enmbinl activity does not ocenr at the distal end. X &5, . . .
inally organized as a shoot apex, owing to éxpérimental tri

'O.~—Longitudinal median séction of a root of Rumer acetose!la through a lnteral structure which, although orfgi | {

eatment
‘as grown forward as o Toot apex. At the base of this lateral root small seale leaves aré visible (2), The apex, however, now has a typical root meristem. X 30 .

simnauBy 10 45 SIS ONIPRITRL.
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FORMATION GF ADVENTIVE SHOOTS ON HYPOCOTYLS AND ROOYTS
(TRANSVERSE SECTIONS)

A.—Yypoeatyl of Lineria wacedonicn. The beginming of an ephiermal bud is visible nt @. X 100,

T anit ©.—Sexdling roots of Goncoleufna arecais just below the hypocotyl showing stoges in emer-
gence of epdogennus buds, The procantbinl strands in theso budds sre differentinting backwuord
frosm the apex of the buds taward tie vuscular systern of the root. The buds leoppoesite pretoxy-
leus groups in tharoot, X 45

D ad £, —1toay, of Linarin repens, showing exogenous buds arising in the neighborliontl of hranch
roots.  Especinily in B, the centripetal development of the sramunhind strands is cleardy indi-
catett. L ench of thesd sections, in tho region just below the bud, o gp is visihie in the prinary
sndodertis of the main teot, ‘I'he egdoderinis is ench caso s indicuted by the are 6,2, X 100
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ADVENTIVE SHOOTS ON ROOTS AND LEAVES

A& nmd T —Tenf of Bryophyllum, showing ndventive huds forming near the margin of the Jenf: -
A, very enrly stape {3 70); T3, with first lenves develnped (3 &), .

C,~~Roal of Fpifebivm angustifelium, showing polyderm nt the surface of the root {the primpry
eoriex i5 exfolinted) and a bwd arising rom just witlun the nolydeemy. This bid sctunlly arises
nefr the buse ol o branch roat, X 45,

D.-~Raoot of Linarin repens.  The prosembinl stroneds of the exogenons by [ying to the left of the old
tirunch root have dilferentinted through the primary cortex Gack to the region of the vasculnr
cembium. X 50,

E wnd F.o—Root of Heleninm autumnale, vorlety Riverton Gem, showing buds idifferentiatipg jn the
%rh;a(a;a' c;rl;s(x Jmnsitie the endadecniis (). These buds lis just within the exogensus phellogen.

2030 B, X 30




A =0l vont of Tencrium scarodonia cris-

gg.m. showing a bud arising in thoe neigh-

rhaod of the pericyelie cork, uncon-
nected with any bronel root, X 25,

B and C.—Root of Euphorbin cyparissias,
showing stages in the emergence of o bud
from the pericyelic phellogen. Traces of
the exfolinted primary cortexr are stil
visible. Tn the older bud {C) the pro-
combial strandshave differentinted back-
ward until connection is practically
made with the vasculnr ring of the rool
axis. Theposition of thess buds s inde-
pendentof theemergetca of braneld roots,
B, X 80 G, X 60,

D ood F.—Roob of sinemone baldensis. In
13, o very young bud initinl is davelop-
ing in the pericyele. The endoderimls,
o narrow Inyer of celis just outside the
bud, is indiented ot 4. In E, taken
{rom ancthier peint upon the same root,
the endogenolis bud has broken through
the corfex. Note [ts position in relntion
to .‘tém protoxylem {g), D, ¥ 100 E,
x40,

FOQRMATION OF ADVENTIVE SHOOTS OnN ROOTS {TRANSVERSE SEC-
TIONS)
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-quently than on the epicotyl, while, as will be seen later, adventive
‘buds upen the root system just below the hypocotyl are of still more
Arequent occurrence. It is probable that factors governing the ap-
jpearance of buds upon the hypocotyl may be very similar in nature
%o those determining the appearance of buds upon roots, and it may
‘be profitable to bear in mind the facts presented in this brief section
in connection with the data dealing with the production of buds upon
roots.
" A number of plants besring such hypocotyledonary buds are con-
sidered in Beijerinck’s monograph {77) where references to the
earlier literature wiil be found. "A few examples may be.discussed
to illustrate the points that heve already emerged from anatomical
study, but many more data are still needed.

Anagallis and Linaria show examples of hy%ocotyledonag Jbuds
Which are epidermal in origin. (Pl 10, A.) But though the first
célls to become meristematic are epidermal, as Van Tieghem (169
pointed out long agoe, the position of the buds seems to be determine
by the arrangement of the vascular system. In diarch roots the
branch roots appear in four rows, ome on each flank of the two
protoxylem groups, and wher buds are found they appear in the
same position. In :ithe hypocotyl, similarly, the buds are formed
oppostte the primary vascular rays, though with the few scattered
buds usually found it is diffieult to say whether they form in four
rows. Although the first cells to become meristematic sre those of
the epidermis, the subsequent growth of the bud involves the gradual
extension of this meristematic tendency into the inner tissues. First

* the cells of the cortex lying just inside the superficial meristematic
group and then the cells of the endodermis and pericycle become
meristemutic, and thus a path of meristem is formed 2ll the way
between the vascular system and the new superficial meristem. In
this meristematic sector the procambial strands differentiate, and
from these the vascular elements. 'Thus the vasenlar conneetion with
the main stele is made in the way that throughout has proved char-
acteristic of the shoot organization. This centripets! meristematic
differentiation below the original superficial meristem of the hypo-
cotyledonary bud was clearly described by Van Tieghem. It is
illustrated for the exogenous buds upon the root of Linaria repens
Mill, (pls. 10, D, E; 11, D), where an exactly comparable form
of differentintion is displayed. The exogencus position of these
buds, in view of the existence of & functioning secondary endodermis
aronnd the stele within, is a matter of considerable interest. Un-
fortunately, there are not sufficient dats to diseuss this problem in
refefence to the hypocetyl; it must suffice fo point out that the buds
are similarly exogenous in the root of Linaria, whereas in Convol-
vulug arvensis L., where the buds arising upon the hypocotyl are
dlearly figured by Beijerinck (77) as heing endogenous, those arising
on the root are likewise endogenous. (PL 16, B, C.) This difference
in bud position on the root is discussed in a later section, and for
the present it can 4niy be assumed that the same factors operate in
determining the position of hypocotyledonary buds as those deter-
mining the position of root-borne buds.

Boodle (14} illustrated n similar centripetal differentiation of the
vascnlar supply of the adventive leaves arising upon the hypocotyl,
or seedling tuber, of Cyclamen persicum.
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ADVENTIVE BUNB UFPON THE LEAF

The appearance of buds upon isolated leaves is obviously only a
special case of their appearance upon shoots. Although the usual
position in which buds occur upen the shoot is generally in the axil
of the lenf, cases have been described where they appear -elsewhers
on the axis as a regular feature, notably upon the hypocotyl. Simi-
larly, buds may occur normally upen the leaf. A number of such
cases athong the monocotyledons have slready been referred to. Al-
though there is usually not the same persistent meristematic base
in the dicotyledon leaf, buds here alse occur upon the leaf, slways
upon the upper surface. Usually they are to be found at the junction
U-E the leafstalk and lamina, as in 7'olmiea menziesi Torr. and Gray
(129}, Cardamine pratensis, Radicule nasturtivm-aguaticum (Nas-
Furtium officinale) (62),and others. In Bryophyllum they are found
in the serrations, apparently at the margin of the leaf, but actually
still on the upper surface. (Pl 11, A, B.) The shoots thus found
normally upon the leaf show various degrees of development, from
that of a well-organized sheot apex to but a smell group of meris-
stematic tissue in the case of Bryophyllum. In any case the further
development of this meristematic apex usuall{e_ epends upon the
separation from the parent plant of the leaf bearing it, and as a
result very extensive series of experiments upon the internal cor-
relating factors controlling growth have been carried out with such
material, particularly with the leaves of Bryophyllum (41, 20).
Such stuches have, however, dealt but slightly with the anatomical
aspects of the problem.

When leaves without buds ars isolated, in many cases adventive
shoots are formmed upon the isolated structures. The most exten-
sive series of such experiments recorded in the literature appear to
be those «f Lindemuth (83, 89) and Stingl (753). Thess have been
summarized by Janse (66) as follows: Species whose leaves give
neither roots nor buds, 47 and 43 per cent; species giving only roots,
52 and 46 per cent; and species giving buds with or without roots,
5 and 15 Fer cent, according to Lindemuth snd Stingl, respectively.

Probably the difference between these percentages as given by the
two different workers is mainly due te the fact that Stingl included
20 species of monocotyledons in his triels, and Lindemuth only 1,
and monocotyledons never seem to form roots alone, their adventive
shoots always being accompanied by roots.

When bud iritials are thus organized anew, they practically al-
ways appear toward the basal {proximal) end of the isolated leaf
system, usually at the buase of the leafstalk or at the jumction .of
petiole and blade. Winkler (785) described in some detail the wide-
spread production of buds over the upper surface of the leaf in
Torenia asiatice L., regerding their extensive distribution in this
case as o striking phenomenon’; but even here the buds do not occur
near the margin at the apex. Nevertheless, there seems to be
considerable latitude in their place of appearance, snd Winkler’s
attempt to create different categories of buds according to their posi-
tion does not seem to help in the understanding of this widespread
distribution. In cases where veins were cut through in leaves lying
on moist sand or other suitable propagating material, buds also fre-
quently arose at the end of the vein, ]ust.a%vove the cut,
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The details of the development of adventive shoots arising -on
the leaf are particularly well known for Begonia from the work
of Regel (124}, Vichting (i175), Hansen (52), Sachs (783), and
Hertsema (56). In this case the bud is often described as arising
from a single epidermal cell, but this description may be misleading;
it is only true in the same sense that in the development of the bud
upon the hypocotyl (p. 85) the bud may first arise in one apidermal
cell. This cell divides first by a wall parallel to the surface of the
leaf, but Hertsema pointed out that in Begeonia rex, although this
division oceurred by the third day, in some cases by the second day
some of the mesophyll cells below had slready divided.

No noticeable inciease in size takes place in the epidermal cell, but
changes in cell contents are continuons, and Hartsema observed
protoplasmic streaming in sections of living leaves mounted in sugar
solution. These movements were associsted with a gradual in-
crease in the amount of protoplasm present and with o shiftinnf of
the moving stream of protoplasm from a rotation around the well to
a circulation in and out of the center. With these phenomena was
observed a transference of the nucleus toward the center of the cell,
a movement suggesting an imcrease in the relative density of the
cytoplasm. Cell divisions continued until ultimately the original
epidermal cell, with its outline still clearly discernible, was seen to
be filled with a mass of small, densely meristematic cells. To this
extent the new shoot is the ontecome of a single cell.

But now the cells of the mesophyll beneath this active epidermal
cell were seen to be changing in the same way and likewise becoming
meristematic; it is this differentiation which permits of the subse-
quent linking up of the new shoot with the vascular system of the
original leaf. The possibility of the occasional complete formation
of the new shoot from one cell is not excluded, because, if one of these
groups of meristematic tissue formed within » single cell should be
i1solated from the lesf, it is probable that under some conditions it
could provide itself with a root; usually, however, in the leaf the
cells lying between the epidermis and the vascular bundle cooperate
in the produection of the new shoot, which may thus depend for & time
upon the roots produced upon the vascular system of the leaf in a
manner described in o later section (p. 64).

It is essential to distinguish sharply, however, between the meso-
phyll cells being active in the formation of the vascular connections
at the base of the new shoot, and such inner tissues taking part in
the organization of the growing point itself. In most cases this
distinction seems to be of little value; yet in the case of periclinal
chimeras end certain variegated plants, which may also be, in many
respects, periclinal chimeras, this genetic constitution of the growing
point assumes a great significance. The junior writer has given a
review of the subject of graft hybrids (16’3‘).

Beinling (22}, in describing the formation of buds upon isolated
leaves of Peperomia, where the buds arise from cells of the ground
parenchyma close to the cut surface of the leafstalk or the leaf blade,
pointed out that these buds when quite young are often cut off by
cork from the tissue of the porent leaf and in that case never become
linked with the vascular bundles of the leaf. When this occurs, the
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cells giving rise to the new shoot are always closely associated with
the phaliogen appearing beneath the cut surface, ot

Similarly, in Zorenia asiatice the ndventive shoots are described
by Winkler (785) as commencing their origin with changes in a
single epidermal cell. In fact, in all cases referred to in the litera-
ture of adventive shoots srising upon leaves there is nothing to
modify the general impression that such shoots appesr as exogenous
structures, their linknge with any existing vascular system always
being the result of suli)sequent differentiation beneath the original
superficial meristern. In this respect, as reference to page 64 will
show, there is a very clear distinction between the mode of origin
of adventive shoots and that of roots upon leaf cuttings,

An interesting point about leaf cuttings is their apparent inability
in many cases to form shocts, though they may root und remain alive
for many months.

Although a number of isolated cases are known, the majority of
species of dicotyledons which readily produce adventive shoots upon
leaves are to be found in the families Droseraceae, Crassulacesae,
Begoniaceae, and Gesneriaceae (17}, As Kiister pointed out {81),
almost all these plants possess & very succulent type of leaf, the
mesophyll consisting largely of a dense mass of vacuolated paren-
chyma, with comparstively small intercellular air spaces. The abil-
itg to form leaf buds is probably intimately assoclated with thistype
of structure, because when such leaves are isolated and held under
xoist conditions the injury may readily be followed by the injection
of these small interceilular spaces Wit{t sap, at first directly in the
vicinity of the injury and subsequently elsewhere through the in-
jection of air spaces in the meighborhood of veins which become
overcharged with sap. Under these conditions, circunstances may
readily become favorahie (}:]I) for the incressed nutrition of epidermal
or subepidermal cells, with a tendency for them to become meriste-
matic, and (2} for the subsequent differentiation of the tissues be-
neath these epidermal groups and hence their linking up with the
muin vascular supplg.

In the majority of leaf petioles, while the intercellular spaces are
frequently smaller and injection may more readily occur, Lohr (97)
found that secondary changes wers much more marked. ‘Cambial
ackivity in the vescular bundles was strikingly manifested, in many
cases o ciosed ring of egmbium and vascu%nr tissue being formed
where normally only a broken circle of bundles would have been
present. Phellogen setivity was often seen also, sometimes occurring
sporadically at the bases of trichomes, but in other cases as & con-
tinuous epidermel, subepidermal, or deeper seated layer, in petioles
where normally phellogen does not vecur. This observation, coupled
with that of Beinling (72}, as to the source of adventive shoots in
Peperomia and with the close conneciion seen to exist between phel-
logen and adventive shoots, should further emphasize the need for
caution in the interpretation of negative results as regards adventive-
shoot preduction in leaf-propagation experiments, “To take a spe-
cific example, Lohr (97} reported negative results as regards bud
production with the leaf of Iresine lindend, though the leaf rooted
1n one month and an abundant phellogen activity was evident after
two months. On the other hang, Lindemuth (89}, who noted par-
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ticularly the:cell -enlangement shown in the lamina of this same fype

of leaves .(from 10 by 12 .cm. to 125 by 15 cm.), obtained buds.
Hence as long as tissue can be stimulated to such superficial activity
as phellogen production, it seems unwise to give up hope of obtaining
hugs. Camellia japonica is frequently cited as another good example

of a leef that will produce only roots, but Janse (65) noted an
-exceptional case where buds were also obtained.

Furthermore, when roots are obtained, the roots themselves may
provide the future buds. Véchting {776} described the following
Interesting case: In Thladiontha dubie Hook. n tuberous swelling
appeared st the proximal end of the root which had developed from
tl?e leaf, and from this swelling a bud arose. Winkler (186) depicted
a similar case, two buds being obtained from the base of an isolated
tendril of Passifiore caerulea. The tendril coiled spirally and became
woody, and then o white calluslike swelling developed at the base of
the tendril; after nbout three months a root grew out from this
swelling, and many months later the buds alse appeared upor it.

In this connection it is perhaps worth while drawing attention
once agrin to some old observations published by Agricola in 1716
{7}. 'The leaves of apple, cherry, walnut, and chestnut were taken,
their cut ends were covered with wax, and the bases of the leaves
were buried to a third of their length in moist earth. The leaves
eradually decayed until little but the midribs remained. But at the
base of the midrib of some of the leaves a swelling developed from
which roots arose, and in a year a small shoot likewise appeared.
Attemnpts made ot Leeds to repeat these observations have not been
successful, but the soil-moisture and oxygen conditions under which
success is possible are evidently quite limited, and, as has been
emphasized, the difficulties in the way of prepagation tests lead the
writers to attach much more importance to recorded positive experi-
mental results than o unsuccessful attempts at repetition,

‘The suggestion put forward sbowe as to the anatomical factors
contributing to success in obtaining the formation of buds throws
some light upon a number of somewhat isolated observations upon
propagation from cotyledons. Smith (ij8) carried ont a very ex-
tensive series of observations, confined solely to this type of leai,
and in no case observed an adventive shoot, although the cotyledons
frequently increased in size considerably beyond their normal dimen-
sions, and roots developed in many ceses. -On the other hand, Kiister
{81}, with three genera of Cucurbitaceae (Cucumis, Cucurbits, and
Luffe), and Hill (60), with Cyclamen, obtained adventive shoots
from cotyledons, although normal leaves of these genera have fur.
nished no known ezamples of adventive shoots. In these four
genere the cotyledons contain smaller intercellular spaces than do
the Iater formed assimilating leaves, 'and it is probably in this {ect,
rather than in their greater food reserves, that the explanation for
the more ready preduction of buds in the cotyledons is to be found.
Thus, the production of buds upon hypocotyls is increased rather
than decreased by the removal of the cotyledons., XLikewise, with
isolated green leaves left in the light in the propagating frame, there
is no reason to think that supplies of assimilates fail or that develop-
ment is hindered for lack of food. On the contrary, active growth
msy be proceeding in the leafstalk (94), while the leaf tissue is
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gorged with starch, and roots may have long since appeared ; but still
1n many leaves buds are not produced. -Consideration of these special
cases of adventive-shoot production upon leaves seems, therefore, to
strengthen the standpoint already arrived at as to the importance
in shoot production of the existence of internal .conditions favor-
able for the growth of a superficial ' meristem and for the subsequent
differentiation of the vascular system beéneath it,

SHOOTE UPFON ROOTIS

Apart from the nurmal axillary buds and those originating in
close connection with the axillary meristem, adventive buds occur
comparatively rarely upon the shoot. In only a few families are
such structures produced upon isolated leaves, and their regenera-
tion upon isolated pieces of shoot is comparstively rare; likewise
it has been seen that their normal appearance upon the shoot else-
where than in the leaf axil is very rare. Buds are more frequently
found normally upoa the hypocotyl than upon the epicotyl, and they
can likewise be more readily induced experimentally upon the hypo-
cotyl. In accordance with this general distribution, buds wpon root
systems are relatively of much more common occurrence; in many
species they occur normally and in many others are more or less
readily induced by wounding; hence with dicotylecdons, methods of
propagation making use of root-borne buds are commonly practiced.

Beijerinck’s comprehensive monograph (77) contains most of the
known facts as to the distribution of reot buds, to which very little
could be added as the result of more recent work. However, an
attempt will be made here to examine from the standpoint of anat-
omy the facts as to the occurrence and distribution of root-borne
buds. From this standpoint it immediately becomes clear that the
whole problem of adventive-shoot formation upon the root is gov-
erned by internal struetural factors which differ from those con-
cerned in adventive-bud production on the shoot,

Tae INFLUENCE 0F Roor ANATOMY

In a previous section (p. 7) events occurring behind the growin
apex of the root were considered up to the point where a centra
stele, bounded by an endodermis, has become distinct from the cortex;
the latter is bounded to the outside by a few layers of cells, the radial
and transverse walls of which are free from intercellular nir s aces,
and the outermost layer of which usually functions as the piliferous
layer. The distInction in structure and function between stele and
cortex is thus very sharp in the root. It was pointed out that within
the stele the vascular elements, xylem and phloem, are differentiating.
The walls of the xylem elements are composed of lignified, permeable
cellulose; within them there is no semipermeable membrane, and un-
doubtedly the aqueous sap present in the xylem moves freely into
the walls of all the surrounding tissues up to and including the inner
tangential walls of the endodermis. But, as has been brought out,
the flow or diffusion of the sap outward along the radial and trans.
verse walls of the endodermis is prevented by the Casparian strip.

