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INTRODUCTION 

In higher plants, wound tissues formed over artificial or naturally 
developing injuries are of common occurrence, and their formation 
has long been described. They usually consist of comparatively 
simple structures which have attracted the interest of workers in 
both theoretical and practical botany (108, 168). 

The writer feels that in a review discussing the problem of wound 
healing much emphasis should be laid on those processes which take 
place in cells and tissues in the immediate neighborhood of the 
wound, i.e., on the physiological and structural changes which pre- 
cede and follow the beginning of meristematic activity, including 
both the phases of degeneration and tissue reorganization. Here 
the first physical and chemical effects of tissue interruption may be 
studied, e.g., the degeneration and necrosis of cells, the formative 
effect of these processes on adjacent healthy cells, and the influence 
of other external and internal factors on meristem formation and 
wall differentiation. 

Besides superficial formation of scar tissues, more general reac- 
tions of a compensating or regenerating character occur, when deep 
injuries or the removal of embryonic regions interrupt or affect 
essential tissue and organ communications, or isolate part of the 
organism. These processes, though related to the problems of 
wound healing and of great theoretical and practical interest, can- 
not be discussed at length in this article, particularly as valuable 
information has become available in recent reviews on tissue and 
organ cultures, regeneration and vegetative propagation (188, 47, 
104, 173). 

The majority of mature, vacuolate plant cells, without being sepa- 
rated from the mother organism, are capable of rejuvenation, i.e., 
they can be induced to divide and to resume growth, though to 
different degrees in various cell types, and also depending on the 
location within the plant. Information is thus obtained as regards 
the potential character of cells, cell layers and tissues at successive 
stages of development and in relation to each other. In this sense, 
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experimentally induced wound healing may be justly called a study 
of cellular reactivity or competence in relation to plant organization, 
and it would appear that such studies should be of considerable 
advantage in our attempt to gain an understanding of the develop- 
mental basis of plant structure. 

Under comparable conditions of growth, one and the same plant 
type usually exhibits some uniformity of reaction, but considerable 
differences occur between various plant types. Of particular inter- 
est are certain tissue changes resembling wound reactions which 
occur in apparently intact organs. Examples of these are the early 
stages of normal cork formation and certain intumescences. 

Well known types of wound healing are the following examples: 
(1) In the terminal growing regions of shoot and root, the outer- 
most, completely undifferentiated parts of the indeterminate meri- 
stems may reproduce parts lost by injury completely and more or 
less directly from cells abutting on the cut surface. (2) Further 
distant from the apex the responses become more complicated. 
Wound repair here is often effected by "secondary" meristems, e.g., 
through a cork pheUogen or through cambia and calluses from pri- 
mary or secondary tissues. Original differentiation is influenced in 
various ways by both inner and outer conditions, and may become 
inhibited as well. as accelerated. (3) In plants or organs of low 
reactivity or in maturated zones, ceils of the ground tissue may not 
divide at all. It has been found, however, that in many cases re- 
differentiation, such as specialized thickening and chemical changes 
in the wall, may stiU be induced, and the tissue pattern near the 
injury may thus become partly restored. 

The formation of the meristem is usually accompanied by some 
degree of differentiation, especially in the wall. More frequently 
specific cell and tissue types are produced. This adaptation of dif- 
ferentiating or mature tissues to the new conditions created by the 
injury in a fashion of controlled rejuvenation and redifferentiation 
is a characteristic feature of wound healing and cellular behavior in 
higher plants. This behavior would seem to explain why generaUy 
in plants cell and tissue forms of reparation tissues do not differ 
much from those found normally; they are as variable in degree and 
quality as the mother structures on which they arise, giving evidence 
of the developmental potencies of these at the time when the injury 
occurred. 
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Experimentally induced wound healing is a valuable tool in the 
analysis of the cytological, histological, and physiological sides of 
tissue development and the causes and mechanics of cell division and 
differentiation. By this method it is possible to reproduce, under 
controlled conditions, tissue structures within limited areas, and to 
investigate cell division and growth conveniently in large, more or 
less vacuolate cells. Though only in its beginning, this method has 
already yielded tangible results and thrown light on fundamental 
processes, such as the changes which precede the rejuvenation of 
cells, the mechanism and plane of nuclear and cell division, and the 
problem of subsequent controlled redifferentiation. 