Since the endodermis forms & continuous cylinder, one cell thicE

extending from the meristematic apex of the root up to the region of




ithe hypocotyl, it may be visuglized as.a chimpey in which the bricks
. are represented by ithe living protoplasts and the intervening mortar
" by the ‘Gaspa.rian.,str"ﬁs. - r(*_%“ 1 )
by microchemical work upon .-t'ile root is the-zearked consisteney with
which the -endedérmal protoplasts adhéere to ithe -Cagﬁarian strip.
They may be pulled away from.cther portionsof the wail by plasmo-
~ lyzing agents, or in .dead material by Strqnﬁf acids, but even under
suach conditions it i only with great difficulty that ithe protoplasts
can e seperated from the Casparian strip, and inlife it seems doubt-
#ful if they are ever.go separated (119}, " The xesult is that ialthoq%%
the tascﬁfgx system and parenchymatous tissue of the stele may |
c¢harged with water and selutes under pressuxe {when the absorbing
system of the root is at work), this system does 1iot lenk, because it is

Frgurp 1,-Dingram of 4 Foubg root ge seen in tranaverse aud median
longitndingl section. The vascolar elemcents arve inglosed within the
¢plinder of the endodermis '(03. 89.? may move outward from ‘the
vasenlar elements untll the endodecmls iz reached; then further out-
ward morvement i stopped by the fai-impregnated Caspuarian atrip (&),
which 8 continuons around both radinl snd transverse walls ‘of .&il
the endodermal cells

‘bounded by this endodermal chimney in which both flow and dif-
‘fusion outward through the walls are completely prevented.

- Sinee transference of water and solutes between cortex and stéle
takes place only across the living ;proho%lasts of the endodermis, move-
ment through these protoplasmic membranes will be . racticall con-
fined to diffusion.  This molecular movement through the walls will
bg, Jargely determined by the osmotic gradient between the imner
and the outer tangential wail. With the inner wsll .containing the
xylem sop and the outer wall presumably containing nothing more
concentrated than the soil solution, the movement of water through
the protoplast would normally be inward and not outward. Of the
@ctual movement of solutes through the endodermal protoplast, as
yet nothing is definitely known. ‘I'he subject has recently been dis-
cussed elsewhere in gome defail (742), Ilb geems safe to say that

B L I T L

. VEGETATIVE PROPAGATION. AND. PLANT ARATOMY . 41

B G

ig. 1.) A striking feature brought out

e


http:outwa.rd
http:Iparen~h)'''Dlato.us
http:lare�.ev
http:separate.dh
http:poI:iaons.Qf

42  TECHNICAL BULLETIN 151, U, 8. DEPT. OF AGRICULTURE

there is little likelihood of loss of solutes from stele to cortex occur-
ring through these protoplasts. - o

hus it 1s seen that in the young root a set of conditions is present
which must greatly sffect tge question of propagation. Although
the living ceﬁs of both cortex and stele may potentially be capal le
of meristematic growth, the solutes from-the vascular supply, which
alone can furnish the necessary nourishment, are almost compléetely
confined within the stele, and hence any flow of sap capable of dis-
placing air from the intercellular spaces is not possitle outside the
stele, 'The result is, as Tetley (164) pointed out, that growth activi-
ties in the root are confined within the stele and that the cortex of
the l'ciot- is singularly uniform in character throughout all the flower-
ing plants. ' '

tthin the stele, the cells abutting upon differentioting vascular,
elements themselves in turn tend to unﬁergo the same fate, and it
is the cells farthest from the vascular elements—the pericycle—
that longest retein their meristematic character (777). These peri-
eylic cells seem to play a very important part in propagation. '

In the growing root, as the nutrient supply available hecomes capa-
ble of muintaining more meristematic activity than is represented
by the terminal apical group, additional divisions teke Place in the
pericycle by tangential walls, the number of Iayers of meristematic
cells being thus multiplied. These regions practicaily always lie
opposite the protoxylem, except in diarch roots or in those in which
mucilage canals are developed just outside and exactly opposite the
protoxylem groups. Van Tieghem .(769), who first made this gen-
eralization, pointed out that it suggested a spatial relationship be-
tween this special meristematic activity and the xylem and phloem,
of such a character that, when the radia] sectors occupied by these
adjacent tissues in the roct were not too wide, the position of this
extra meristem (opposite the protoxylem) left it contiguous to both
xylem and phloem:. On the other hand, in the dizrch root, where
xylem and phloem lie in radii 90° apart, a comparable position
is obtained for the meristem only when it lies between the radii
passing through the centers of xylem and phloem. Hence, while
in roots containing more than two sets of bundles there are as many
extra groups of meristematic activity as there are protoxylem groups,
in a diarch root there are four groups, one on either flank of each
group of protoxylem.

In the young root these extra groups of meristematic activity are
usually soon organized as local Toot apices, which may grow out
almost at once or which may lie dormant for some time.

Expogenoua Bups o¥ Youxe Roors

In some cases these extra meristematic groups arising in the
pericycle are differently organized from the outset and deve‘lc])f as
shoot apices. In these cases the distribution of such buds follows
the same laws as Van Tieghem (769) found for the branch roots.
Beijerinck (77) cited Prumus domestica, Convolvulus arvensis, and
Ajuge genevensis as having buds of this type in the young root, and
be -(ﬂzscribed them as replacing root initials; in certain other cases
{Sisymbrium alliaria Scop, and Anemone sylvestris) buds of this
type occur in the same vertical series as do the lateral roots, Buds
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- " arising in this manner ate definitely endogenous in character, though
c :s;,ich;fsdsi.t__ion of origin is usually regarded as characteristic .of root
dnitisls; however, the difference befween shoot and root can not he
based upon their position 'of origin, for buds may be either endo-
genous or -exogenoys, while in.ithe nexi section roots thaf .are
exogenous will be described. The difference between roots- and
shoots, ‘whatever theiy origin, lies in their organization ‘as growing
structures. . o ' )

The .endogenous buds of Convolindus arvensis and Anemone
baldensis L. are shown in Plate 10, B and C, and Plate 12, D and E,
It will be seen that the emergent bud with its leaf initials, even after
it has burst through the cortex of the root, is still quite nnconnected
with the stele of the parémt root by any vescular strand. Such a
connection differentiates indret.gendent-ly in the axis of the new shoot.
structure and then by a further centripetal differentistion becomes
ettached to the vascular system of the stele. In A. sylwestris and
A.. hupehensis the buds apparently always arise in the pericycle, no
cork having ‘been seen in these roots; in A. baldensis and A. jeponice
pericyclic cork occurs, and the buds sometimes originate in this and
sometimes ‘in the pericycle before the cork appears,

EOOT BUY BPORTS

The practical employmert in propagation of such endogenous buds
provides an opportunity of somefimes obtaining bud sports which,
in general, can be understood from the standpoint of anatomy. In
the shoot organizstion, as was pointed out, the dermatogen and .one
or more inner layers of cells divide continually by walls 1sid down
at right angles to the surface. The result is that throughout the
whole shoot 2 ceriain number of superficial layers covering stém, leaf,
and flower are all the products of the sctivity of these same super- -
ficlal meristematic layers. This mode of growth renders possible -
the existence of graft hybrids, which are periclinal chimeras, a
“gkin ” of one parent incasing a core of the other. Also in many
varjegated plants, -even ?.tho.ug% the inner and outer tissues may be
of the same species, they may still be essentially this same type of
periclinal chimera (9).

As long as these plapts are propagated by stem or leaf cuttings,
their characfer remains essemtially the same. But whenever root
propagation is adopted, if the new buds arise endogenously, 2 neéw
situation is displayed. As has been seen, the sequence of events oc-
curring at the root apex does not readily permit of the isolation of
& series of superficial layers of meristem that form the whole super-
ficial envelope of the root, because in every case the most external
layers soon cease to be meristematic. But usuaily the activities of
& fairly distinct dermatogen {or, better, protoderm) (50), through
repeated divisions by walis at right angles to the surface, has given
xise to the piliferous layer. Within these superficial tissues the
_gncyc]e.,whlch 1s often regarded in histogenesis as the cutermost

yers .of the stele, certainly has no connection with -any of these
external- layers, and it is from this pericycle that the cells arise which
form-the dermatogen of the root-borne bud. Nafurally, therefore,
any .speetal characteristics possessed by the “skin?® layers of the
jplant are-enfirely missing from this endogenous reot-borne bud, and
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the shoot system developing from ‘it shows only the characteriséics

- -of the “ core.” " Hence, where such buds can be obtained from roots,
the student of graft hybrids or variegation has & method of analysis
that may prove helpful in many cases. But it is necessary to ascer-
tain anatomically that the buds arve definitely endogenouns in origin;
as shown later In discussing ceftdin root-borne Compositae buds,
more variation is possible in this character than is usnally suspected.,

Even if the buds that emerge from a root system are exogenous in
origin, however, it should presumsbly be.the exception rather than
‘the rule for the superficial layers of the new shoot to have any direct
genetic connection with the surface layers of the parent shoot, since,
m most cases of root-cuttin propagation, the roots used will have
had an endogenous origin {p. 60). As a result, none of the root

“2ystem will have sny genetic connection with the superficial regiop
of the old shoot. Furthermore, even if the original root used as a
cutting formed part of the true seedling root system, in which case
the primary cortex possesses superficial Iaﬁers that may be genetically
similar to the superficial layers of the s oot, when the branch reof
system arises from this main root sxis the cortex of the branch root
will be formed by a meristerm arising entirely from the inner layers
of the main root. Only exogenous buds regenerated from the main
axis of such a seedling root would therefore be likely to repeat in
the new shoot any special characteristics -possessed by the superficial
layers of the parent shoot. _

Endogenous buds arising in the pericycle at a relatively early stage
of reot development are comparatively rare; usually in the young
root the first indication of additional meristematic activity in the
‘pericycle is the organization of additional root initials, As the root
grows older, but still at g comparatively .early stage, another form
of meristematic activity becomes apparent in the stele of the dicotyle-
don;-in the parenchymatous or procambial tisswes still persisting:
between phloem and xylem repeated divisions oceur by tangential
longitudinal walls and thus a vaseular cambium comes Into-existence,

As this layer is carried outward by the differentiation of the xylem
elements recently formed to the inside, it is completed as.2 continuous
ring by & series of tangential divisions occurring in the pericycle cells
Iying just outside the protoxylem groups. The vascular system of
the root is now completely rearranged as regards the internal corre-
lations likely to influence the future merisfermatic activities of the
pericycle. zs pointed out previously, the sap found in the xylem is
usually at a very different hydrogen-ion concentration from that in
the phloem. There is no doubt that in the Young root, because of the
character of the solutes that they contain, both xylem and phloem
influence directly the behavior of the pericycle {117},

But after the vascular cambium has formed, = continuous sheet of
meristematic tissue cuts off the xylem with its characteristic solutes
from the pericycle without. Internally, the latter layer is now
bounded partly by phloem. and partly by parenchymatous ray tissue
and n¢ longer abuts upon any protoxylem. Hence it is not so sur-
prising to find that from this time on the meristematic activities -of
the pericycle are different in character. After secondary thickening
has commenced in the root, no further root initials originate in the
pericycle. On the contrary, in this layer a phellogen frequently
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becomes active and cuts off a cork layer beneath the endodermis.
This fact.seems quite in keeping with the marked correlation, pre-
viously referred to {p. 16), between the proximity of phloem and the
maintensnce of & phellogen.

Enxpogexous Bung Axp Pealcycric PHELLOGEN

It has been seen that in very many cases shoot meristems are closely
associated with phellogen; hence it is not surprising to find that
the y‘ericyclic phellogen occasionally gives rise to buds. Examples
are 'eucrium scorodonia crispum and Euphorbin cyparissits, which
are illustrated in Plate 12, A-C. Other examples that have been
noted at Leeds include Ailanthus glandaiosa and Coronille varia. In
Statice limoniwm L. the buds also arise in the phellogen but near the
point of origin of a branch root. In this connection see also the note
&8 to the behavior of the thicker portions of the root of T'Aladiantha
dubia {p. 49}.

Buds arising in association with a perieyclic phellogen are ob-
viously still endogenous in origin, but they frequentiy do not appear
to be so, a fact that explains many misconceptions in the literature.
Frequently, by the time the pericyclic pheliogen has formed, the
endodermis has undergone changes that make it completely imper-
meable to all outward movement of water and solutes. In any case,
with the formation of a sheet of periderm all transference of ma-
torials between stele and cortex is precluded. As this stage is reached
the cortex of the root becomes brown and withered, The stele con-
tinues to increass in girth as a result of the activity of the vascular
cambium, and the withered cortical tissues, unable to adjust them-

selves to the increasing strain, crack and flake away, exposing the
endodermis itself as a cracking lu{er; thus the cork phellogen from

which the buds emerge appears to be the superficial layer of the root.
Misled by this faet, Wilson {783} recently described the buds arising
upon the roots of Roripa ausiriaca Spach. as exogencus in origin,
but it is important to correct this misstatement. The phellogen of
this root, from which buds arise, is pericyclic in origin, and the buds
are endogenous. Below will be described several types of phellogen,
which, being exogenously placed in the root, give rise to definitely
ezogenous buds. clear cases of pericyclic plumllogen are confused
with these, the interpretation of the phenomena of bud sports arising
on roots will be delsyed and much unnecessary confusion created in
& problem that is already sufficiently complicated.

s appearance of buds in & pericyclic phellogen is by no means a
very common occurrence. Several cases have been referred to and &
few others might be cited; to these must be added the similar cases
in which buds arise from the meristem layer lying internsl to a
% polyderm.” This tissue (97, 714} is in general much like periderm,
but easily distinguished from it by the fact that all layers of cells do
not give the characteristic suberin reaction with Sudan III. Al-
though the cells of this tissue are arranged in radial series, not all
the rings of cells are suberized. They seem to be formed by a sue-
cession of jerks of meristematic activity; the cells lying just within
the innermost suberized leyer start info activity and cut off radial
series consisting of ore or more cells, of which an outer cell becomes
saberized while the innermost one remains elive and later resumes
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meristematic activity. Such an innermost cell, with its meristematic
potentialities, is closely associated with the organization of the-bud
mnitial in the root of Hubus idaeus. (Pl 18, D, E.) .
When bud initials thus arise in the pheilogen or the meristematic
layer of polyderm, they are usually found opposite the primary rays
of the root. It seems likely that this position is determined less by
the original meristematic potentinlities of the root pericycle at this
point, opposite the protoxylem, than by the incressed supply of
solufes available opposite n parenchymatous stelar tissue as com-
pared with that ava:lable in front of the sheet of prosenchymatous
phloem elements, among which fibers are frequently included. '

ApvEnTIvE Bubs AND BRANCHING OF THE Roor

By far the most common case of bud formation in the root and the
one which is almost the invariable rule with uninjured roots, is the
case in which the bud arises in connection with the emergence of a
branch root. A brief consideration of the phenomena involved in
§he emergence of a branch root throws a great deal of light upon this

ek,

The new root was described by Van Tieghem and Douliot «(172)
as digesting its way through the endodermis and cortex, but -their
evidence for the existence of this “ secretory pocket " at the apex of
the emerging root was very inconclusive; an alternative interpreta-
tion is that the root emerges by the crushing and disorganization :of
the cortical cells and tissues.

Although the statement that the young root secretes digestive
enzymes and thus makes its way to the surfnce is still commonly
repeated in the textbooks, almost all critical examination of the ques-
tion has led to the comtrary conclusion. Thus, Vonhone in 1880
(178}, reported that while both enzymatic secretions and mechanical
pressure played a part in the process, mechanical causes were meinly
responsible. Pfeffer (207) came to the conclusion that the outward
thrust of the root was purely mechanical, as also did Peiree. (li'_:]w?-.
Lenz (87) more recently examined the same problem very y
and came to the same conclusion. Evidence as to the effectiveness of
internal secretions in this case needs very careful examination; in the
Light of wider knowledge of the effects of pressure upon paren‘chﬁr-
matous tissues (67, 68) it is reslized that under compression the
intercellular spaces in_the cortex become filled with sap, and as a
result cell division such as noted by Peirce might occur in front of
the advancing tip. ’

One very strong argument agrinst digestion as a method -of
emergence Is the existence of the Casparian strip. Microscopic obser-
vation shows the endodermal layer stretched and compressed in front
of the advancing tip. The digestion of the endodermis involves the
production of an enzyme or hydrolyzing agent capable of ‘breaking
up the varnishlike substance impregnating the Casparian strip.
T}i\is substance resists concentrated sulphuric acid and in the test
tube is broken down only by prolonged boiling in strong alkali, No
enzymes capable of digesting such a substance are known, and it
seems certain that the Casparian strip must be broken through by
mechanical means. However, once this resistant, impregnated
region of the wall is ruptured, the pressure exerted would be ample
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to break through the other walls intervening between the root apex
and the exterior. ‘Undoubtedly, therefore, mechanical pressure is
adequate to force the root spex to the surface if the endodermis is
once broken. The assumption of » special secretory apparatus seems
unnecessary, and the evidence for its existence is as yet quite
inconclusive. :

This point has been argued in some detail because the general
conclusion is of rather startling signmificance. In the unbranched
root the vascular sap necessary for any prolonged meristematic
activity is strictly confined within the stele, but the emergence of
a branch root means s forcibie and quite %ossibly a2 sudden %reak in
the continuity of the endodermis. Such a break may be sccompanied
by a leak of sap from the endodermis inte the cortex in the neighbor-
hood of the gap.

That such lesks actually do oceur seems clesrly indicated by the
fact that the region on the parent root around the base of the branch
iz frequently characterized by active cell division and proliferation,
resulting in calluslike outgrowths. As Devaux (29) showed, such
a callus is frequently the seat of a cerfain amount of phellogen
activity, and Beijerinck’s cbhservations {77) showed that when buds
oceur normally upon the root system thely are nesrly always found
on this callus, and usually very intimately asscciated with the cork
phellogen when such is present.

The figures in Beijerinck’s paper (71} clearly illustrate the great
diversity exhibited by these calluslike growths occurring around the
base of branch roots. The subterranean position in which such
callus grows and the difficulty in obtaining undamaged specimens
have caused the very wide distribution of this morphological char-
acter upon the roots of the dicotyledon to be but little suspected.
The development of these curious cushions of tissue around ﬁmnch
roots deserves far more extended investigation then it has yet re-
ceived, and its discussion in relation to the present proklem must
necessarily be confined to o mere indication of certain of the more
salient features in its relation to bud formation.

It is obvious that if this tissue receives a free supply of sap from
the root stele, where sap is offen contained under pressure, it may
here flow out along the walls, displacing the air in the intercellular
spaces, so that the supply of water and solutes ultimately reaches the
external walls of the cusiion and in some cases even leaks from them.
Root excretions have been reported by different observers, although
the evidence s to their occurrence is contradictory. Unfortunately,
in such physiological inquiries there seems to be notf & single refer-
ence to the morphology of the root system under observation.
Clearly the possibility seems very great that such root excretions may
synchronize with the rupture which occurs when the branch roots
emerge. The supply of solutes thus brought to the surface of &
rapidly proliferating calluslike tissue has also great significance from
the standpoint of plant pathology. The special vulnersbility of
this particular point of the root system to the entry of pathogenic
organisms seems obvious (190).

Sometimes this calluslike cushion develops as a protuberance
above and below the base of the branch root; at other times it is more
developed on the sides, while frequently it forms a ring around the
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emerging rootlat. The cushion may be small and barely visible to
-the naked -eye, though usually it is clearly discernible when the root
is cleaned free from soil; in some cases, like Popudus -alba, it grows
into & corallike mass several centimeters in thickness, from which
buds mey apparently arise at any point. On the smaller cushions the
buds may be quite regularly arranged. Sometimes a.single bud is
present at each branch, as in Epilobium angustifolium, where the bud
at its emergence seems to be closely related to the meristem lying just
within the polyderm. (Pl 11, C1) In other cases, such as Linarig,
several buds may be formed at the same time upon a single cushion,
though only one is shown in Plate 11, D.

It has been seen that some significance attaches to the point of
origin of the bud and that it is desirable to be clear as to whether
its origin is endogenous or exogencus. With the development of
buds upon the calfus formed around the base of branch roois, this
point may be very difficult to determine. There are here two seps-
rate problems to consider; the origin of the cushion itself and tha
point of origin of the bud upon this cushion. In most csses the first
branch roots appear when the parent root is young and the primary
cortex stiil healthy. As the branch root emerges, the tissues of the
primary cortex around its base may be stimulated into meristematic
activity, sometimes forming phellogen, sometimes bud initials. Thus
in Linaria buds arise exogenously from the cortex but apparently
only in association with the break in the endodermis produced by
the emergence of lateral roots. So far as exogenous buds found
upon the hypocotyl in this genus have been examined, the evidence
seems to indicate that in the hypocctyl also the development of
exogenous buds is closely connected with bresks in the endodermis
and in some cases at least 'here also cansed by the emergence of
lateral roots,

Similarly, Plate 11, E and F {Helentum autwemnale variety River-
ton Gem) shows bud initials developing in the primary cortex of the
old root, well outside the endodermis; 51ese are formed only near the
base of n branch root. In the larger bud (pl. 11, E) it will be
noticed to what an extent the development of the shoot apex and leaf
initials has proceeded without there being any indication of the pro-
cambial differentiation which will ultimately connect the buds with
the stele of the root.

In many cases, however, either the branch roots appear later and
traverse a shriveled eortex in which no response to leakage of sep
from the stele is possible, or a pericyclic phellogen Erev&nta the
movement of materials outward into the primary superficial tissues.
In such cases a vigorous cushion of tisswe may still be formed around
the base of the emerging rootlet, but it arises mainly if not entirely
through the activity of the pericyclic phellogen.

The photographs of Barbarea wulgaris, Isatis tinctoria L., and the
Princess variety of Pelargonium (pl. 13, A-C; pl. 14, E, F) illus-
trate cases of this type where the bud seems traceable to 'tissues
which are closely associsted with the pericyclic phellogen. In
Asclepias incarnate the cork is exogenous % 52}, but the buds form
below the cork pheliogen. (Pl 14, A.) ey are clustered around
the branch root and appear to be endogenous, in contrast to the
definitely exogenous examples furnished by Linariz and Helenium.
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FORMATION OF ADVEMTIVE SHOOTS ON RoOOTS

Annd L—DRoot of Brrbarea ondgeriy, showing miventive huds uriging in the perieyelie phellogen
near the eergence of o braneh roal. A, 280 B, X 65,

C.—Longitudinal seclion nf root of [yatiz fiketarin, o Isuel initind just to the lett of Lie laleral root,
closely conneetedd with the periexelic phellogen, X 45 A

T and -~ Transverse sectians af Taob of Rubuy idaers, showlog stages in tha otigin of o bud (a}
trom the nelghhorhood of the meristematic lsyer within the woiyerns (b, D, X 90; E, .
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These photographs of Pelargonium (%l. 14, E, F) also illustrate
another anatomical complication. The bud-bearing callus tissue is
here seen to form a somewhat wide and irregular mass around the
base of the emerging rootlet. In Pelargonium, as in most dicotyle-
dong, many of the rootlets emerging from 2 main root are temporary
and die away at the close of the growing season, to be succeeded the
following spring by a new crop of roots which emerge upon the
main “ scaffold ” roots, usually appearing from the bases of the roots
of the previous season; these arise either endogenously, as branches
in the tissue of the root where it is still buried in the main axis,
as in Bocconia cordata (pl. 22, A), or, less frequently, they emerge
from the vascular cambium of the main stele in this region, as the
new branch root appears to have done in the Pelargonium shown in
Plate 14, F. These Ernnch roots penetrate through the callus cushion,
throwing the tissue in this region into still greater confasion, so that
the exact source of the buds may be very difficult to trace.

Plate 14, B, shows a section of the root of Thimdientha dubia
{9 plant), This root exhibits a peculiar habit of growth, being
dilated et intervals along its len tlE. From these swollen portions
no braunch roots arise, though buds occasionally form, arising from
the cork phellogen and, therefore, quite independently of branches;
but in the narrow porticn, the root branches freely, and buds are
restricted to the regions around the bases of the branch roots, In the
figure an old emergent branch root is seen, around the base of which
the increase in girth of the mother root appears to have been retarded
so that the branch emerges from a depression rather than from 2
enshion; but buds appear around the rim, and in section they seem
to have a definite relation to the pericyclic cork Phellogen.

Another mode of connection of the Kud with the base of an emer-
gent root is illustrated by Plate 14, C and D. These photographs
of buds in different stages of development in Boceonia make 1t evi-
dent that these buds arise ns outgrowths upon the flank of the
amergent root and not in the tissues of the parent root. The buds
are clearly endogenous in their relation to the paremt root, arising
well within the endodermis, probably within the pericyclic phellogen.
It is impossible to define very clearly their position in relation to
f}he t.isic;ues of the branch root, though they are probably endogenous

ere nlso.

HXPLANATORY LEGEND FOR PLATE 14
FORMATION OF ADVENTIVE BHOOTE 0N RoOTE

A-~—Root of Asclepias incurnata, Though the primary cortex s much broken up in the
Prepnmtlun, the budes can be seen to lie well below the exogenous phellogen, The
nrger ?{uéla ia in cloge proximity with the vascular eupply passing out to a bLranch
root. .

B.~-Root of Thiodianthe dubic. Juat below the place of emergence of the branch root
o bod initial bas arisen in the nelghborhood of the phellogen, M 30.

C and D.—Roct of Bocoonde cordets, C, A young Lud initlal arlising upon the flank of
o lateral branch root, X485, D, A bod at the gurfoce (a), closely connected with
the old branch root, of which some traces are seen to the ieft of the bud, Fuvom the
fiank of the branch root a mew inktlal can be seep at b, arising endogenoualy. 6.

B it F.—Root of the Princess varlety of Pelargonlom : E shows 8 smaoll bud initlal
{a) o the )arge merigiematle coshion {5 near the polnt of emergence of a branch
root (¢}, F shows how new branch rcets (d) arise In this region after ihe oMl branch
root has dled off (b, meristematic cusiblon; ¢, old branch rcoot). Thae new roots
em;gse through the meelstematle vughion arsund the stump of the duad root. Hoth
> 30. .
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Tn Phlox the callus 1s borne upon a region of the branch: roob
which is already clear of the purent root. (Pl 15, A.) The-diseus-
sion of the casual factors contribubing to the formation of the endo-
dermis (p. 8) brought out that sigﬁi'ﬁcunce appeared to be atinched
to the diffusion of fatty substances from the wall of the -stele and
their contact with the air from the intercellular spaces of the.cortex.
In the case of an emerging rootlet there may well be a materizl differ-
ence in the extent to which air is present in the young cortex so lon,
as this tissue iz buried in the parent root; hence in this region and,
after subsequent cell extension, for some distance out from the
porent root, the endodermis of the branch root may not have devel-
oped under normal conditions. If under these changed conditions
the diffusing unsaturated fatty materials hove not met eir as the
leave the stelar tissue, they would continue to diffuse outwards. It
is therefore very suggestive to find that in Phlox in this region -of
the branch root where the callus is borne the fatty substances heve
failed to form the usual continuous Cesparian strip in the primary
endodermis, but have formed instead irregular deposits through the
cortex; these are deeply stained in the pthogm hs, This fenture

‘has been noted only in the regions where the bud-tearing callus
is present and in the region just behind this, where the branch ‘s
emerging from the parent root. Callus formation in this roof is
sometimes very extensive, and much cell division takes place within
the ma(i}n cortex, so that sometimes this may even be split open. {PL
15, B, C.)

Thus, especially in the case of normai root-borne buds, it is seen
that in general a close relation exists between the presence of these
buds and the existence of gaps or leaks in the endodermal cylinder
where the branch root emerges, 2 gap which is usually character-
ized by the presence of a calius cushion. In some plants, although
no buds appear upon this cushion normally, they may appear when
the root system is isolated.

Roor BraxaHiNgG WITHOUT HENDODERMAL LEAKAGE

There are a number of dicotyledon roots upon which no bud forma-
tion has ever been induced; and one reason for this may be the
fact that in these roots the emergence of branches is not asscciated
with any leakage in the endodermal system. Of course it must be
remembered that negative evidence as to bud formation may always
be upset, and the fact, for instance, that in the large famif; of the
Crassulaceae no ease of bud production from the root has ever been
recorded may very well be due, as Beijerinck (77} pointed cut, to
the fact that vegetative propagation from portions of the shoot can
so readily be carried out. Nevertheless, there is certainly good rea-
son to associafe the absence of buds in cerinin cases, and especially
normally oceurring buds, with the absence of leaks in the endoedermis.

'The branch root as it emerges from the parent axis and grows on
as a normal root system invariably develops a primary endoedermis
with a normal Cns?]aritm strip in the layer of ceils lying at the
boundary between the stele and the cortex. This endodermis may
arise so early in the development of the new root that a Casparian
strip may actually develop upon a cell which at the same time or
but very little earlier was developing a Casparisn strip es & con-
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stituent of the endodermis of the parent axis. In this case the eudo-
dermis -of the parent root makes a perfectly eontinuous connection
with tie primary endodermis of the young emerging branch, so-that
only & very temporary leak of sap from the stele into the coriex is
likely to .t&e place. The point of union is then a ring of:cells which
often appear to bear two bands of Casparian strip around their
walls. %.n section such cells often show the characteristic outline of
the :Casparian strip in three places in the wall instead of two, Van
Tieghem (171, p. 705) drew attention to this phenomenon, describ-
ing such cells as “triplissée.”

Plate 15, D, shows & young branch root of Artemisia, The apex of
the new root has not yet emerged from the tissues of the parent root,
but already the endodermis has differentiated behind the meristematic
apex :and 1s seen to be in striet continuity with the endodermis of
the main stele.

In other cases, although there is a lack of continuity between the
endodermis of the main axis and that of the branch root, the terapo-
rary leakage st the base of the branch root seems to be stopped by
the deposition of fatty substances in a continuous layer over the
walls of the parenchymatous cells in the region of the gap. The
various varieties of Pelargonium, commonly propagated vegetatively,
have formed very erratic material as to propagation from root cut-
tings. The irregularity of the basal callus formed in the Princess
variety has already been considered. The Monstrum variety has
given uniformly negative resulis as regards propagation from root
cuttings. Examination of the root of this variety in the neighbor-
hood of a branch shows the endodermis of branch and axis to be
joined by & group of irregular suberized cells. (PL 16, A.} The
striking swellings shown on the radial walls of the cortical cells in
the main axis in this section are not the Casparian strip but curious
gwollen rigid bars, impregnated with silice, which seem to be char-
acteristic of the radial and transverse walls of the exodermis in
Pelorgonium (173).

Repented attempts to obtain buds upon the roots of Cheiranthas
cheiri proved entirely unsuccessful. In this plant the young roat
forms pericyclic cork at 2 very early age, and those of the mam root
and of the branch are continuous, and no signs of any swelling at
the base of the branch root are shown. (PL 16, B.)

‘Gallus and bud fermation at the base of branch roots have now
been traced to the presence of a break in the endodermis at this
point, and the absence of the buds and esllus in many cases is ap-
parently due to endodermal tontinuity. There yet remain for con-
sideration various other possibilities of leakage taking place through
the endodermis.

Lesgace THRoUGE TEE OLD ENDODERMIS WITH UONSEQUENT FOBMATION OF
Exosenous Corx aANp Bons

An endodermis does not necessarily remain an effective barrier
against the outward movement of water and solutes. As has been
seen, the refention of solutes and the osmotic control of water move-
ment depend upon the semipermeability of the living protoplasts of
the endodermal cells. This semipermeability is a function of the
¥itality of the cell, which usually becomes more permeable with age.
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Thus, where the endedermis retains the primsry structure through-
out life, the older regions of the root mey be subject to considerable
leakage of solutes from the stele, and this’is prohai)l the -explangtion
of the .exogenous cork formation occurring in Philodendron eru-
-besgens C. Koch and Monstern deliciosn (122). In Cichoriumintybus
the cork forms exogenously outside the primary endodermis, but in
this case 1t seems probable that leakage through the old endodermis
is facilitated by the actual disruption of this layer which oceurs with
increase in girth of the stele. In many cases (pl. 16, C, D3 pl. 17,
B) the buds in this species cecour well below the position of the
exogenous phellogen, and in some cases at least they appear to ini-
tiate just within the endodermis, so that, though the cork is exoge-
Bous, the buds may be either endegenous or exogenous.

Usually the endodermal cells signalize their inerease in permeabil-
ity by the “creaming ” of their fatty contents to the surfgce, where
they form a continuous suberin lemella upon a base of cellulose.
This is kmown as the secondsry endodermal stage and is followed
practically always in the angiosperm reot by a ter.tiar..}vl stage in
which an inner lamella of cellulose is deposited within the suberin
lamella (279). After all cells of the engodermjs have passed into
the secondary or the tertiary stage, the endodermal layer becomes
practically impermeable to both water and solutes; consequently this
stage is usually followed by exfoliation of the primary cortex. But
if passage cells are left—that is, cells which remein in the primary
stage—tfle protoplasts of these cells may for a time allow solutes and
water to move in either direction through them until, as a result of
successive alternations of sep movement and drying of the tissues,
the passage cells also become chokedl with the débris left by the ebb
snd flow. Until this happens such a tertinry endodermis may be
associated with g living primary cortex in which exagenous cork and
buds may appear, as in Awristolochia clematétis L. (Pl 17, A.)

A wide range of different types, as regards the nature of the en-
dodermal barrier and the position of the phellogen, is met with in
the Solanaceae. In Lycium and Nicotizna, pericyclic cork was found
to form very early in young, thin roots. In older roots of Lycium,
buds were ?c'nund emerging from this pericyclic phellogen, in assh-
ciation with the place of emergence of branches. In Nicotiana, buds
were obtained only by cutting off the stem and inverting the root
system, keeping the older region of the root in moist air. ﬁ?’uds then
appeared in association with the phellogen, arising upon the older
parts of the root system, at the base of branch roots. With Cestrum
newelli Nich. and Datura suaveolens, in roots up to about 1 centi-
meter in diameter, the endodermis was found to remain primary,
but probably was relatively permeable, as an exogenous phellogen
was active outside it. In Capsicum and Physalis many cells of the
endodermis had passed into the secondary, impermeable stage, but
the presence of a number of passage cells explained the presence of
exogenous cork.

In Solanum capsicastrum, 8. erispum Rz, and P., 8. dulcamara,
and 8. nigrum, the increase in girth of the main roots, through
cambiul activity, takes place very rapidly. The endodermis is thus
stretched until the cells are greatly extended in a tangential direc-
tion. Since they are no longer meristematic, and hence no increase
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ROOT BRANCHING WITH AND WITHOUT ENDODERMAL LEAKS

A-C.—Root of Phlpx, showing the meaner in which the branch root dilates its base ns i4 emerges
from the parent root. A, bBranch rot in longitudinal section at paint of emergence, ghowing
swollen hypertrophied cushion on which adventive huds ere boene. X a0 T3, Normal cppenr-
ance af bEAneh root ns seen jn trunsyerse section. ‘I'lie primary wadodermis, ot visible in the
photograph, is_continuous, X7 . Bnme roat elose to the place of its emiergence from the
porent rool, (el division and sxtension have taken place to hoth stelo and cottex, and the pri-
mary endodermis is much interrupied in this region. X 85,

T.—~Tiansverse hand section of the root of Artentisia, showing an early stage in tha emergence of
the Leanch ront, ‘The endodermis of the parent root Is clesrly continuous with the endoderrals

of the branch root, X 40
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PLATE 16

ENDODERMAL STRUCTURE AND ADVENTIVE-SHOOT PRODUCTION

A—Section of toal of the Monstrum variaty of Pelargoninm, passing tadicily through the emerging
branch root. Between the enilodermis of the maln oot (w) Brd the etdodermis of the broneh 3]
lies o group of cells {e} with fal-imprognnted walls. X 134,

B.—Root of Cheirnnthur cheiri ot the patnl of emergence of n braneh root.  The cork of the parent
oot iz continueus with thal of the hranch root. % 100

C and D.—Transverse gections of the fleshy ront of Clchorinta intpbus, The endodermis (o) Is

rimary gnd evidently permenttle, for the exopsnous icllngen is netive gulsice it. In € the
il i5 well below the phellogen nmd probobily peose witlin the tutodermis. Lo 1 annther bud is

shown which lies just beneath the phellogen nnd undoubtedly Is completely outside the endo-
dermis. Both X 5.
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ENDODERMAL STRUCTURE AND ADVENTIVE-SHOOT PRODUCTION

A.-- Trensverse seetion of tool of -Irisiolochia clematitis, showing o bud arising just beteath
ke exorenans phellogen. Il position of the endodermis is indlented ab o X 26

Ti.- -Longitgeinal section fram the proximal end of an isainled rool piece of Cichoriem  inig-
brew, showing the formation of 2 new shoot initinl some distauce below the cork phellogen,

a0,

¢ = Longitudinal section of ool of Solenam capyicnsirim. ‘The exagenots vork is visihle
on the right, Hetween this nnd the stele, at g, a, frnees of the collnpzed prizanry endo-
Jermis ara visible, X Ta.

13- F.-ltal initials in Lnsverse seetions of Gaillardia roots. D and E show leakage theough
the primary endedermis (o), indicnted by the beavily stained secrelions (b} in the inter-
cellulur spaces just eulside the endodermis. These lenkapes nre asstciated with the
psogenous buds. 1), ¥ 100: B, X 35, In F ne development of p seerelary sysiem is shown
otside the primary endoderuiis (s), and meristetsiic netivily is visible just within the
endedermis, X 140,
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FORMATION OF ADVENTIVE SHOOTS ON RoOOTS

A.—TRoat of Onicus arrensis, showing am exogenous bud ebinined after isplution of Lie root system,;
a, the eadoderinis. 53,

B.—Root of Fuchsin caledonia, showing o mnss of callus which has forned Leneath the polyderm
e the bage of B branch toot and wiiich bears severn) young shook initials. X 10,

Co—Root of Romneya coulleri, sliowing n bug ohlninad nfter isolation. Althoupl oppoesite n prl-
miary xylem group, ik showed no conneclion with Lthe enrergence of & branch rook. ® 35

D.--Lovgiudined scelion through an soluted root pisce of Fitipenduln niwearin, showing o ealius,
hearing u bud initisl ug b, Arising from Lhe pelivity of the Lissues of Lhe stele, within the secondary
endoderinis (e}, The colls at tho eyt surface of the primary cortex merely sitberizod oud took: no
part in celius formation, X 23,
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B in their numbers is possible, with the increasing tension this layer
is-ruptured. At the time this heppens the primary cortex is still
preésent-on’the root. After-the rupture it is very difficult among the
erowded parenchymatous tissue to find traces of the erushed and

" disorganized endodermis, but it is possible to trace the process and
see how this disrupfion occurs. (Pl 17, C.) On occasionel roots of

g S nigrum, an endogenous pericylic pilellogen is present, formed

before the endodermis is disorganized. Usually, immediately after

the rupbure, vigorous reristematic acivity sets in near the surface of
the reat and & cork-producing exogenous phellogen arises, In close
connection with this phellogen, buds are often found. Beijerinck

(£7) eslled particular attention to the vigorous capacity for vegeta-

tive propagation displayed by the roots of Solanum dulcamara,

which he described as being in many cases covered with buds.

The same disorgenization of the secondary endodermis, taking
place befors the primary cortex disappeatrs as the result of the in-
crease in girth of the stele, is seen in Asclepias incarnate. In this
:plant, however, the exogenous cork is visible in very thin roots when
the secondary endodermis still seems to be practically continuous,
while in the thick, older roots gll traces o’IE) this endodermis are
usually lost. Buds occur normally upon the roots; they apparently
commence to form several cell layers below the active phellogen and
‘not necessarily in connection with branch roots. (PL 14, A.) From
the anatomical conditions existing at the time of their f’ormation, it
is very diffieult to decide whether or not these roots are endogenous
in the sense of arising from the original horizon of the pericycle.