ORGAN STRUCTURE AND WOUND RESPONSE 

Stems 

Following Mohl's (130) early and exact description of periderm 
formation in natural and artificial wounds, numerous attempts have 
been made to describe and analyze the sequence of anatomical and 
physiological changes after wounding. Storage organs, such as 
potato tubers and kohlrabi stems, are suitable material for the study 
of the wide variety of phenomena connected with phellogen forma- 
tion and structural regeneration. Here the processes during the 
formation of the temporary barrier of collapsing and suberizing cells, 
the metabolic changes during subsequent meristem formation, and 
the influence of lepto- and wound hormones have been extensively 
studied. External conditions (humidity, light, temperature, access 
of oxygen) influenced the traumatic response both qualitatively and 
quantitatively, as was also evident from various wound treatments 
which affected transpiration or facilitated or reduced the exchange 
of gases. 

It is now generally agreed that certain metabolic changes in the 
cells abutting on the cut surface (enzyme activation, increase in the 
rate of cytoplasmic streaming, transformation of carbohydrates and 
nitrogenous substances, and changes in acidity) are accompanied by 
increased oxygen absorption and carbon dioxide production, and 
that access of oxygen is essential in this process. 

Furthermore, changes of a necrobiotic type usually occur in a 
number of cells which have suffered irreversible changes in permea- 
bility, coagulation of protoplasm, and infiltration of the intercellular 
spaces with sap. Cells in such regions may subsequently degenerate 
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and die, and their contents and membranes may undergo further 
postmortal changes which probably affect the metabolism of adjacent 
healthy cells. 

It has been found that satisfactory suberization and wound cork 
formation in the potato proceed best under relatively high humidity 
and temperature conditions (4, 196, 187); exposure of wounded 
parts also would appear to facilitate the exchange of gases and 
respiration (87). 

Heat production in wounded parts of plants has been reported; in 
potato such an inflammatory condition reaches its maximum soon 
after wounding, decreasing with the distance from the injury, and 
reaching the norm again after about two days (43). 

Excessive humidity creates a hyperhydric condition in plant cells, 
promoting cell proliferation but reducing cell division and differenti- 
ation. Periderm formation in submerged dicotyledonous plants, 
however, is possible (151). 

Haberlandt used the technique of washing the injured surfaces 
which results in reduced cell division and metabolic activity in cells 
adjacent to the layer of crushed and degenerative cells. The inter- 
pretation of this effect, however, is contradictory. Lutman (122) 
emphasized that washing may remove the wound substances from 
the surface as well as other essential substances contained within 
the cells ; but one important result was greatly reduced wound respi- 
ration. Steward, Wright and Berry (170) studied this effect in 
potato discs placed in air or water, or placed in air after preliminary 
washing; they found the amount of respiration related to the num- 
ber of air spaces infiltrated with water. If all air spaces are filled, 
only little oxygen has access to the tissue. It appears that the result 
of an infiltration with tissue sap instead of water is rather different, 
for we know that in this case numerous cell divisions occur. This 
is in agreement with Ruhland and Ramshorn's findings (153), who 
reported that the application of tissue sap increased respiration 
greatly; they attributed this phenomenon to the presence in the 
juice of wound hormones or growth factors which regulate respi- 
ration. 

It is natural that during progressive suberization and periderm 
formation the entry of oxygen should become considerably impeded. 
Thornton (175) found that oxygen regulates the dormancy of the 
potato in such a manner that during the progress of suberization 
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the entry of oxygen into the tuber is actually retarded, while the 
sprouting of the buds is promoted. 

Much early work was done on wound repair and regeneration in 
terminal growing points, but some more recent reports on wound 
healing of apices have been somewhat contradictory. Mirskaja 
(129) described a case of regeneration of the terminal stem meri- 
stem of Tradescantia guianensis which was comparable to the well 
known method of direct regeneration in wounded root tips. Lins- 
bauer (119) and also Pilkington (143) reinvestigated these proc- 
esses in herbaceous monocotyledons and dicotyledons, and confirmed 
the former author's earlier findings, that only a limited portion of 
the apex above and between the youngest leaf primordia is capable 
of reproducing the terminal meristem ; generally new growing points 
are formed from parts of the original meristem which have remained 
intact. 