In the Compositae, events seem to follow a course slightly different
from that just considered. As Tetley pointed out (764) in this fam-
ily the stele seems to release unususi quantities of fats and fat-sol-
uble substances, especially from the phleem. The result is that these
substances dissolve in the Cesparian strip and pass through it, col-
lecting in the intercellular spaces of the cortex just outside the
endodermis. They appear first in the reé;ions opposite the primary -
phloem in the young root, but as secondary growth proceeds they
continue to be released, so that in time the intercellular spaces all
around the main part of the cortex may become impregnated with
this material, which vigorously reduces osmic acid and readily takes
up Sudan III and other fat stains,

. The presence of this intercellular secretory system, characteristic

of many of the Compositae, seems to stimulate considerable meriste-

matic activity in the cortex. The first evidence of this is the appear-
ance of groups of densely meristematic cells bordering upon the
intercellular spaces. These groups of cells are usually described as
epithema, but in their course of development they follow the secre-
tion and are probably caused by its presence, insteed of being the
active agents 1n secrefion, as has usually been assumed. Exactly the

same sequence of events hus recently been described by Hanes {51}

for the epithems clothing the resin canals of the conifer.

Bat, as Plate 17, D and B, shows for Gaillardia, the leakage of
these fatty substances through the endodermis may also be associated
with exogenous bud initiation. These buds were found to_occur
only in places where the intercellular secrefions were accumulating,
andy as is shown in Plate 17, F¥, where these secretions were not
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yet present oufside the endodermis, evidence was obtained for the :
existence of endogenous meristematic activity; thys in Gaillardia, it
seems that buds might be either endogenous or exogenous in origin. °
From the material examined at Leeds, they appenr to be usually
€X0ZENOUs. _ ;

ErFECT 0F ISOLATION UpON BUD INITIATION

In the account so far presented of the development of adventive
buds upon the root system all buds have been 4reated in the category
of “adventive,” whether oceurring as a normal thing upon the grow- :
ing root system or formed only as the result of isolating a part of the -
root in an aftempt at propagation. Zeucrium scorodoma cris :
{Etansﬁeld) Rayner may be cited as an esample of the latter case,

spite of repeated nttempts, buds had never been successfully ob- -
tained upon this variety of the wood sage until the entire root system
was isolated, the stump of the plant inverted in the soil, and with the
ends of the root buried, the proximal portions of the root system ;
exposed in very moist air, Buds then arose from the bases of the
branch roots, and the leaves upon the shoots retained the crisped
character of the original strain. Buds around the bases of branch :
roots were ulso obtained in Clerodendron trichotomum and.Gera- '
névm, sanguinewm only after pieces of root had been cut off and left
partially buried in a moist, porous soil. The same was true for '
Cnicus arvensis Hoffm., except that in this case the buds arose
exogenously, upon the main root. (Pl. 18, A.) )

With plants of Fuchsio caledonia Hort. in which the entire stem
had been removed, but in which the root system was left undisturbed |
in the soil, a few buds were obtained from the cushions occurring at
the base of the branch roots. As Plate 18, B, shows, such buds
arose from the meristem layer, lying just within the polyderm.
Plants of Romneya coulteri, similarly decapitated, produced buds
from the neighborhcod of the pericyelic phellogen which showed no
connection with the branch roots. (PL 18, C.)

Where lateral buds are thus obtained upon the root surface as the
result of isolation, it is of course always possible that more extended
observation might reveal the buds occurring upon plants that were
mtact, growing under certain environmental conditions. There are,
however, a very large number of cases where the buds produced after
isolation arise from the surface of the callus, which gradually covers
the wound. 1In such cases the root may also bear buds normally in a
lateral position, as oceurs in Crambe maritima, Cichoriwm infybus,
Verbascum nigrum, and others, or it may be that the only root-borne
buds known for such plants are “ wound buds,” of which Primula
denticwlale and Morsia hypogeee Gay. may be mentioned as
examples investigated at Leeds. _ '

1

CALIUS BUDS ) .

Cases of adventive buds arising from the wound callus are not en-
tirely limited to fleshy roots, one example (Crambe) of which has
been discussed rather fully, although they arise much more com-
monly in such roots. This fact is apparently closely correlated with
the larger reserves of food and water which such roots contain.
Nat-umﬁy, if functioning roots are present upon the isolated root
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sogment, or cen be developed from existing branches, the water sup-
ply will be much more certain, and this is probably in part the
reason for the success obtained with Tencrium and Fuchsia. Some-
times, again chiefly with fleshy roots, young roots may be regenerated
from the wound surface, but, as has been discussed, such new root
‘initials usually appear comparatively slowly and long after the
pr;))ximalg cz:zllus zz:d cover}%dm maud ui;}xiti&ls. 4

rimule denticulala, Fili & ulmaria, and Ajuga reptons (pl.
18, D, and pl. 19, A) furnish examples of callusﬁgds ghich (:E:e
formed in relatively siender roots containing & secondary or tertiary
:endodermis. As was pointed out above, the endodermis restricts the
fiow of sap to the cortical regions, and, elthough the primary cortex
was still present in the mother roots in these cases, it will be seen that
this region has taken xno part whatever in the production of the bud-
bearing callus. Plantago lanceolata L. also shows buds on the cullus
of a thin root; buds were also found arcund the base of branch roots
in this species, (Pl 19, B.) Buds were found in the same position
-on the roots of P, media 1., which Beijerinck (77} described as dif-
fering from P. lanceolata in its apparent inability to bud. Although
in the isolated root of Acanthus monsanws, illustrated in Plate 19,
C, the endodermis was still probably in the primary stage, callus
production was confined almost entirely to the cambium region,
‘though & cork phellogen has formed beneath the suberized cells at
the cut surface of the pith and cortex.

In Plate 20, B (Solenwm capsicastrum), a marked phellogen is
shown in the cortex. As slready described on page 52, the secondary
or tertiary endodermis in this root is disrupted and scattered by the
increase 1n girth which the stele within undergoes at a very early
stage. In fact here, as in most of the relatively fleshy roots that
are to be considered in this connection, any distinction bebween cortex
and stele can be disregarded. If the endodermis is still present in
such roots it is usunlly leaky or disorganized, as in the case of many
Compositae and Solanacene; in other cases the primary cortex has
long since disappeared as the result of the formation of pericyclic
cork as in Crainbe maritima; when this accurs, the secondary phicem
is either so parenchymatous or such continued division of the
parenchymatous pericycle cells originally present has taken place
that the outer portion of the root, though within the eriginpl
pericycle, is s parenchymatous as typical cortex.

FLESHY ROOTE

The typical fleshy root is thus one in which the aectivity of the
vascular cambium has produced e disproportionately large amount of
parenchyma, although there may be & core of lignified elements near
the center. Both this parenchyma and the residusl primary
parenchyma lying between xylem and phleem or making up the
pericycle display considerable activity in growth. In the fleshy roots
of many of the Umbelliferae the secondary tissue is exceedingly
irregular, rings of xylem and phloem surrounding isolated groups of
primary xylem which have been broken up and scattered by the
enlargement and muitiplication of the parenchyma cells originally
present among the vessels. :
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In Beta, most of the root is proéuced by the activity of a .sue-
cession of concentric rings of cambium which comraence their -activ-

1
1

iby afresh farther and farther toward the peripkery of the .root. |

The parenchymas between the successive rings of vascular tissue, |

however, remains active in division and practically keep;; pace in its

increass in girth with that oceurring in the neighborisg rings .of |

parenchymatcus vasenlar tissue.

‘Where tissues behave so anomalously as these, it would be unwise :
to press any generalization based upon the usual sharp categories
of vascular differentiation. In other roots correlations have been

made between the places of emergence of adventive structures and
the relative position of xylem and phloem, but it is doubtful whether
such_correlations can be applied to many of these fleshy roots in
which the original orgunization of the primary tissues is sometimes
completely masked and in which the be%

sues 1s 50 sromalous. The main general characteristic of the

a considerable tendency to divide. This may very well be correlated
with the high water content of these fleshy tissues, and with the
fact that the intercellular spaces are small and are often filled with
sap rather than air,

England the propagation of the hop (Humadus uprulus) is
accomplished by earthing up in summer the bases of the twinin
stems or even by laying the spirally coiled stems along the grcumﬁ
partly buried in soil so that half of each spiral turn is in the ground,
The portions of the stem thus earthed up remain vigorous and turgid,
while the rest of the bine dries and ceases to grow. The earthed-up
portions not only remain alive, but they swell up and undergo con-
siderable permanent increase in girth. Anatomiesl examination
shows that vigorous growth and division of the xylem parenchyma
have occurred and scattered the dead lignified elements. The com-
bium also remains alive and vigorous, and the ray cells extend radi-
ally, and the cortical tissues also remain vigorous.

These swollen portions of the bine can then be used for the propa-
gation of the plant in the spring, when vigorous endogenous root
production takes place from the neighborhood of the cambinm and
the surface of the swollen shoot becomes covered with adventive
buds. In the spiral layers the portions of the stem which have been
exposed fo the air all winter are dry and dead. The striking differ-
ence shown by the alternate portions seems mainly to be due to the
water content of the tissues; in the one case the high, water content
has not ornly maintained the cambium in s vigorous condition but
has also promoted a very widespread cell division throughout the
parenchymatous tissues, followed by the vigorous production of
exogenous adventive shoots. Anatomical defails of this method
of propagation of the hop merit further examinstion. These fow
Tacts suffice to call nttention to this cuse as an example of the marked
effect upon the cell growth and the production of adventive struec-
tures, resulfing from the maintenance of turgidity in living paren-
chymatous tissue, Just these conditions prevail in the ﬂesﬁy roots
under consideration, and they probably have much to do with the
vigorous activity In vegetative propagation which such roots
commonly show.

avior of the secondal:ﬁv tis- |
1 eshy -
root is the presence of a large amount of parenchymsa which shows -
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-Oh page 31 adventive:bud formation from the callus was described
for-the shoot, and miany-of the facts there -brou%ht out apply equally
to ‘the buds which arise from root callus. Such adventive-bud pro-
ditction is not very common upon the shoot, and, as Beijerinck ‘{)ﬂ )
;pointed out, in the case of decapitated trees the nearer the cut is to
‘the hass of the trunk the greater the bud production. From this
standpoint the much greiter bud production displayed by ‘the root
than by the shoot in such a plant as Crambe is perhaps intelligible,
the ‘tissues containing more sap toward the base of ‘the plant. -

‘But by no means can-buds be obtained from the callus in all

fleshy roots. The necessery healing of the cut surface in such 2
' parenchymatous tissue depends upon suberization, and the meristem

forms later. '‘Cocks® found that isolated roots of hyacinth, narcissus,
and other monocotyledons suberized very slowly and at irregular
depths below the cut surface; “etagen ™ cork later arose beneath the
suberin block, but frequently decay set in before this process of
healing was completed. .

Formation of wound callus and phellogen among the monocoty-
ledons seems ahmost entirely restricted to the Liliaceae, Dioscoreacene,
and Orchidacease. Although Beijerinek’s (77) account of bud for-
‘mation on these roots suggests that further observations are needed,
oceasiona! instances -of bud formation upon isolated root systems
smong these three families seemr to have been observed.

Likewise in the dicotyledons the healing of isolated root systems
is by no means always accomplished. It must be remembered that at
the cut surface the primary cortex, if present, is often isolated from
the stele, and as a result it frequently su}i:erizes slowly and inefficiently
and provides a surface from which decay may spread. Further-
more, within the endodermis the tissues may be mainly vascular and
incapable of the wound response characteristic of parenchymatous tis-
sues. As their liquid contents are displaced by air, the xylem
tracheae, especially in woody roots, sometimes become Slled with
tyloses from the neighborin% arenchyma cells (75) (pl. 20, A}, and
a phellogen may thus be enabled to spread across the cut surface; ‘but
frequently such roots decay before any signs of adventive buds have
-ap{::ared.

'n the more parenchymatous roots there is great variation in .the
rate and extent of suberization and phellogen formation displayed.
Bebbington ** examined the heal.ing taking place in slices of red and
sugar beets and parsnip; he found thet in these plants the wound
phellogen was slow in forming. In Beta he foundp that a very thin
suberin film had formed over the cells near the cut surface by the end
of two weeks, but even after three months the phellogen, which first
appeared above the outermost ring of cambium, had not yet reached
the interior of the root. On the other hand, in the root of Erodium
maeredemurm L. {pl. 20, D), in which a very vigorous cork forma-
tion occurs in the pericycle as a normal thing, both proximal -callus
and distal callus were cut off by a very vigorous periderm.

This correlation between a vigorous normal pheHogen and &
vigorous wound phelloger is probably more than a mere coincidence.

) ’.C_-oexs. A. M. THE QROWTH HABIT OF THE MONOCOTYLEDONOUS ROOT SYSTEM. Leeds.

1925, [Unpublished theals.)

th” gn]nnmnm:w, A. G, WOUND HEALING IN STOMAGE RGOTS, Leeds. 1820, [Uupublished
eats.
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Pastinace sativg and Daucus carota are examples of roots in which !
normal pericyclic periderm found at the surface of the swollen root
is often slight or even absent, the surface being in the latter case '

protected simply by the remains of & suberized endodermis or by an i

irregular _suberization upon the superficial cells. Bebbington ** in- f
vestigated the results as regards wound healing obtained with slices
of two individual roots of Daucus, one root possessing & normal |
periderra and the other not. At the cut suzfaces of slices subjected !
to comparable external conditions the root with the Eeriderm formed '
a wound phellogen and the root without normal 5 eliogen did not. |
Whether the periderm is buf; slightly developed, as in Pastinaca !
and Dsucus, or is present as an extensive and complete layer, as in
Erodinm, the amount of phellogen activity is always greater at thé
distal (root) end of long pieces of root, however the cutting is placed
in regard to gravity. roots as in stems frequently a definite
phellogen activity cen be traced at the lower (in this case the distal).
end, but not at the proximal end. This has been seen in Eryngiuny
aspinum, Badicula armoracia, end Taragacum officinale. (P1.20,C.)
Even though there may be no distinct phellogen layer found at
the proximel end, patches of callus.cells near the surface may become
meristematic and organize themselves as shoot meristems. Indica-
tions of adventive buds forming at the proximal end of the root are
shown in Plate 20, C; similarly they have been seen in .Anckusa
itelica (pl. 21, A} and Symphytum officinale var. argenteum at the
proximal end (pl. 21, B} and at both cut surfaces of Centaures mon-
tane and C. babylonica (pl. 1, C}), in all these cases there being no
indication of any previous phellogen formation in the eallus,. When
phellogen is present, as a vule the relation of the buds to it seems
to be essentially as described for Crambe maritima. In Cichorium
entybus, however, although the adventive shoots occasionally begin
closely associated with the phellogen, they usually appear some cells
below. (PL 17, B.) It was pointed out previously that although
normal cork formation is exogenous in this Elant‘., lateral buds some-
tires appear to be endogenous. A still further peculinrity exhibited
by this species is referred te under “Adventure embryos” {p. 78).
It is thus seen that the connection between phellogen and adventive-
bud formation is by no means obligate in either root-borne or shoot-
borne callus. TIn the case of very vigorous periderm formation, as
in Erodium, there may be very few buds produced, and conversely
vigorous bud formation may occur from g callus in which no phelio-
gen can be recognized. The generalization that still seems to hold
1s that a tissue organization which is favorable for phellogen activity
is 2lso favorable for the formation of adventive shoots, g]'_11 the case
of senksle, a third type of meristematic activity was also seen to occar
at the distal end; beneath the phellogen & meristem formed, which
is intimately sssociated with the vascular cambium end which also
cuts off toward the inside elements that are quickly lignified. The
presence of this Inyer seems Lo be asseciated with root formetion from
the wound tissue at this end.
Indications of the presence of similar layers, though not meces-
sarily having any connection with root formation, hnve also been

% Bee footnote 16 on p. 07,




Tech. Bul. No 151, UL 5. Dept. of Agricaltues PLATE 15

ACTIVITY OF STELAR TISSUES 1N FORMATION OF SHOOT-BEARING CALLUS

A.—Lougitadingl scetion of toot piece of Ajiga replans, O the left the celis of the primary cortex
mve merely suberized, Al callus prowth and meristematic activity liave developed fram the
tissizes of the stele, and Lhe enilys benring the bud an the right side of thn section hag no direct
genetie vannaction with the primary cortex bemeath it X 35

T—Buds tievcio;l)ing freedy uymn the culius arising frow the steler tissues nb the ent of an isolster!
Tont piece of Plantage funceolain. "Phe seetivn 15 nbilguely longitudinal and runs through the
cortex of the ront belaw npd the protruding end of the centrol core of the xyiem above. The
xylein mesr the cub surincs is discolored andd disorganized, X 25,

C.--Longitadinal segtion of an isoluted fedhy ront nf Acanthus moatanny. 'The endodermis (a)
15 privrey, nod aithough ealing fermation and buds ere foend mnioly over the repion of the vos-
cubnr cantbivn, ¢ oeork pliedlogon cao be truced entively across the tissues of thoe primery corfex.
13,




. Bul, No, 151, U. 5, Dept. of Agriculture PLATE 20

MERISTEMATIC ACTIVITY IN ISOLATED ROOTS (LONGITUDINAL SECTIONS)

A —Taaloted rool of Spheetifeen pedade Torr., showing o Bod-bearing callug over the cegion aof the

enmbim and exloses in the old sylem vesdels. XG0,

T—Emi of o ulding root piece of Sefenim capeicasiries,  Alhough the eallus wich Inils nrises
fromt the cit surface af the stele, an active phollogen (@) is formed helow the suberized cells near
the cub surfoee of the cortex.  The emlptlermis (4 & eollnpsed amd braken, tnsl au exogenaus
cork is prosont a1 the ews surfuee i Uie root fsee pl. 17, 01 x50

C—Proxunuat end of an isalated raol picee af Preparacies officimeie,  No cark phellogen is visible
at (he ent surface, Lot aver e region of the cambinm 3 shoot initinl is doveloping, X 36,

D.—Distal el of o root plece of Erodinm mneraderiws,  ‘Tite cotk upon the norml rool surfuce
fnt the lefty hog many Liyers, nnd the plellogen formed benenth the cut surfacee has alze been
very active, X

E.—~Clmracteristee 1vpe of eallus formed af the il emd of an isoloted roow of Silens midans.
Sonne astanee below the cut stefive anaetive meristem s cutting off shoret sylem tracheids (o

(e instde, X 2,
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ACTIVITY OF STELAR TISSUES IN FORMATION OF SHOOT-BEARING CALLUS

a of an isolated root plece of Anchusa italica, voriety Dropmore. The bud initial arising at the cut surface of the callus developed
ivisions with periclinal walls, but there is no clearly organized phellogen. The backward differentintion of

At a ore the deeply stnined ends of the xylom elements orig-
hich has grown up over them from the cambial region. Buds-are

A.—Longitudinnl section through the proximal en
above the cambinl region has been preceded by many active ccll
the procambial strands of the new buds is clearly indicated. X 15.

B.—Oblique longitudinal section of the proximnl end of an isolated root piece of Symphylum officiniale var. argenteum.
innlly exposed at the surface of the cut.’ These elements are niearly buried beneath the enveloping callus w
now forming on the inner side of the fused mnss of callus, X 15, .

C.—Bud-bearing callus at the exposed proximal end of 1 root piece ¢f Centaurca montana. Suberin, but no phellogen, is visible at the cut surface. X' 15.
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- ROOTS ARISING ON ROOTS

A.—Transverse section of a root of Rocconia cordata. Part of the emerying vasculur stinnd of an old branch root s visibie, and from this two new branich roots are arising‘endo-

genously, X 45, . .
B.—Longitudinal section of o young radicle of Cucurbita. A Iateral root initinl'is present in the pericycle on either side of the stele in which the vascular elements are as yet but
slightly differentinted. X 43,

ee d1vd

C.—Longitudinal section of an isolated root Dniece of Cichorium intybus in which o new branch root is arising from the neighborhood of the vasculor cambium, - X'30,
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cbeerved in Eryngiinm alpinwm and Taremacum officinale, as well as
in the parsmip and beet (Bebbington).* In Silene nufans L.,
| Seabiosa columbaria L., the Souvenir de Bonn Abutilon, Selidage
g recurvate Willd., and the Belladonna Delphinium the only meristem
foundin the callus was of this type, indications of phellogen activity
‘being slight or nonexistent; and 1t is perhups significant that no
buds. were obtained from the cut surface of these roots, notwithstand-
ing the vigorous callus formation. (Pl 20, E.} In the parsnip,
| Bebbington ** observed such an inner meristematic layer formin

across the xylem benenth the cut surface, and Kupfer (80) foun
roots produced from the wound callus, but only in pieces of xylem
from which cambium and phloem had been removed.