Bloch (17) investigated cell reactivity in the primary stem tissues 
of a monocotyledon, Tradescantia fluminensis. All living vacuolate 
cells, including epidermis, collenchyma and sclerenchyma, were 
capable of returning to a meristematic condition and of forming 
storied cork, though to a lesser degree in the older internodes. 
Formation of calcium oxalate crystals, not in the form of normal 
monoclinic raphides, but as tetragonal trihydrate, was combined with 
the resumption of meristematic activity. Cells surrounding the 
internal vascular bundles, normally richer in cytoplasm than the 
adjacent parenchyma, differentiated into thick-walled lignified 
elements. 

The wound tissues of woody stems are known for their extensive 
dimensions, the high degree of differentiation, and the frequent 
irregularity of elements produced. Both cambium and primary and 
secondary tissues take part in their formation. Methods of callus 
formation in grafts were reported by Sass (155) and Sharples and 
Gunnery (163) ; the former author found that in apple grafts the 
callus was derived from all the living tissues located outside the 
xylem, the cambium itself contributing very little; the latter authors 
described the method of callus formation in cleft grafts and stripped 
surfaces of Hibiscus and Hevea; here callus was formed mainly 
from the medullary rays. Mendel (126) studied callus and wound 
gum formation in Citrus grafts. 

In practical tree surgery best results were obtained with vigorous 
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specimens and when operations were carried out during spring or 
early summer (171, 124, 36). Wray (195) and also Paterson 
(141) investigated the structural changes which occur after pruning. 
The latter author, discussing the advantages of live-pruning in Picea 
exceIsa, reported that live-pruned branches occluded more rapidly 
causing less distortion of the grain than dead-pruned ones. 

A. B. Brown (28) studied cambiaI activity in relation to wound- 
ing in Populus balsamifera; the presence of living bark, developing 
buds and leaves distal to the wound had a promoting influence on 
local wound cambial activity. This responds to the stimulus of 
gravity in the same way as normal cambial activity, and the author 
infers that hormone action is here involved. Besides this, another 
local stimulating effect on cambial activity was exerted by dying 
cells of the cortex, where wound substances might be active. 

Willison (191) reported fall spray injuries in peach trees that 
were due to treatment with 1 : 7 lime sulphur mixture, which pre- 
vented the periderm from developing over the leaf scars. 

Poulter (144) investigated wound healing in alfalfa, white clover 
and red clover stems in relation to cutting and pasturing. In red 
clover the amount of dying pith cells is large and wound cork for- 
mation very slow, so that late autumn injuries do not properly heal. 

Roots 

Roots, both normal and air roots, particularly of monocotyledons, 
furnish excellent examples of different types of wound responses 
(14, 15, 16, 19). Generally there seems to exist a correlation be- 
tween normal phellogen formation and the capacity to form wound 
cork. In extreme cases, however, neither is formed. In such a 
case the response to wounding may be simple suberization or meta- 
cuticularization of the ground parenchyma cells abutting on the 
wound (Allium cepa), or cell expansion and considerable structural 
redifferentiation may occur (air roots of orchids). In the cortex 
and axial strand even heavily impregnated cells may dedifferentiate 
(air roots of Araceae and orchids). A well developed endodermis, 
however, usually acts as a barrier preventing the wound stimulus 
from passing over to the axial strand. Deep cortex wounds acceler- 
ate the differentiation of endodermal cells and may promote activity 
in the pericycle, even when the cortex cells themselves are incapable 
of dividing (air roots of orchids). 
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Wounding of root tips of Faba vulgaris, Lupinus sp. and other 
plants has, according to Foureroy (55, 56), an inhibiting effect on 
the differentiation of the elements determined to be the future first 
vessels, but it accelerates the development of the ontogenetically 
later elements which are not directly affected by the injury. 

Taubenhaus and Ezekiel (174) described pathological enlarge- 
merit and wounds in tap roots of cotton caused by acid soil (pH 
2--4). Gore and Taubenhaus (65) studied the proliferation thus 
induced in cambium, phellogen and ray cells. 