Other fleshy roots with which negative or but slightly positive
| results were obtained ineclude A¥thaee officinalis (negative), Hiera-
| cium maculatum Schrank (negative, with well-marked wound cork
in callus), Machora pomifere {a bud on one specimen), and Inula
- helendum {negative}., In /. conyza DC, buds arose at the proximal

surface. Xupfer (80) also records negative results as regards bud
production, for the fleshy roots of Daucus carota, Brassice rapa,
fiaphanus sativus, and Tragopogon porrifolius.

Lrambe maritima behaved differently from most fleshy roots in
the freedors with which it formed buds over the xylem region;
probably the difference is to be correlated with the very parenchy-
matous nature of the xylem in this plant. In Cickorium intydus,
callus was move pronounced above the rays than over the xylem;
but in most roots the callus forms most markedly sbove the cambial
region. Presumably the regions made up of parenchymatous or
meristematic cells are the ones contributing the most to the forma-
tion of the callus. In the case of Radicule armoracie, nlthough buds
arise at the normal surface and from the callus, no buds were ob-
tained from isolated portions containing xylem tissue alone in the
Leeds laboratory, though Kupfer {80) succeeded in obtaining them
from slices of xylem tissue alone. En Pastinaca sativa such isolated
piecas of xylem tissue on one oceasion gave rise to roots from the
callus, the only occasion on which roots were obtained from the
wound callus in the parsnip.

Evidently, the great diversity exhibited by bud production from
roots precludes any absolute classification of types; nevertheless,
it seems clear that certain anatomical features of the root are of
marked importance in determining its behavior in vegetative
propagation.

ADVENTIVE ROOTS

ROOTS UPON ROOTS

The same difficulty in giving precision to the term *adventive”
exists in the case of the root apex as in that of the shoot apex. Even
though branch roots usually arise in regular acropetal succession
behind the growing apex, they do not necessarily begin in tissue
which has remained meristematic since its separation from the apex
of the parent rcot. As the result of injury, new root imitials com-
monly arise, out of order, and from nonmeristematic tissue, but

¥ Bee footnote 10 on p, 37,
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there is no very clearly defined order shout the crops.of secondary §
branch roots, which in many species arise regularly on the scaffold !
roots, replacing the crop of roots which had died down at the end ;
of an earlier growing season. L

Many roots arising upon roots, therefore, would fall under most
definitions of “ adventive,” and there would be difficulty in confining -
the term, as has frequently been proposed, to roots arising on the :
shoot. Wettstein, therefore, classified all roots arising on glﬁ shoot ;
as “ Belwurzeln » (781 ), but, as pointed out on page 28, this may
lead to confusion in view of the very different way in which the 4
same prefix is employed with the shoot. In this bulletin the quali- §
fication “adventive ™ will be used in s very general sense, mesning
any root not arising in normal acropetal siccession upon the young ¥
root. Indeed, brief consideration must be given first to normal root §
production, as the adventive root displays no special distinguishing
characteristics whatever as regards its apical organization, and it :
seems thet the same internal factors govern its production as govern !
that of the normal root, ;

In the dicotyledon the first root apex, organized in the embryo, |
must be regarded as essential]ﬂ exogenous, although its subsequent |
development is characteristically endogenous, since the greatest ac- 1
tivity in the construction of protoplasm and cell multiplication is i
shown by the layers of meristematic cells which border upon the §
differentiating stele. Just within the endodermal cylinder as it 1
differentiates lies the pericycle, which is usually a single layer of .
cells in thickness and which frequently remains meristemetic for ;
¢ considerable time. Within the pericycle, at more or lesg regular
intervaly, local centers of greater meristematic activity appear,
usually opposite the protoxylem, except in diarch roots, in which
case the new centers appear in rows along the flank of each protoxy-
lem group (p. 42). At a very short distance from the growing
apex these may be clearly discernible as branch-root initials, Whats
ever the internal factors producing the greater meristematic activity
in this region, it is frequently clear that their influence extends out
beyond the endodermis, and in many cases the cells in the cortex
opposite the proto_ylem contain a greater amount of protoplasm
and exhibit toward dyes a behavior which is different from that
of the rest of the cortex (742). (PL 22, B.)

The production of the branch-root initia] seerns to be the natural
response of the root type of apical organization to s plentiful supply
of food in the presence of other internal conditions favoring in-
creased meristematic growth. While in the shaot organization the
vorresponding conditions lead to the vigorous production of new
folds of meristematic tissue upon the surface, in the root it is seen
that such an increase of meristematic activity shows itself as pockets
or groups of meristem which necassaril Ee within the confining
endodermis. Thus, even though the cells outside the endodermis
may. show a tendency to become densely protoplasmic along with
other cytological changes, they never grow and multiply and hence
do not contribute to the new apical meristem which ultimately pushes
its way out through them.

The existence of these normal endogenous apices behind the main
apex is very elosely correlated with the properties of the pericycle,
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The cells in this layer, as well as those in the ofher layers within the
stele, ultimately vacuolate, and in some monocotyledons .theﬂ may do
this very early. Thus in Hyacinthus, for example, the cells of the
pericycle vacuolate within a few centimeters of the Erowing apex,
the cells opposite the protoxylem being the last to do so. So far
there is no record of such cells ever returning to the meristematic
condition. Although various experimental methods have been iried,
go far no branch roots have ever been induced upon roots of this
plant, and a number of other monocotyledons show similar behavior.
"~ In other monocotyledons, according to Brenchley and Jackson
‘ (1116’, 64) roots of two types are frund with very different anatomical

characteristics, the one kind branching freely and the other practi-
celly not at all. The same two types may elso be present in some
dicotyledons {182).2* The anatomical characters that are associated
with branching deserve further investigation. So far as examined,
the branching roots seem to have thbe narrower steles and show the
heavier ligni%cation of the xylem; they frequently are earlier in
forming a secondary sndoderinis and as a result shed their primary
cortex earlier. They are, therefore, thin and fibrous, while the non-
branching roots in the same plant are relatively thicker, white, and
soft in texture.

Cocks * found with Camassia that when this bulbous monoecotyle-
don was grown with its roots in wuater, they developed slowly, being
thiek and unbranched and packed with starch. Transference to rela-
tively dry fiber produced a thinner, more freely branching type of
root. Transference back to water again led to the formation of the
thick unbranched type. Branching was induced in the thick un-
branched region of the root by cutfing off the tip and transferring
the root to fiber. Cocks also found thet the normal root type has a
secondary or tertiary endodermis, with occasional passage cells, the
swollen fleshy type a primary endodermis.

In those monocotyledons in which the root normally has the power
of branching, probably even after vacuolation the pericycle may be
able to return to the meristematic condition and give an adventive
root initial as the result of wounding. Additional investigations by
Cocks ¥* suggest, however, that this hupgens only rarely in this

oup; on the other hand, it appears to happen frequently in the

icotyledons, provided that the injury consists only in the removal
of a distal portion of the root, leaving the proximal portion, which
regenerates the new root meristem, in contact with the shoot.

When a small piece of root system is completely isolated, the
regenerstion of new root meristems is certainly a very rare oceur-
rence; however, if remeins of old branch roots are present on the
isolated portion, these will probably contain latent root initials
which will now grow out. FP,L 22, A.}) Except for the type of
organization of new root initials described for the fleshy root of
Crambe, the production of new root initials upon isolated pleces of
root appears to be a very rare occurrence, in marked contrast to the
production of adventive buds.

1 BrowN, F. M. ¥. THE ANATOMI OF MARSH FPLANTS. Leeds, 1928, [Unpubllshed
thesis. )
i Bee footnote B oo p. 6T,
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I the -older dicotyledon root, as already indicated, with -the for- .J
‘mation oftwo eylinders of interclary meristem, the pericycle ceases °

to play its sll‘important réle in the formation of initizls iipon the :J
‘main-axis.” Roots appear in the neighboihood of the vasetlar cani-

"biumy;, in the region of the primary rays, usually facing a protoxylem §
group. (PL 22, C.) Such a position reminds one of the position'of §
the young toot 1n the pericycle, but it is diffienlt to know whether at
this stage the governing factor iz the position of the protoxylem or §
of the ray; the close association displayed between root initinls and  “§
vascular rays will be considered just below in relation fo shoot-

borne roots.
ROOTS UPON SHODTS

The anatomical facts as fo the place of origin of shoot-borne ad-
ventive roots are relatively simple and clear, but mich confusion hag
been caused by failure to distinguish between the position of early
formed roots and those formed later. Root formation in dicotyledon
shoots may begin very early, indeed, even in the still-extending inter-
node, in which case at first sight the pesition of the roots Seems. veyy
different from the position of roots arising upon old stems -which
have ceased to extend longitudinally and in which radial growth
alone is proceeding. ¥ndoubtedly, however, there is a definite transi-
{tion from one type of root origin to the other. L

In the shoot, behind the apical meristem, vacuolation beging early
in the pith and inner cortex, while between these two tissues 1s left a
cylinder of dense meristematic tissue, the procambial ring. ‘o éither
side of this ring cells are vacuolating and differentiating, but the
outer and inner himits of the ring are bordered by the cells tree from
air spaces—on the inside the parenchyma, and on the outside the
starch sheath; usually in water plants or underground stems and
often in etiolated plants (pl. 28, A) the starch,sheath becomes g
functional endodermis (747, 718). c .

As the vascular tissue differentiates within the rocambial ring, the
living cells, thus linked to the stele by a tissue free from air spaces,
will receive a more adequate flow of nutrients from the supply within
the conducting elements than will the cells farther removeg‘ In the
case of the xylem, the lignified elements have no semipermesable con-
taining layer, and the liquid contents of these elements must be com-
mon te the walls of 4l this tissue. Tt is not surprising, therefore, to
find that almost without exception new roots are always formed from
tissues. which are thus closeg’ connected with the vascular supply.
With root initials arising very early, when the procambial layer 1s
young and has as yet not increased in _%lirth, the usual position is in
the cells lying just within the starch sheath—the pericycle, as it is
often called, thungh in the stem the pericycle is much less clearly
definable than in the root. Vaseular differentistion usuadly, but by
no means always, proceeds more quickly in those portions oz the pro-
cambial ring which are immediately connected with differentiating
lesf folds above. In such coses the new root initials practically
always arise near, but to the side of, such a vascular group—that is,
on a primary ray. .

Root initials arising upon the young stem as in Liycopus, Veronica
beccabunge L., and many others, are best described as pericyelic
in position. FEven in sucl'ytr a case, with a root appearing very éarly,
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A and B.—Longitudinal sections through proximal ends of isolated pieces of epicotyl of Vicia fuba, showing two stages in the organization of an adventive root.

C-E.—Longitudinal sections through the eépicotyl of Lycopersicum esculentum, showing at. ¢ early stages in root formation in the pericycle.

nodes left isolated from the plant for two days, but such root initials also develop in the intact sheot on.the growing plant.

X 20.
F.—Longitudinal section of proximal callus on a fleshy root of Cichorium intybus. An adventive bud with proeembial strands is well developed at the surface but buried in the

tissues of the callus; at the base of the procambial strands a typical root initial has formed, so that in this rcgion the tissue or

X 30,

These sections were obtained from inter-

ganization is that of a typical embryo, . X 35,
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' jts origin is not to be traced to & single cell Iayer, much less to .
single cell, for the cells at this position in the procambial rin
. rémain or again become meristematic; thus a group is now-organize
as -4 Toot apex, its outermost layer in contact with the starch sheath,
8 and its inner layer in close contact with the differentiating vascular
-alements. :
- But-as the stem grows older, changes in the arrangement of the
" tissues.oceur, ~In particular, the activity of the cambinm increpses
the width of the tissues in the region of the original Emcambia.l
ring. During all or a part of the first year of growth, in. spite
of this increase in girth, the starch sheasth remains a continuous
barrier to the advance of air inward along the intercellular spaces
from the cortex. But sooner or later at the outer end of the rays,
the cells vacuclate and round off, and air spaces appear :be-
tween them. According to Kiebahn (75}, such iutercellular spaces

gre formed throughout the radial course of the vay and often pro- -

vide a channel by which the seration systems of pith and cortex
are in communication, but in the neighborhood of the vascular cam-
bium the cells are more vecently formed and are more compressed,
so that the intercellular spaces are relatively smaller and more fre-

quently filled with snp. Under these conditions it is net surpriging -

to find the site of formation of the new roots moving inward from the
region of the pericycle to the living cells of the ray that lie close to
the newly differentiated xylem and phicem. From this stage onward
new root initials are thus Tound in sssociation with the vasculai cam-
bium; they still arise in the rays and are still not organized from
single cells, resulting rather from the organization of a group of the
eells bordering upon the vascular cambium which have remained or
again become meristematic, and which may be connected to the newly
differentiated vascular elements by a tissue free from air spaces.
Plate 23, C and D, and “Plate 24, A to E, show various stages of
root organization in isolated nodeless segments of the hypocotyls.of
Helianthus and Ricious and the epicotyls of Vicia and Solanum.
In Rieinus it is clear that meristematic cells have been constructed
by every layer of the i!}n:irnsn:y ray from cambium to outer layer of
gericycle; in Vigia faba the new root aﬁ)ex has clearly emerged en-

ogenously from within the starch sheath. In both cases mew
tracheids ave differentiated at the base of the new root apex, which
will link the vascular bundles of the axis with the new root,

In the light of this more recent developmental work {on other
plants), the assumption made by the junior writer (159) that the
stem-borne roots of the apple originate from single cells seems to be.
erroneous; undoubtedly hére also the deciding factor is the organiza-
tion of a group of cells rather than some definite change taking
place in one single cell.

Van Tieghem and Douliot (272), while pointing out-the common
endogenous origin of adventive roots from stems, confined their
studies elmost entirely to roots arising before the differentiation of
the vascular cambium, or at a sta bus little later; however, they
drew attention to this change in the placing of roots which occurs
with increasing age of the stem. In fact, all work regarding root
initiation seems to conform with the picture as just drawn, with the

e i e s et e T i e e et s b s e
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exception previded by the Crucifexse, whick will be referred to

OV, o

The spparently divergent statements found in the literature regard- -
g the place of crigin of stem-borne reots seem to offer no exception
to the doregoing, but seein rather understandable on the basis-that
most observations have been made with very young stems (178, 181)
hence the statement made by Sckiiepp (740) is in apparent disagree- -
ment with the above. Furthermore, the fact that more than ocme
leyer of cells take part in the formation of the root has also led to-&
cortain amount of confusion. The points that should ggain be em-
phasized -uare the perieyclic origin of roots on young stems, and the
origin in the neighborkood of the cambium on older stems; in either
case the roots are generally intimately associated with the rays; fur-
thermore, their origin involves more than one layer of cslls. This
general viewpoint seems to hald equally well whether one is dealin
with roots that grow out immediately after they have formed or with
these that lie dormant for a lesser or greater period. In this latter
connection see Tréeul (267), Borthwick (15), Van der Lek (85),
and Swingle (157). E

Endogenous roots, though frequently more common in the neigh-
borhood of a leaf insertion, may oceur anywhere on node or inter-
node. On the other hand exogenous roots, which seem to be restricted
to the Cruciferae, occur only in the axils of the leaves, and are thus
obviously associated with the axillary bud. This point was clearly
brought out in Hansen’s observations upon the origin of such roots
i Carvamine pratensis (62). Here, the young root initial is found
as a small protuberance upon the side of the base of the adventive,
root-borne bud;; it is clearly exogenous, the dermatogen in this region
coriributing the outermost layer of the rootcap of the newly organ-
ized root apex. While this group of meristematic tissue on the side
of the bud thus organizes as a typical root apex, the part above de-
velops the normal fold of the sﬁoot apex, and the juxtaposition of
tissues is such as iy characteristic of the embryo, where meristems
of both shoot and root are closely in contact and both eXOgenous,
The crganization of the root apex here is thus quite characteristic
of a root, and all subsequent branches from this root are of the normal,
endogenous type. Once again it is seen that the distinction between
root and shoot does not lie in their relative position of origin, but
rather in their characteristic apical organization (p. 4}, '

The production of roots upon leaf cuttings is only a special case
of adventive-root production upon the shoot and requires very little
special consideration. In every case examined in detail by Regel
(124), Hansen (52), Beinling (72), and Hartsema (56), the new
root initials have been found to arise from parenchymatous tissue in
close connection with the vascular cambium. Usually, therefore, such
roots also are organized in the primary rays, though Hansen de-
scribed them in Begonia as also arising occasionally from paren-
chyma that had been produced as callus tissue at tge cub surface,
Here again, the roots do not arise by the repeated division of any
single cell from the cambium or any other one layer, but they result
from the meristematic activity of a group of cells, Hansen stated
that the calyptrogen first becomes recognizable and organization pro-
ceeds thence inward. This seems closely in line with the descrip-
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tion and figures given of the organization of the root apex in the
callus upon Crambe roots,

It will be remeinbered that root initials are formed on leaves much
more readily than are buds, and indeed in many cases buds have
never been obtained ; if buds do arise, another erop of roots frequently
arise from them in the normal endogenous manner, from the procam-
bial ring of the newly organized shoot,

Adventive roots indeed arise very much moeve readily from shoots
than do adventive buds, and the commonest method of vegetative
propagation is the isolation of a shoot system with buds upon it, in
the expectation that the cutéing will root and become an independent
plant. However, some piants root so uncertainly that this method of
propagation can not be used in all cases. Thus many apples and
many other fruit trees as well as a number of other hardwood trees
form roots but rarely, while on the other hand the willow, the black
currant, many varieties of apple, and many other plants (42, 86, 176)
usually contain, as 2 normal thing, latent root meristems in the
neighborhood of the cambial ring. In fact the difficulty in connec-
tion with root preduction fromn the shoot is not the statement of such
simple anatomical generalizations ag to their place of origin as have
been given, but rather the corvelation of these anatomical facts with
the widespread divergence in behavior between different shoots. This
problem is not s simple one, as is shown by the apple. Within this
species there is a very great difference shown. The varieties that
produce burrknots {§7, 157) contain as a regular and normel thing
laten¢ root initials which push outward into the berk and create the
characteristic burrkuots, while on the other hand very few varieties
of apple have ever been rooted from ordinary hardwood or softwood
cuttings. The recent papers by Graevenitz (42), Shaw (143;,
Vierheller (174), Yerkes (188), Auchter (5), Knight and Witt (76
and Maney (99) but emphasize this difficalty.

The papers just cited show that the problem thus indicated—the
reasons for success or failure in rooting cuttings—is under vigorous
attack from many angles. Therefove, in the hope of opening up
some new avenues of approach to this important problem it seems
worth while to analyze it from the anatomical,standpoint more closely
than lhas yet been done, even though such an attempt must necessarily
be somewhat speculative. In making this attempt it has been possi-
ble to draw upon some unpublished anatomical investigations which
were corried ont in the Leeds botanical laboratory by W. A. Sledge
and Elsie Briggs, and which, it is hoped, will be made more fully
available later.

b

FACTORS (GOVERNING RooT PRODUCTION FROM THE SHOOT

AIR AND MOIBTURE

In view of the characteristic apical organization of the root, root
initials arising in the tissues of the shoot require ready, and therefore
close, access to the vascular supply. Usually no air spaces exist be-
tween the meristem and the source of food, any intercellular spaces
being injected with sap, so that the walls bétween the cambium and
the meristem remain saturated and thus permit a steady diffusion of
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solutes. On the other hand, oxygen is necessar for the respiration
of the newly organized meristem, though, as wingle pointed out
(162}, some species are much more tolerant of oxygen deficiency than
others. Probabiy this oxygen reaches the meristem anainly through
the wider intercellular spaces of the cortex, which usually remain
uninjected, The practice of clearing the latex from the base of
cuttings of plants containing laticiferous systems (16¢) may possibly
 find ifs justification in the freedom of the cortical air spaces thus
insured,

The balance between injection of the intercellular spaces behind
the newly organized root apex and the free movement of air in the
spaces in the cortex beyond it, is obviously a delicate one in the case
of sensitive cuitings. Horticultural practice often prescribes in such
cases that the base of the shoot should be rammed firmly against the
side of the container. This should bring about. at one and the same
time aeration of the wider cortical intercellulsr spaces, because the
cutting has a pocket of air around its base, and injection of the nar-
rower intercellular spaces in the neighborhood of the vascular ring
bécause of the response of these parenchymatous tissues to the pres-
sure employed (67). Such o treatment may, therefore, be of very
material significance in the vase of quick-rooting herbaceous mate-
rial; it is hardly likely to be effective in the case of slow-rooting
hardwoed cuttings. The difficulty frequently experienced in rooting
cuttings with a largs pith may be due to the fact that in such stems
the air in the pith within the vaseular ring may make it difficult to

keep the intercellular spaces in the rays injected in the region of the
¢ambium, and it may in some cases be gvoided by usingig_ cuttings with
1

a heel (752). Similarly, in experiments in which liquids are in-
jected into the vascular system in the effort to assist root production
{7, 76), where the pull is applied at the distal end (as by the trans-
piring leaves themselves), i is transmitted downwerd through the
Xylem alone, sinee the cortical air spaces are in ready contact with
the outside air. Thus by this method the xylem and the tissues just
bordering upon it are alone injected; on the other hand, when the
same difference of pressure is used to drive a lLiquid in from below,
the air in the cortex is easily displaced by the entering liquid, and
thus any special meristematic activity in the region of the cambium
would most certainly tend to be subjected to oxygen deficiency,

Swingle’s experiments (Z62) have shown conclusively that the
aeration conditions which are optimal for root production are not
necessurily, if ever, identical with those which are optimal for callus
production, although callus production has often been treated ss
synonymous with root production. In all cases examined callusing
seemed to demand the presence of less oxygen than did rooting, in
many cases actual inhibition of callusing being observed while root-
ing progressed apparently normally, :

Corbett (£5) emphasized the differance between rooting and callus-
ing, and Balfour (7) showed that in some cases root production could
be brought about b paring down the bulk of the excessive callus
originally produced. In the detailed discussion of callus and
meristematic activity at the distal end of the roots of Crambe, it was
made clear that the cell proliferation and divigion. in callus produc-
tion and the meristematic activity of the phellogen which produces
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cork near the surface of such a callus were distinet from the subse-
quent deeper lying meristematic activity which was more closely
associated with root production. Therefore, the removal of the
superficial layers of callus may remove another meristematic tissue
which is drawing upon a limifed food supply, and leave more food
available for the meristematic activity, associated with the vascular
combium, in connection with which roots are organized.

LIGHT AND ETICLATION

Light certainly has little influence upon the development of the
endogenous meristems at the base of a cutting, and usually it seems
to have little influence upon the subsequent growth of the root apex
(118), but it has been seen to favor the initiation and growth of any
superficial shoot meristems which may be competing for the avail-
able food supplies of the isolated shoot (4Z). It seems, therefore,
wiser to exclucde light from the basal region of the cutting on which
root production is desired. Still more Important, however, may be
the previous etiolation of the region of the shoot from which, at a
later date, when isolated, root production is desired. The considera-
tion of this problem vequires a brief digression into the subject of
the growth organization of the normal shoot.

T'he shoot growth unit.—As Beijerinck (17) pointed out, when root
initials ave present or can be induced experimentally, they are usually
distributed around a leaf insertion, sometimes in the leaf axii, but
more frequently to either side of it and a little below it. To this
extent their ocenrrence is in accordance with Chauveaud’s conception
of a “phyllorhize ? (25) or Celakovsky’s, of the “ Sproszgliede ”
(21); that is, a section of the axis with its attendant leaf forms &
natural growth unit, made up of a lenf and a portion of the axis
below down to the insertion of the next leaf vertically beneath. This
growth unit, it is argued, should naturally terminate at this point
in a root initial. Thus in a simply organized vascular plant, as the
sporeling of Ceratopteris, successive leaf-root units are formed; each
benrs on its ventral surface, in its turn, a growing point which gives
rise to g similar new unit. The axis of this fern is thus built up of
these merged contributions of the successive * phyllorhizes,” 'Wlilﬂe
the roots 50 not form a separate branching system but arise at the
buse of each successive ¥ leaf-shoot ” unit.

In the dicotyledon, Celakovsky and Chauveaud, among others,
have given reasons for regarding the shoot exis as still bwilt up by
the fusion of similar successive growth units, only in this case the
root is missing at the base of the wnit, where it meets the insertion
of the next leaf below. But Beijerinck’s observations (1) have
emphasized the fact that the adventive roots (“ Belwurzeln”) ap-
pearing on the stem do usually occur in this position. Why, then,
are they sometimes missing, and why does every effort to induce their
formation in this position meet with failure? One possible answer
is that at this point, where the shoot unit meets the sheot unit next
below it, & new meristematic center is now invariably present swhich
may draw upon the food supplies that would otherwise be available
for the root; this is the axillary bud, & competing meristematic center
that is not met with in most of the vascular eryptogams,
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Further, in the dicotyledon, instead of the “phyllorhize” habit
of growth, with root initials formed near the termination of each
unif, the food materisls move downward toward the main root
system at the base of the shoot axis, which remains continuously
active throughout life, new crops of roots being formed upon the
sceffold roots from the food supplies brought down from the shoot.
This difference is undoubtedly correlated with the change of orgen-
ization rendered possible by the development of 2 vascular cambrum.
The layer of new vascular elemsnts thus added to the axis through-
-out its length each spring, puts the new shoot units at the periphery
of the branches of the axis into effective communication with the
new root system similarly developing at the peripheries of thie root

stem. Therefore, even when the supply of food at the base of a
potential ®phyliorhize” is not used in the organization of an axil-
Yary shoot, instead of being diverted fo root organization at this
point it may move on downwerd in the continuous chain of vascular
connection constructed by the cambium. :

In these few words a very complex and controversiazl morpho-
logical and phylogenetic problem is just touched upon, further in-
formation in regard to svhich may be obtained in a monogrsph by
Chauveand (#3). It has been discussed primarily because of the
suggestion that immediately follows as to the significance of etiola-
tion, but it seems probable that considerable significance may be
attached to this growth-unit conception in the interpretation of the
physiology of the shoot.

Etiolalion prior to culting ~Darkness certainly inhibits the super-
ficial meristematic growth of the shoot apex. Internodal extension,
in connection with existing leaf-shoot unifs, may take place vigor-
ously, bu! no new groewth units form, and if the meristematic apex
is but slightly organized, as in the embryonic epicotyl of an epigeous
seedling, in darkmess it makes little or no further growth, and the
hypocotyl alone extends until the food supplies of the seedling are
sExhausted), the epicotyl never emerging from between the cotyledons

115, 118).

Si;nilarly, at the Bast Malling Research Station, Director R. G.
Hattor and his associates have had marlked success in cbtaining roots
upon fruit-tree leyers which root with difficuity by keeping the new
shoots etiolated for several centimeters; however, they found it
necessary o compromise between number of shoots and freedom of
roofing, Although the shoot which has been continuously etiolated
roots by far the most readily if the buds are buried, even though
but a thin covering of sarth is employed and even though this is not
put on until just before visible activity of the buds is to be expected
in March, nevertheless decidedly fewer shoots per stool are obtained
than when the covering of soil is applied some weeks after bud break
has oceurred,

Likewise, Knight and Witt (76), working with plum and apple,
Reid (Z26), and Blackie, Graham, and Stewart (/%), working with
camphor, Smith (146, 747), working with clematis, and Priestley
and Ewing (118}, working with brosdbean, have recorded a con-
siderable enhancement of the capacity of the shoot to root through
etiolation, & fact which has been on record since very early fimes
{33). In =all such cases the development of the young sxillary
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shoot meristem is retarded by darkness, and frequently under these
conditions food which might have been utilized in its growth a.p]i:aars
to be employed in the organization of root initials in the neighorhood
of the cambium. However, the presence of a funciioning assimila-
tory region sbove the etiolated part seems to be desirable in most of
these cases.

Various other suggestions have been made as to the significance of
etiolation of the shoot prior to its removal for purposes of propage-
tion. Priestley and Ewing (178) poinfed out that in the epicetyl
of Vicia fabe and other hypogeal seedlings, etiolation led to the pro-
duction of a primary endodermis in place of & starch sheath, a
change which, as has been seen, tends to favor endogenous growth
activities as against exogenous. Reid (726) and Smith (146, 147)
drew attention to various histological changes that certainly would
favor the emergence of rootlets theugh it is mot clesr how such
changes would influence their initiation. Enight and Witt {75)
found that etiolated cuttings of Prunus preduced most of the roots
Iaterally; these were the “morphological” roots of Van der Lek
{86), while without previcus etiolation the few roots obtained almost
all emerged through the wound callus.

The general considerations just advanced increase the significance
of these recent observations and suggest that etiolation of the shoot
prior to its removal for purposes of propagation (i. e. partial layer-
nge) is a line of experimental attack worthy of considerable physic-
logical and anatomical attention,

THE HARDWGLOD QUITING

Other recent extensive series of experiments upon the propagation
of cutbings are at first sight apparently in dirvect disagreement with
the generalization just attempted. From the standpoint of the
preceding paragraphs, the development of the axillary buds may be
a definite contributing factor in the failure of the shoot to root. Van
der Lek (86) concluded as the result of a very extensive series of
experiments that the development of roots upon hardwood cuttings—
that is, woody twigs with dormant buds and no leaves—is materially
favored by the development of the buds. However, generalizing
from Van der Lek’s experimental results requires caution. As
Swingle has already pointed out (162), the further development of
preformed roots of burrknot apples was affected but slightly, if at
all, by the presence of buds upon the cuttings. The general question
of the relation of bud start to the initiation of root apices on the
stem beneath deserves further examination,

CAMBIAL ACTIVITE ANP ROOT PRODUCTION

Apparently, the cambium furnishes the connecting link between
activity of the bud and the initistion of new roots. As has been
seen, the new root initizls are always formed in tissues in close
association with an active cambium. During the winter months the
cambium of the branch is usually in a dormant state, and upon the
tree in the spring eambial activity begins beneath each bud and
works thence downward along the stem {47, 756). This seemed to
suggest o ready explanation of the observations of Ven der Lek
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(86) and of the correlation often reported by others between bud
activity and root production, especially as a similar remewal of
activity beneath the buds on willow cuitings, which then spreads
basipetally down the cubting, has already been recorded by Hartig
(65). But an anatomical examination of the guestion shows that it
is ot so simple.

‘When a piece of shoot is isolated, although but slightly less callus
may form at the distal end than at the basal end, cambial activity
itself seems to be confined to the basal end of the cutting. Sledget
found that this renewed activity spreads slowly up the stem, but
usuelly cambial activity is also working downward from brealing
buds higher up on the isolated shoot. Txeminetion of such cuttings
ab frequent intervels has revealed much material in which there is
a neutrsl, dormant zone lying between the pushing buds and the active
basal region. At the base the cumbium at first frequently forms
wood of the “ wound wood ” type,” but in some cases the wood is
indistingunishable from the normal wood. Adfter the cambial activity
has become conktinuous throughout the shoot, the wood formed
throughout is of the type usually characteristic of the stem.

These observations render it impossible fo ascribe in all cases the
advantoge of the presence of buds to the start thus given to the
cambium. Cambial sctivity at the base is certrinly essential to
root initiation in this region, but the sctivity may be quite inde-
pendent of the bud, as indeed is shown very clearly by experiments
with internodsal cuttings carried out in winter with short shoot pieces
in which the cambium is still dormunt. In practically every case of
this kind, Sledge® found that cambial activity was initiated at the
basal end of the cutling.

Tt seems necessary to reserve an opinion as to the relation befieen
bud development and root initiation. Van der Lek’s cuttings were
under unusual conditions, being exposed to the light in & very moist
stmosphere. Under these circumstances probably even the basal
buds would commence activity, and the cambium activity thus
initiated would soon affect the root initials beneath it, or, as
in the grape cuttings, the tissues disposed toward root formation.
With cuttings which have several basal internodes buried in
the sand, the lower buds rarely develop; usually cambial ac-
tivity, and often rooting as well, will commence at the base
before this cambial activity is linked with that working down
from the pushing buds. For continued reoot development g shoot
system developing in the light is essential, but the connection be-
tween the just-emerging bud and root initistion at the base of the
hardwood cutting is far from firmly established.

Interest seems rather to be transferred to the conditions governing
meristematic acfivity in the neighborbood of the proximal woun
and that delicate internal balance shich converts this activity from
the production of ordinary new vascular tissue to the organization of
root growing points. Almost certainly one essential for the resump-
tion of cambial activity is the displacement by sap of the air in the

M §LEDGE, W. A,  Unpublisiied resenrch at Univerdity of Leeds,
7 Phe writers’ attention was Grst draws to this point by Dr. R, C. Ernight, of the Bast
Mniling Resenrels Station.
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intercellular spaces in the neighborhood of the cambium. Sledge®
found that if sections cut from woody shoots just before and just
after resumption of cambial activity in the spring are trans-
ferred directly from the knife to strong glycerin, a marked
difference in the appearance of the tissues will %e noted in the two
cases. Sections cut before the resumption of cambial activify ap-
ear dark with the trapped air contained in the vascular rays, even
wn the cambial region; but as activity begins, the whole of this region
becomes translucent throughout, and air is confined to the inner
part of the wood, the pith, and the outer regions of the phloem.

‘When the dormant twig is cut out of the tree, the narrow inter-
cellular spaces near the cambiwm will become injected with sap; this
is one response of the delicate living tissues in this region to the
shock. At the distal end this condition does not seem to persist,
and everything points to a rapid drying back of the sap from the
neighborhood of the cut surface in many twigs until the neighbor-
hood of a node is reached. At the basal end this condition of injec-
tion seems to persist whether the cut surface is nodal or internodal,
and as a result cambial activity is Initiated.

Here, once again the difficult problem of polarity arises, and it is
impossible at the present time to evaluate the part played by the
phloem and the other tissues in thus meintaining the conditions
for cambial activity at the proxim:l end, This problem will be
again considered in connection with the influence of metabolic fac-
tors upon the initiation of roots. First of all, however, the specially
difficult case of the scion apple must receive brief examination.

The propagation of the apple~~In many unsuccessful trials at
Leeds and at Washington with the apple the-cuttings either rotted
or dried out. Rotting 1s understandable in these cases in view of the
fact that suberization of the cut surfaces is often very irregular in
the pith regiop. Frequently a well-callused base of such a cutting
shows 2 hole in the center of the callus, leading into a disorganized
pith. If such & cutting does not root within a reasonable time it is
almost certain to decay. In fact, with older cuttings containing
burrknots the cut base in many cases rots because of ineffective heal-
ing of the cut surface, even though roots may have long since
appeared,

On the other hand, the drying out of the twig means that the cam-
bium layer is certainly unable to continue to function, for the tissues
in its neighborhood are no longer injected with ths necessary mois-
ture. {See the note regarding the propagation of the hop on page
56.) IDIxamination of such cuttings usually shows that the cam-
bium had commenced activity at the base, and frequently this ac-
tivity has exbausted the starch throughout the entive cutbing. In
such cases the starch usually disappears from the cutting from the
base upward, instead of from the pushing bud downward, as happous
when the shoot is Ieft on the tree (756). This depletion of the fcod
reserves may be a very important contributing factor in the failure
to produce roots. In this connection Winkler’s work (I84) on the
relation between starch content and root production in the grape
cutting is important. :

0 Bpe footnote 16 on p, TO.




72  TECHNICAL BULLETIN 151, U, §. DEPT. OF AGRICULTURE

Cambial activity commences at the base of the shoot, and thus are
roduced differentiating xylem elements which, if protected beneath
y & suitable callus material, will act as an osmotic system and draw

water from the soil around the base of the cutting. Fxamination of
the withered cutting clearly shows that the sap movement has not
produced- its usual effect. Either leakage away from the wood
through the disorganized pith on the inside or a certain lack of
effectiveness in the system of differentiating xylem and basal callus
seems to be responsibie. The writers’ attempts to remedy this defect
by sealing the base of the cutting did not prove effective. -

Some of the difficulties of cufting propagation are avoided by the
employment of the nurse-root method (4, 743). This method in-
volves the grafting of a piece of stock root upon the base of the scion
that roots with cifficulfy. In some cases the scion is bucied very
deeply in the ground in the hope of getting roots upon this original
piece, while in others short scions sre used, and the root system is
obtained at the base of the new growth. The root system of the
cutting is thus in either case at first furnished by the easily rooting
stock, but with many veristies after a year or two roots develop upon
the scion; the nurse root can then be removed from many of the
cuttings, and the rooted plant can be replanted as a complete tree.
The chief diffieulty offered by such a method, however, is the greater
relative development of stem than of roots wpon the scion, s0 that
the scion when removed has insufficient roots to maintain it.” In this
system of treatment the difficulty of maintaining & sap supply in the
scion is get by the vigorous growth and root production of the nurse
root which absorbs ample water from the soil and delivers it to the
scion. At the same time disorganization and decay at an imperfectly
blocked pith surface in the sclon are avoided by the presence of the
graft union.

Auchter {5} emphasized the need for deep planting. Such deep
planting will obviously materially aid the nurse root in the task
of keeping the scion tissues well supplied with sap and at the same
time will favor meristematic activity in the cambium rather than
in the bud.

However, the problem is by no means solved. Root production on
the scion depends not only upon a vigorous cambial activity but upon
an abundant supply of g&borated materials in the neighborhood of
the cambium. Much of this material will move down out of the
sclon’ tissues into the stock, where vigorous root production takes
place. To some extent this movement may be checked at the base of
the new growth, where a wire ring is sometimes applied for this
purpose, or at the point of the graft union; nevertheless the drain of
the stock-root system upon the supply of elaborated food will mate-
rially reduce root production in the scion.

In this connection Chandler’s {22) modification of the nurse-root
method is of great interest. He grafted the stock-root piece into the
side of the scion so that a short piece of the scion projected below
the union. The result was thet materials to some extent moved past
the point of union dowr into the stub of the scion ; here root produc-
tion took place, sometimes laterally, in some varieties mainly through
the callus formed over the base of the stub; in a very few cases roots
also formed above the union. The success of this method suggests
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that, provided the scion is kept supplied with sbundant sap, suberiza-
tion and eallus formation at 1ts exposed base will be se.t,isfgctory, and
root formation from the wound callus is thus added as a possible
method of root formation,

However, this method seems to have one very serious if not funda-
mental drewback. These conditions are extremely favorable for the
production of what have long been called erown galls. Even though
the recent work of Riker and Keitt (728) seems to indicate that such
overgrowths are not so serious as has long been thought, they are af
least- undesirable. '

If by the devices indicated the cambial region in the isolated shoot
system can be kept full of sap, the result seems likely to he continued
meristematic activity and thus in time the production of roots. This
may also be the explanstion of the successful rooting of softweod
cuttings of apple, reported by Stewart (752). In such a shoot, as
has been seen’ {p. 62), air is prevented from approaching nearer the
cembium than the onter wall of the starch sheath, and when such
material is severed for propagation it at least starts with the tissues
well provided with sap. In fact, one of the most commonly used
criteria for ascertaining that the shoot is in proper condition for use
as n softwood cutting is o state of high turgidity; the desirable shoot
usually breaks off clean when bent, and the unsuitable shoot collapses
and crushes,

Unfortunately, none of these methods or that of root-cutting propa~
gation described by Yerkes (788) has the simplicity or certainty re ui-
site for extensive employment in the commercial nursery, although a
variety of methods ave available which may enable the investigator
to obtain scion varieties of apples upon their own roots. For the
nursery practice at present the only method seems to be grafting
either upon stocks grown from seed or upon vegetatively obtained
layers or root cuttings.

THE ROFTWOOD OUTTING

Tn the softwood cutting the shoot is taken at a time when its leaves
are still functioning, There is some disagreement among practical
horticulturists as to the role played by the leaves in the propagating
frame, since the most obvious effect of the leaves is their tendency to
dry out the cutting. Hence, the more leaves remaining, the more
saturated must be the atmosphere within the propagating frame in
order {o avoid draining the sap from the neighborhood of the vas-
cular ring, where its presence is all importent for root production.
Provided this contingency can be avoided, the presence of the leaves
seems highly desirable, since the older leaves, in the light, continue to
supply a considerable amount of food to the axis. The nantitative
studies of Loeb (90) on Bryophyllum give some indication of how
important the leaf may be in this connection, and in such herbaceous
cuttings the relation between rooting and the downward movement
of materials from the leaf through the vascular chanmnels is much
more evicdent than in the case of hardwood cuttings.

From the time the procambial ring first shows its close conmec-
tion with the leat initial, cambial activity is obviously closely allied
to the growth of the leaf. In the shoot the first tangential divisions
initiating cambial activity in the procambial strand follow close







74  TECHNICAL BULLETIN 151, U, & DEPT. OF AGRICULTURE

upon, if they do not actually precede, the earliest signs of vascular
differentiation. Jost (70, 71) has shown that this process of cambial
division is greatly dependent upon the growth of the lateral organs,
whether leaves or flowers, above it on the axis. His experiments with
the epicotyl of the seedling make it clear that the controlling factor is
not the food supplied by the cotyledons lying below, but rather the
actual growth processes occurring in the young lateral initials above.

In the twig, the subsequent dependence of cambial activity upon
growth processes in the bud seem to be only a continuation of the
same phenomenon. In experiments with decussate-leaved Coleus,
using 1solated pairs of internodes with one single node between them,
it is easy to see that grest influence was exerted by the growing
leaves, both upon ordinary cambial activity and upon reot production
in the axis beneath. Here aguin the factor affecting growth was not
simply food supplies; although the entire basal region of such cut-
tings 13 usually gorged with starch, nevertheless cambial activity and
oot production lag behind on the flanks of the proximal internodes
which are not subtending a leaf, Plett (208) * in his experiments
with internodal herbaceous cuttings noted an accumulation of the
starch toward the proximal end of these cuttings in many cases,
especially in Begonia, Sanchezia nobilis Hook., and Sinningia pur-
purea Hort. In these cuttings and in others in which some leaves
were left, starch accumulation often coincided with greater rooting,
but Plett also found an influence of the bud upon root formation in
the internode below, which seemed quite independent of the localiza~
tion of food supplies.

The basal movement of the carbohydrate contents, as indicated by
starch distribution, in such internodal cuttings may be very striking.
In some of Briggs’s observations upen isolated nodes of Coleus the
congested sppearance of the phloem in this basal region certainly
suggested that it had taken a part in the movement. Greenwood
also found that if isolated shoots of Pelargonium and other herba-
ceous cuttings were ringed, cambial activity began at the proximal
surface above the ring, as well as at the basal end of the cutting,
In some cases there was also distinet evidence of a greater depletion
of carbohydrates from the upper end of internodal cuttings and some
indication of starch accumulation at the basal {proximal) end.

If the direct course of the vascular channels beneath a leaf is
broken by a cut in which a mica slit is inserted, then within a few
days root production and cambial activity can be diverted to another
flank in these plastic tissues. Anatomical investigations made by
Simon (145) and contirmed by Miss Elste Briggs, show, however,
that this diversion is preceded by the differentiation of new vascular
strands on the other side of the stem,

The evidence is, therefore, again very strong for associating root
initiation with cambial activity and this once more with the activity
of the leaf and probably with the transmission through the phloem
of some substances which accumulate in the region where roots are
ultimately produced.

= Bee footnote § on p, 31.
ZGREEXWOOU, 1. THE PROBLEM OF TOLARITY IN [SOLATED PIECES OF STEM AND IN IN-
VERTED GRAFTE. Lesds. 1927, [Unpublished thesis.]




.

VYEGETATIVE PROPAGATION AND PELANT ANATOMY. . 75

Sledge ** has observed in internodal cuttings of privet, apple, and
other planis that after & time definite evidences of disorganization,
which apparently begins in the phloem, are visible at the distal end.
Early signs include a swelling and vacuolation of the phloem par-
enchyma cells, accompanied by a gradual disorganization of their
nuclei, following which the cells of the cortical parenchyma fre-
quently swell and discolor.” This change is always associated with
a very marked alkalinity of the tissue. The veaction is very defi-
nite and sap diffusing from the phloem is as alkaline as pH 8.
These observations suggest a continued basal movement of substances
in the phloem which may ultimately result in a disorganization” of
this tissue at the exhausted distal end, in which, when carbohy-
drates fail, respiratory metabolic activity leads to the destruction
of protein with consequent nuclear disorganization and the develop-
ment of an alkaline reaction. The continued downward mevement
of substances through the phloem may at least be a contributory
factor to the polarity of the isolated shoot segment and the partial
cause of the accumulation of carbohydrates at the proximal end..
The relation of such an accumulation to subsequent root initiation
is indeed difficult to determime. Such carbohydrate accumulation
has to take a particular form; possibly the development of & rela-
tively acid reaction, which is often associated with a high carbo-
hydrate-nitrogen ratio and a diminished degree of succulence (103,
£3), is a necessary condition.

Reid’s (125) observations on the effect of the carbohydrate ratio
on the rooting of the tomato are direct experimental evidence of a
nitrogen correlation which is generally recognized, and which is
the partial explanation for the restricting of initistion and develop-
ment of rcots above a ring extending into the cambium and above
ligatures constricting the bark. Such a relative increase in carbo-
hydrates is probably associated with rooting in the pendulous tips
of certain varieties of Rubus in the later part of the growing season,
in the drooping stolons of Cornus ecalifornica, and is probably the
factor linking flower-bud and burrknot formation in the apple (157).

Temperature may exercise a very definite influence upon root initi-
ation by its influence upon the {alance of metabolism. DBushnell
(19), analyzing the potato plant as affected by temperature, shows
that carbohydrate accumulation in the plant increases rapidly with
a fall in temperature, supposedly because, alihough photosynthesis
may have a comparatively slight temperature coeflicient, the utiliza-
tion of sugar in respiration diminishes very rapidly with a fall in
temperature. This brings to mind an interesting comment upon
_the early observation of Vichting (177), confirmed by Bushnell, as
to the geographical distribution of the potato; stolon and tuber for-
mation is favored by low temperature and leafy-shoot production
by higher temperatures. From such an effect upon the metabolic
balances of the plant, lower temperatures might similarly be ex-

ected to favor root production, while on the other hand with a ris-
ing temperature, exudation pressures, which depend upon growth
and differentiation and which are intimately connected with the
maintenance of shoot meristems, are likely to be greater. This is

o Bee footnote 16 on o TO.
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an almost unexplored field. Beijerinck (77) recorded the observa-
tion that the apple and the pear praduce root-borne buds (suckers)
more readily in o warm climate. Likewise in the fruit trees of
Enrope many observations suggest two maximum periods of root
growth, one in the spring at the expense of stored food reserves and
the other in late summer or fall after foliange production has reached
its maximum (706).

However, accumulation of carbohydrates does not necessarily
mean the production of conditions favorable to root initiation. Plett
(109) ** found it necessary to distingnish between the accumulation
of starch at the base of an internog:a1 and the production of roots
from this region. There is indeed a goed deal of evidence which
suggests that in particular the presence of starch should not hs
regarded as & necessary indication of a disposition to produce roots.
Ahrns (9) showed that in an isolated leaf system starch is only
retained or produced under certain conditions, even when the carbo-
hydrate content is very high. Thus, if the leaves are allowed to lose
evater and wilt, the starch rapidly disappears and the sugar content
in the mescphyll greatly increases. On the other hand, if the leaves
ere kept saturated with water, the starch, even in the dark, disap-

ears very slowly and the sugar concentration remains low (Iﬂg.
]S)tarch appearance in this condition, therefore, seems to be an indi-
cation of a condition of high hydration of the tissues, and it may ba
recalled that, when dealing with root production from roots, the
swollen starch-filled root was associated with an indisposition to
branch. In the case of the shoot similarly the consideration of one
striking case in which high carbohydrate content does not necessarily
involve & ready disposition to root, may conclude this section.

A TYPIOAL CONUNDRUM (THE POTATO TUBER)

Probably the reader requires no further reminder that these pages
represent only the effort to state a problem and not the attempt to
justify a solution. The production of roots upon shoots bristles with
difficulties in the way of any generalization, and the tentative efforts
made above seem likely to be shipwrecked by such a homely object
as the potato. The tugers of the potato are 1 part the products of
cambizal activity, and they contain a cambium capable of further
meristematic growth. Very abundant food reserves, especially car-
bohydrates, are present; and they also have both internally and
externally a very widely distribufed phlcem, very parenchymatous
it is true, but with sieve tubes ramifying through it. Yet from the
tissues of the tuber itself, notwithstanding numerous experimental
treatments, apparently there has not been obtsined one authentic .
case of root production. The same seems to be true for tubers of
certain species of Dioscorea (176).

Although cambinm, carbohydrates, and phloem are all present, con-
ditions are still definitely unsuitable for root production. On the
other hand, in the stolons an endodermis is present, and endogenous
roots are produced with exceeding freedom. Cases where roots
seemed to emerge from the tubers have, on examination, proved to
be cases of roots arising from the bases of stolons not completely

A See footnnte 8 on p, 31,
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freed from the tuber, or {135) from the point of insertion of the
tuber upon the parent stolon.

As the end of the stolon swells and the new tuber forms, the endo-
dermis disappears, and a cork phellogen begins activity, at first in
the epidermis and later in the subepidermsl layer. Thus the forma-
tion of the tuber is associated with a superficial meristematic activity,
which, however, is not followed by free bud production, for the re-
generation of buds from the tuber, though occurring from wound
tissue -occasionally, seems to be usually limited to the neighborhood
of the eyes. In the resting tuber probably the intercellular spaces
in the cambial region, as elsewhere, are filled with air; with the out-
growth of the buds the cambium may temporarily become active
again, but root production does not follow. A cerfain vague correla-
tion is here suggested between the failure of root formation and the
swollen, starch-packed, unlignified, unbranched root. Evidently food
supplies are sbundant, but at no stage of depletion do conditions
become propitious to the initiation of new roots.

This case seems worth its position at the end of this account of root
production on the shoot, if only to show how far still is the interpre-
tation of the phenomena from being complete. It is obvious that
the problein of root initiation is far from settled.

ADVENTIVE EMBRYOS

Although both adventive roots and adventive shoots have been con-
sidered in some detail, = few words must be said about the appear-
ance of these two structures when they arise together, even though at
the present time the employment of adventive embryos as a means
of growing uniform plants seems more an alluring vision than &
definite promise,

As is too well known to stress here, with very many plants the
desirable features of vegetative propagation as compared with seed
propagation are more than offset by the great diffienity of handling.
Hence the prospect of combining the desirable features of vegetative
propagation with the ease of handling characteristic of seed propa-
gation, is indeed inviting. It has been known for many years that
one type of polyembryony is characterized by the formation of em-
bryos, by tissue of the nucellus, which genetically represents only
the seed parent. These embryos push into the embrye sac and com-
pete for space and food with the true embryo. Apparently in most
cases the frue embryo wins the struggle; hence the rarity of develop-
ment of the asexnal embryos makes 1t almost impossible {o recognize
them when they actually do appesr,

Recently, however, Frost {37) has called attention to the fact that
in certain citrus hybrids the true embryo is spparently always
crowded out by one or more complete adventive embryos, so that in
these cases “vegetative reproduction by seeds” is achieved. Such
facts regarding the occurrence of this phenomenon as are known are
chiefly genetical in nature, and apparently nothing at all is known
regarding it from the standpoint of causal anatomy.

Attention has been called (77, 167) to ancther type of asexual seed
production which is apparently not dependent upon the stimulus of
fertilization as were the cases referred to by Frost (87). Kobel (77)
found that unfertilized flowers of apple set seed under conditions not
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at all understood and pointed out the importance which such asexu-
ally produced seeds would have for use as grafting stocks.

If such a use of terms is permissible, it may be said that Plate 24,
F, illustrates a still more asexual type of adventive-embryo forma-
tion, but one which, does not seem to have the importance possessed by
the two types just referred to. In this case of Cichoreum infybus
apparently a bud has arisen on the callus tissue around a branch
root (p. 47}. However, instead of the procambial strands differen-
tiating backward through the callus, and ultimately connecting with
the vascular supply of the main root, a root growing point has
arisen just behind the bud and in such » position as to suggest that
the two structures differentiated in the callus simultareously. Here
again nothing can be said about the causes underlying such a remark-
able deviation from the course of events usually shown, but shoot
and root initials also develop in equally close juxtaposition in the
axillary buds of many of the Cruciferae (p. 84), where, just as in
the true embryo, the root initial associated with the bud is organized
in an exogencus position, though its subsequent growth is of the
usuzal endogenous type.

DISCUSSION
THEORY AND PRACTICE

No attempt has been made in the previous pages to describe ex-
haustively the wide range of phenomena that are covered by the
term “vegetative propagation.” Not only do these phenomena differ
as to position and mode of growth of the adventive structures con-
cerned, but there are endless differences of details as to the time these
growths take to form, and their response to season. Any effert to
enunciate a general law governing these phenomena, therefore, meets
with the almost inevitable sequel that, from among the multitude of
slight individual variations, some example is forthcoming which ap-
pears, in its behavior, to refute the generalization.

So impressed are some of the most experienced workers in this
field with this aspect of the problem that they incline toward the idea
that the only adequate generalization is that each plant, or at least
each species, is a law unto ifself and requires individual study before
its behavior as a self-propagating unit can be determined. There
is obviously a substratum of truth in this standpoint; the test of prac-
tical experience alone will determine the method of propagating a
new spécies, but if this view is exaggerated it becomes the negation of
seience and discourages all effort to ascertain the biclogical frame-
work common to a group of plants which are universally recognized
as forming a natural group. Throughout the previous pages, there-
fore, an effort has heen made to present the varied phenomena from a
consjatlent standpoint, but with as little consequent distortion as
possible.

Both botany as a deseriptive science and horticulture as, to a large
extent, systematized and recorded practice, tend to be smothered
under a mass of detailed observations, which convey no message be-
cause they have not been brought into contact with any generalized
statement of the problem of plant growth and behavior. Therefore,
in the writers’ opinion, there would be no justification for this
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restatement of the problem of vegetative propagation from the stand-
point of anatomy, 1f it were not associated with an effort to combine
the facts into some working hypothesis regarding the factors con-
trolling growth and development. Such a working hypothesis has
been found in the suggestion as to the internal factors controlling
the normal growth and development of shoot and root. All the
varied phenomena of adventive shoot and root production that have
been considered, have been briefly interpreted as they came under
review, from the standpoint of the internal conditions assumed to be
necessary for the production and maintersnce of the “normal”
activity of a meristematic apex. Undoubtedly this interpretation
will need modification as the infinitely varied details of these com-
plex processes are rendered available by further investigation, but
at least it provides a standpoint which should promote rather than
hinder fuller inquiry, and it is certain that in such further examina-
tion more light will be obtained upon the little understood phe-
nomena governing normal growth,

Since any working hypothesis that is to justify its existence should
open new avenues of inquiry, it is desirable not merely to examine
the recorded facts, but also to consider whether the standpoint
adopted adds anytfling to the interpretation of the complex inter-
relations existing between the internal phenomena of propagation
and the contributing external factors. This brings the observer into
the very diversified record of practical experience, where, owing
to the almost inevitable horticultural method of varying several ex-
ternal factors at once, generalization must be cautious and tentative.

It may be emphasized that the experienced horticulturalist who
claims that every species is 2 law unto itself implicitly displays in
his procedure as determined by his experience, a system of wide
generalization as to plant behavior. His attack upon a new plant is
governed by this generalized experience; he assumes a comwmon
biclogical response from his material, and his decision as to the pro- -
cedure to follow in such a case is not determined haphazard, but by
his knowledge and observation of that particular plant’s normal
habit of growth. As botany and horticulture become more closely
allied it may be expected that the experienced propagator, recogniz-
ing the aim common to workers iﬁoth fields, with his wide and
sympathetic understanding of the plant’s behavior, will more and
more help in the task of interpreting this behavior in terms of the
still-rudimentary science which aims at expressing the facts as to the
structure and physiology of the plant.

THEORIES OF POLARITY

All sitempts to generalize as to the factors governing the produe-
tion of mew shoots and roots upon the plant seem to have been
stimulated by a recognition of the innate polarity exhibited by the
plant. The isolated shoot tends to prodnce adventive roots more
readily than adventive shoots, and to producé them at the lower
{proximal} end. The isolated root produces adventive buds more
readily than adventive roots, and these buds appear most frequently
at the upper {proximal} end. Thus, each portion of the plant
acts as though it were trying to restore the old balance by the
regeneration of the missing structure,




80 TECHNICAL BULLETIN 151, U. 8. DEPT. OF AGRICULTURE

THEOEY OF FORMATIVE SUBSTANCES '

From the impression of this innate polarity exhibited by any
isolated part of the plant, the conception developed that such an
isolated system still confains two moving currents of formative sub-
stanees, shoot-forming materials moving toward the shoot end, and
reot-forming materials moving toward the root pole. Largely
through the writings of Sachs (132} tliis “ formative-stuffs ” hypoth-
esis has had s wide popularity. A summary of this theory was
given by Darwin {28) and another more recently by Hartsema (566).

t is not proposed to give an sccount of its early development, as,
apart from one special field of investigation, this standpoint is now
only of historical interest,

In reference to this one problem, however—the effect of the condi-
tion of the plant at the time it is used for propagation upon the
nature of the structures formed in regeneration—ihe phraseology of
the “ formative-stuffs ” hypothesis is still usually employed, and in
this field is found the only positive experimental evidence which has
been brought forward in support of such hypothesis.

ErFecT OF MATURITY OF THE YiANT UPoN ITS REGCENERATION

In his experiments with Begonis, Sachs (733) noted that adventive
shoots grown from leaf cuttings taken from plants in flower them-
selves seemed to reach the flowering stage precociously early. These
results were immediately expressed in the phraseology of the “ forma
tive-stuffs » hypothesis and were interpreted as due to the large amount
of “flower-forming substances” which were naturally present in
leaves isolated from plants at the flowering stage. Figdor (36)
made similar observations with leaf cuttings of Monophyiiaea hors-
fieldii R. Br.,, Wakker (779) with Begonia rew, Stewart (751) with
stem cuttings of Gardenia; and indeed this particular characteristic

. of propagation has been repeatedly recorded in horticultural litera-
ture. Doposcheg-Uhlir {30) and Winkler (785) have pointed out
that when leaf cuttings are taken from plants in which the leaf form
changes with the maturity of the plant, the shoots from the juvenile
forms take longer to reach the adult form of leaf than do adventive
shoots arising on the adulé-leaf form.

The phenomernon is not restricted to leaf cuttings. Stewart (150)
recorded a striking experiment in which shoots were grown from a
series of pieces taken from 2 single long root of Acanthus. The
buds arising in the older pieces of the root produced the adult typa
of leaf very much earlier than did the buds from the youngest piece
of root; this developed in succession a series of leaves passing from
the juvenile to the adult form. Similarly in some species of Be-
gonia and some (Gesneriaceae, when the leaf cuttings are taken in
the fall, swollen tuberous structiures, closely covered with small modi-
fied leaves are produced instead of the usual vegetative buds.

Very few systematic attempts have been made to understand these
propagation phenomena, though in at least one case an interesting
experimental confirmation of the * formative-stuffs ” hypothesis has
apparently been supplied. Doposcheg-Uhlar {30) studied the devel-
opment of tnbers from leaf cuttings of “ Gesnera graciosa”; a
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‘number of these tubers, which are freely formed in the fall, were
¢ollected, ground in sand in 50 per cent glycerin ard left in the
extracting medium for eight days. The extract was then filtered off,
left in & desiccator for some momths, during which & brownish
yellow precipitate settled out. The following summer the glycerin
extract was precipitated with alcohol, and the precipitate was washed
with alcohol and finally dissolved in water and made » clear solution.
Leaves of the Gesneria plants were then in some cases separated from
the plant, the leafstalk being st the time of cutting immersed in
this solntion, while other leaves were injected with it. On the first
occasion, at the end of July, when this was done, neither experimenial
leaves nor normally treated leaf cuttings developed anything but
roots. In a later experiment, September 1, while the few normally
treated leaves developed only leaty buds, the majority of the experi-
mental leaves developed both buds and tubers, a.mf in some cases
tubers only. By November all the leaves of both checks and experi-
mental plants had developed tubers.

These experiments are put forward by Doposcheg-Uklar (30) as
evidence that tuber formation is here to be regarded as caused by a
% growth enzyme™ of the general type suggeste” by Beijerinck (17)
which accumulates in the leaves of these planis in the fall. The
experimental method is assumed to extract this enzyme in the fall
and to retain it so that it can be inoculated into the leaves the next
summer and thus bring them to the point of tuber formation before
they otherwise would reach it. However, the experimental evidence
is not strong in support of this remarkable suggestion,

If such an enzymse were obtained by this method (which remains
a pure hypothesis), then it should be most vigorous in the extract
utilized m July; but no tubers were obtained at this time. By
September, as is clear from the subsequent behavior of the normal
plants, all leaves were approaching the period when tuber forma-
tion takes place, and it seems probable that the treatments adopted,
1. e, immersing the leafstalk in the solution as it was severed, or
i:&jecting it subsequently with the solution, would have been equally
effective in producing tubers if the solution had previously been
boiled or indeed had been only water. The experimental treatment
adopted would have left many tissites which take part in regeneration
injected with liquid, and such treatment, quite apart from any
question of enzyme activity, would have been sufficient to produce
profound modifications in the behavior of the regenerating tissues.
The check plants in this experiment are useless because they did not
receive identical treatment with either boiled solution of the enzyme
or pure water,

oposcheg-Thldr (30) himself showed in previous experiments
that cuttings of Achémenes longiflora grown in water culture, might
form either leafy aerial shoois or tubers below the level of the
liquid, according to whether a culture solution, pure water, or tap
water was employed. He ulso concluded that the different behavior
in propagation shown by the juvenile, simple leaves of Begonia caro-
lineaefolia Regel, as compared with that of the later formed com-
pound leaves, was to be attributed mainly to the larger store of water
and organic and mineral constituents present in the compound lesf.

59619°—29.—86
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FOoRMATIVE INFLOENCE OF QUALYTATIVE OB QUANTITATIVE, METAEOLIC DIFFERENCES

The experimental basis for the hypothesis of ¢ formative stuffs ” in
this type of experiment is, therefore, still quite inadequate. There
1s & growing tendency at the present time to associste flower forma-
tion, together with the frequently associated change in leaf form
and in the general habit of the plant, with an sltering balance of
metabolism such as is expressed in the conception of the car-
bohydrate-nitrogen retio. The experiments of Klebs &‘74) have thus
led to the development of a new standpoint, especia Iy in dealing
with the flower formation, in which the process is related rather
o quantitative seasonal differences in nutrition, than to quelitative
differences in the nature of the substances reaching the growing point.
Modern worlk in fruit culture especially is giving this new stand%oint
& very firm physiological foundation; however, the causal anatomy
of the changes in the growing shoot apex which are involved con-
stitutes a still-untoucied field,

There are not wanting suggestions, moreover, that the new stand-
point will prove equally valuable in relation to this similar problem
10 vegetative propagation. In fact, the junior writer {158) has
already called attention to the striking similarity shown in the apple
between the initiation of roots (burrknots) and the initistion of
fruit buds. Goebel (4f) in his general cutlook on the problem of
regeneration, emphasized the constitution and organization of the
parent plant at the time of regenerstion, rather than its content in
particular formative substances.

Winkler (185) called attention to the fact that the practical

erdener often prefers the method of propagation by seed to that by
ﬁeaf, because the shoots from the leaf cuttings are apt to flower while
still small and ineffective plants, whether the cuttings were takex
from leaves at the time of flowering or earlier. He pointed out that
the adventive shoots in the leaf naturally develop with a different
metabolic balance at the outset, and that this difference may be
greater in buds arising from leaves later in the summer. This
changed metabolic balance may well be responsible for lessened
growth and precocious flower production.

Ini the experiments of Dostal (37, 32) and of Némec {98 ), different
formative powers in regeneration were shown by different parts of
the shoot at the same time. N&mec (98) found that while the basal
region of the leaf of Streptocarpus wendlondis Spreng. produced
adventive shoots giving only flower primordia, at the base of veins
situated higher in the leaf adventive vegetative shoots appeared,
while in between these two regions adventive structures often inter.
mediafe in character were obtained. To judge from its vigor in
producing roots, the carbohydrate food supplies available were most
glentiful at the base of the leaf, but this portion showed only a weak

evelopment of fertile adventive shoots. This is another indication

that shoot production is not directly determined b}r the concentration

of organic nutrients. The formative effect of the leaf upon the shoot
organization produced in this plant could be obviated by removing
the new shoot initials from the leaf at an earl stage.

Dostal (32) similarly shewed with Circaes internedia Ehrh, that if
pairs of leaves were isolated from the same plant, runners, flowering
shoots, or transitional forms between these two structures were ob-




VEGETATIVE PROPAGATION AND PLANT ANATOMY | 83

tained according to their position on the plant. These experiments,
however, clearly are better interpreted as the result of the effect of

nantitative differences in the distribution of the same substances
about the plant when it is severed for propagation, rather than as the
vesult of the localized distribution of different formative substances.
In particular, the latter hypothesis would need to be strained very far
to justify & qualitative distribution of formative substances sufficient
to explain the striking differences in regenerative power shown by
& number of pieces of the same leaf, observed in some of Némec’s
experiments with Streptocarpus.

DIFFERENT “ANLAGEN " RATHER THAN DIFFERENT FOOD SUPPLIES

In the days when knowledge of the vascular channels and of food
transport were so vague, special systems transporting different nutri-
ent materials to shoot and root could easily be assumed. To take the
origin of new apices within the pericycle of a young root as & con-
crete example, however, it is clear that these structures, ap earing in
the sume position, draw upon the sume vascular system and the same
sources of supplies. This is true for all cases of shoots and roots,
In the same plant all apices are dependent upon the same vascular
system for the sources of materials used in their growth. The method
of nutrition may be different, but the source of supplies is the same,
and the differences between shoot and root can be no longer traced
to an assumed difference in the formative qualities of the nutrient
materials.

Another method of escaping the dilemma is evidenced by the readi-
ness of many investigators of the present day to find refuge in the
magic word ©hormone.” Growth 1n the plant quite probably is in
part controlled by the diffusion, from one tissue to another, of chenai-
cal substances which affect permesbility, protoplasmic powers of
synthesis, and cell division, but it must be em hasized that at present
the experimental basis for the assumption of any definite substances
with specific chemical and biologicsl properties 1s very meager and
inadequate. Unless o hypothesis is both the basis and the result of
an experimental examination which helps the elucidation of the
problem of shoot and root formation, it becomes a stumbling block
rather than an 2id to understanding. The many facile generaliza-
tions as to growth-promoting and growth-irhibiting substances found
in the literature to-day, too frequently constitute a refuge in words
from any further attempt at understanding 2 difficult problem.

Loeb {90) began his interpretation of the phenomena of regenera-
tion in Bryophylum with the working hypothesis that the failure
of the sdventive or axillary shoot to grow out under certain condi-
tions, might be due to the movement of growth-inhibiting substances
into the neighborhood of these shoot organizations from the region
of the growing dominant apical bud. But as he continued the
quantitative analysis of the phenomena of regeneration, he became
more and more impressed with the competitive character of the de-
mands of the different growing organizations, whether shoot or root,
upon the quantity of material available for growth. Implicitly,
though nowhere very explicitly, Loeb abandoned the sssumption
of growth-inhibiting materials. On the new basis, the inhibition
produced by one actively growing center upon the others is due to
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the fact that the materials available for growth are all moving to
this already growing center and are there eing utilized.

Loeb {90) found that the drain upon the available food supply
was of the same effectiveness for equal amounts of new growth,
whether the growth centers were shoot or root, This clearly indi-
cates that such new structures utilize the same food reserves and not
specifically different substances. But the phenomenn of polarity
remair to be explained, and Loeb concluded that in different regions
of the plant this common supply of nutrients finds “anlagen ” of dif-
ferent nature and therefore gives rise to different structures in the
two regions. The explanstion is thus shifted from the hypothesis
of chemical differences in nutrient materials to an anatomical basis,
With Loeb, however, this explanation remained completely hypo-
thetical, for he made no attempt to identify these different ¢ aniagen.”

This apatomical basis for polarity can be critically examined in
the light of the facts given in the breceding sections. It has been
seen that there is no constant difference in the position of shoot and
root “anlagen™; sither may be exogenous, and either may be
endogenous, Furthermore, in the detailed studies regarding the
rogeneration of shoot and roots in the neighberhood of the cuf sur-
“ace in Crambe, it becomes clear that given different conditions, a
given group of cells might behave as cork phellogen, as the der-
matogen of & new shoot apex, or as the outey layers of a root initial.
Similarly, a given cell of the peticycle lying opposite g protoxylem
group, clearly has the potentiality of forming part of & vaseular
cambiim, & pericyclic phellogen, & root initial, or a shoot initial.
As 1 rule, when once the meristem cells are organized into 2 charac-
teristic “anlage” the organization does not change its character
whatever the food supplied to it, though the exception to this rule
is provided by the bud upon the oot o Pumer acetosella which has
been experimentally induced to grow on into 2 root apex (p. 26).
Usually, if the food supplies permit of growth taking place, the or-
ganization of the meristematic apex defermines the nature of the
structure produced. The problem of polarity in regeneration then
lies rather with the internal factors controlling the initiation of these
“anlagen.” Jones (69) has tried to utilize Child’s theory of “ gxial
gradients ” (24) in interpreting the phenomena of polarity, but this
theory has never grappled with a double axial gradient extending
out from shoot pole and root pole at opposite ends of the growing
organism, and, as Jones admits, such an assumption “adds little to
an understanding of the causes underlying the facts,”

ORGANIZATION A8 THE BASIS OF DIRECTED MERISTEMATIC ACTIVITY

The anatomical and developmental study of regeneration has shown
that any single meristematic cell is capable of forming part of an
organized group which may function as any of the meristematic or-
ganizations characteristic of the plant, whether phellogen, cambium,
or root or shoot apex. Possibly, like the germ cell, any single cell
might be capable of giving rise to all sueh structures by continued
cell division; but forming part, as it does from the beginning, of a
cell organization, what the individual cell does is determined by its
relative position in the organism. This is the main point that ap-
pears to emerge from this reexamination of the subject. The be-
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havior of the living meristematic cell is determined by its position
in a group and the behavior of the group by its relative position in
a complex organization. Potentially any cell is capable of meriste-
- matic growth and may produce any cell organization characteristic
of the species; practically, however, its possibilities are definitely
limifed by its position in a complex organizetion.

With the possible exception of some of the monocotyledons where
the essential internal factors seem never to function, any living
cell may return to the meristematic condition. Miehe (96) has re-
cently suggested that the meristematic state is due to the presence
in the cell of a hypothetical type of plasma, the archiplasm. No
evidence is supplied for the existence of this special plasma and no
effort made to seek it, so that this seems only another example of the
tao-comraon tendency to substitute words for working hypotheses
(83). Miehe’s suggestion seems completely incompatible with the
striking observations made many years ago by Noll (99) upon
Bryopsis masscose Lamour.

In this coenoc:{r)tic algn, Noll (99) found that the protoplasm
and nuclei could be seen in the living filamenf), streaming from the
side of the siphon where the protoplasm had been lying between
central vacuole and wall, into the mass of protoplasm which filled
the apex of the filament. As it slowly moved to this position, it
elways appeared to change in consistency, becoming more dense and
less watery. Such a change in density was also suggested by the
position of the chloroplasts, which he saw embedded in the proto-
plasm along the sides of the siphon, but which accumulated at the
vacuole surface in the apex. At the apex, growth was proceeding,
including presumably the manufacture of snore protoplasm and the
multiplication of nuclei. The protoplasm then streamed out of the
apex again and down the siphon, so that the actual protoplasmic
and nuclear content of the apex was always changing, but never-
theless growth activities remained centered there,

It seems impossible to think that in this case the behavior of the
protoplasm is determined by the taking up of some hypothetical
archiplasm as it enters the apex from the side of the siphon, and
which is left behind agsin as the moving protoplasm leaves the
apex. The phenomenon points rather to the behavior of the proto-
plasm being determined by its position in the siphon, and likewise
the behavior of the meristem cell in the flowering plant is determined
by its position in that more highly organized structure,

Relative position in a complex organism thus seems to determine
whether each individual cell shall be meristematic and densely filled
with protoplasm, semimeristematic, vacuolated and still dividing,
or greatly extended with sap and showing no signs of growth activ-
ity. Hence the result of this anatomical study is to stress the signif-
icance of the position, not of preformed “anlagen” but of the
living cells which by their coordinsted activity give rise to shoot or
root primordia. In the first section the different behavior of shoot
and root apices was traced to differences in their organization, In
the case of the adventive primordia so significant in propagation,
their emergence is now seen to depend upon the response of the
living cells of the plant to their new environment produced in the
process of propagation when a portion of the completely organized
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plant is isolated and thus the relation of its living tissue systems
to one another and to the external world is profoundly modified.

INFLUENCE OF ORGANIZATION UFON THBE EMERGENCE OF THE ADVENTIVE -
MERISTEM ’

The problem of the inifiation and maintenance of the meriste-
matic condifion in the cell, as a result of ifs position in a complex
organization, already has been briefly considered. Two hypotheses
have been advanced of recent years to interpret such ?hmomena.
One, which invokes the operation of “ wound hormones” as well as
similar substances issuing from the phloem, does not seem at all
applicable, in its present torm, in accounting for the appearance of
the meristematic condition except as the fesult of injury, The
other hypothesis, that the hydrogen-ion concentration at the surface
of the meristematic protoplast is an important condition of its char-
acteristic activity, has recently been applied by the senior writer
{177} to interpret the distribution of meristematic tissues in the
plant that is intact ag well as in the injured one.

There are sound 4 priori reasons for anticipating a significant
effeci of external pH upon a meristematic protoplast. The condi-
tions found to exist in meristem cells in the higher plants suggest
that the ratio of the total mass of the cell to its surface is a very
important limiting factor determining size. This suggests that nu-
vrients entering through the surface are utilized by all the mass of
proteplasm and not merely by the nucleus, Under such conditions
the external pH is likely to %ave a very direct influence upon the
activity of the cell, because it profoundly influences the behavior of
protein substances to water. This view is still a working hypothesis
both requiring and permitting experimental examination; prelimi-
nary observations seem to point towards its general truth {58, 780},
but at the most it can be but one contributing factor.

The pH prevailing at the surface of the meristematic protoplast
will also have a very great influence upon the permeability of the
cell. It has been assumed that the protoplasmic surface is bathed
in & medium which is near its isoelectric point; Michaelis ($5) has
shown that this would tend to make the protoplasm permeable both
to anions and cations. Such an effect may have the greatest influence
on the rapid entry of the solutes required for protoplasmic synthesis,

'While a beginning has thus been made upon the problems of
the initiation and maintenance of meristematic condition in general,
the problem of the initiation of the ome type rather than another
seems to evade even formulation. At present it is difficult to indi-
cate a possible experimental line of attack.

When the original apical meristems were under consideration,
their differences in organization were connected with the difference
in mode of nutrition, which seems to be datermined by the chemical
nature of their walls, and this in turn by the extent to which proteins
and similar substances are withdrawn from the carbohydrate frame-
work, It is very suggestive, therefore, to realize that the ease with
which proteins and similar amphoteric substances separate from
carbohydrate walls is a function of their relative electric charges
and thus again very sensitive to the pH (102),
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.. If, therefore, the meristematic condition wers possible over but'a
limifed range of pH around the isoelectric point of the protoplasmic
proteins, at the relatively acid end of that range the proteins would
only sluggishly clear from the cleavage plane on which carbohydrate
was deposited, while at the relatively alkaline end of the range the
proteins would leave the walls very ({)romptly. Under these condi-
tions the acid end of the range would favor the apical organization
of the root, and alkaline conditions the shoot meristem. This is a
very tentative suggestion indeed, but its consideration has been en-
couraged by the gradual development of the hypothesis of hydrogen-
ion reaction in relation to the intercalary meristems,

The key to the difference between adventive shoot and root may
quite probably be found in the oft-repeated ringing experiment, in
which when the phloem is completely .severed, buds subsequently
appear below the ring and roots above. The buds are here found on
the side of the root system and thus on the side which has by far the
greater tendency toward positive sap pressures. Roots, on the other
hand, are formed on the side where the dgwnward movement (in
the phloem #) brings materials to the ring. ’

Betjerinck’s observations (17), referred to previously (p. 57), that
bud production is more marked the nearer the cut surface is to the un-
injured root system, together with the relatively ready production of
buds upon the succulent type of leaf and upon fleshy roots, 21l accord
with the apparent réle of positive exudation pressures in the forma-
tion of shoot initials. Here, also, may lie the reason for the correla-
tion, so clearly brought out by Beijerinck, between the position of
the xylemn and the adventive bud; in the radially organized root as
well as in the dorsiventral leaf the adventive bud invariably appears
in a superficial position opposite the xylem.

The opposed characteristics of phellogen and vascular cambium
are very strilking. The vascular cambium ‘euts off most cells to the
inside, and these in their process of differentiation, lignification, and
death, tend to maintain the acid reaction of the xylem sap. The
phellogen cuts off most cells to the outside, which similarly tend to
develop an acid reaction as they differentiate, suberize, and die.
The cells formed towards the phloem by both meristems remain
alive; they usually retain carbohydrate walls essentially free from
other impregnating substances. It has been shown that there are
reasons for recral'ging each of these meristems as lying across a
gradient of hyﬁro en-ion concentration, but with the gradient run-
ning in opposite directions, the phloem which is outside one and
inside the other, always supplies the alkaline end of the gradient.
Now it is at least suggestive, since the pH can be indicated as pos-
sibly determining meristem organization as well as meristem activ-
ity, that in an axis bearing both these intercalary meristems, adven-
tive shoob organizations are always formed in close association with
the phellogen. The new root initial, on the other hand, is associated
with the vascular cambium, the effective cells usually lying in a
primary ray; these cells become more densely filled with protoplasm.
and more definitely meristematic than they were, but their walls are
still impregnated with protein, and the most actively dividin Inyer
is to the inside, abutting upon the cambium and the relative%y acid
supplies of the xylem,
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Whether a group of meristem cells in the callus of seakale organize
as 8 stem apex or a root apex, therefore, may depend in ]ila.rt upon  §
_the pH of tge Liguid bathing them, In this connection Riehm (727}
found that when fragments of leaves of Cardamine pratensis were
floated in a solution of KH,PO, (relatively acid) they became me--
ristematic and gave buds in three days and roots two days leter, but
when they were floated on K,HPO, (relatively alkaline; Toots ‘were
formed in three days and buds only after two weeks.

‘These suggestions can only be regarded as an indication of the
type of problem that has emerged and requires solution. The main
result of the present examination of the problems of vegetative
propagation is the conclusion that success in this field depends upon
the initiation and maintenance of meristematic tissues which are
organized as adventive shoot and root apices. At least the clear
recognition of the nature of the problem js the first step towards its
solution, and the suggestion that the hydrogen-ion concentration in
the neighborhood of the new meristem, a result of the organization
of the ?iving tissues around it, may play an effective part in the
process, must at present simply be regarded as an illustration of the
manner in whish tissue organization in the isolated plant system
may modify meristem growth and organization.

CONCLUSION

The detailed analysis of the anatomical basis of vegetative prop-
agation presented in this bulletin does not readily admit of a
summarized presentation, but the general conclusion that emerges
can be concisely stated.

The problems of vegetative propagation among the flowering plants,
viewed from the standpoint of causal anatomy, are the problems of
the initiation and development of an adventive shoot or root, or
both, upon an isolated portion of a living plant. The essential
processes may or may not have started befors severance from the
parent plant.

Such adventive structures are not determined in their nature and
position by the movement of special formative food substances in
the plant, or by the existence of preformed “ anlagen.” Their pro-
ducfton invariably involves the formation and maintenance of o
meristematic tissue which is organized as either shoot or root apex.
The internal and external conditions concerned with the initiation and
maintenance of these meristematic groups of cells are examined.
The conclusion is that “the behavior of the living meristematic cell
is determined by its position ” (p. 84) in the living tissue, and the
manner in which position may influence subsequent growth and
activity of the cell is explored in a preliminary manner, but in the
main this must remain a problem for future investigation.

The subsequent development of such adventive apical meristems
requires internal and external conditions essentially equivalent to
those required for the development of the corresponding shoot or
root apices upon the parent plants—conditions which are defined as
closely as possible in the light of the writers’ very meager informa-
tion regarging the physiology of plant growth and differentiation.
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