Cotyledons 
Distribution and plane of cell division in cotyledons in relation to 

a wound surface and to the presence of vascular elements have been 
studied by various workers. Nakano (134), using cotyledons of 
Vicia, Phaseolus, Pisum, Lupinus and Cucurbita, assumed the com- 
bined action of an irritant diffusing from the wound surface (wound 
hormone) and a factor from the vascular bundle, probably the lep- 
tom (leptohormone). In this case the assumption was based par- 
tieu.larly on the observation (also often reported in the older litera- 
ture) that parenchyma cells situated between a vascular bundle and 
the wound face divide more vigorously. Badian (7), in a study of 
cotyledons of Lupinus and Cucurbita, confirmed these results; he 
also paid special attention to later phases of divisions at the cut ends 
of vascular bundles, whose plane is probably no longer determined 
by the traumatic stimulus. 

In this connection it is of interest that cases have been reported 
in which an influence of the leptom on cell division appears unlikely, 
for instance, in the endosperm of Ricinus (134) and Crinum asiati- 
cum (127). 

Leaves 
Woit (193) studied wound healing, cell reactivity and intumes- 

cence formation in tunnels of leaf miners in relation to leaf age; thin 
leaves of annuals tended to form callus, fleshy leaves and leaves of 
evergreens periderm. Most cell types were capable of renewed 
growth and division; the former was promoted when transpiration 
was reduced. 

Wylie (197, 198) reported that the formation of a protective 
barrier consisting of collapsing dead cells generally preceded the 
formation of the meristem. In leaves of evergreens callus and 
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wound cork formation proceeded much more slowly than in meso- 
phytic leaves, but larger amounts were formed. In leaves of 
Syringa vulgaris (199), wounds were made which interrupted the 
major conductive channels; these injuries healed, but there was no 
formation of new vascular bridges as reported in other instances. 
Here the sap supply to the partly isolated portions of the blade was 
apparently transported through the few remaining small veins. 

Jump (92) studied wound healing in leaves of Ficus australis and 
found that besides the formation of periderm, the mesophyU often 
proliferated into the gap, finally effecting a union of the wound 
surfaces. 

Bloch (18, 19) investigated the histological and microchemical 
changes in the natural wounds of the stem-borne leaves of ,4raucaria 
imbricata. Longitudinal fissures appear in the 5--40-year-old leaves 
owing to radial expansion of the axis. A many-layered periderm, 
tyloses and wound gum are formed, and the membranes of lignified 
fibres adjacent to the wounds undergo postmortally a very gradual 
enzymatic breakdown. 

Fritz (58) wounded the outer wall of epidermal ceils of Gasteria, 
and observed tha t  the outer layer rich in cutin became readily 
regenerated. 

LaRue (111, 112, 113, 114) examined the structure and physi- 
ology of intumescences in leaves of poplar, Eucalyptus, etc. Most 
favorable for their development was a stagnant atmosphere with 
high humidity and somewhat lowered oxygen content; only occa- 
sionally was cell enlargement combined with cell division; Injection 
of extracts from intumescence-forming tissue, of indoleacetic acid, 
etc., also induced intumescence formation. A comparison with cell 
proliferation from wounded surfaces in various stem and leaf types 
led to the conclusion that in various types of hypertrophic growth 
(galls, intumescences, tyloses, lenticel proliferation, "Perldriisen," 
etc.) auxin besides other factors may be the immediate cause of cell 
enlargement. 

Cunningham (40), studying histological changes in wounded or 
infected leaves, found that in cases of fungus necrosis in leaf spot 
diseases a cicatrice was not always formed, even if the plant re- 
sponded with periderm formation to mechanical injury of the leaves. 

Saran (154) investigated the increase in respiration which occurs 
in leaves of ,4nacardium occidentale soon after wounding. Young 
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leaves (e.g., 3, 8, 14 and 20 days old) respired normally at a higher 
rate than adult ones, but when wounded did not show an after effect. 
Older leaves (30, 40 and 100 days), on the other hand, showed a 
considerable increase in the respiratory rate after wounding, which 
passed off in about 2-4 hours. No histological details were given. 

Audus (5) and Godwin (62) had previously shown that mechani- 
cal manipulation considerably increased the rate of respiration in 
cherry laurel leaves. A similar effect of mechanical stimulation was 
reported by Barker (9) ; slight mechanical pressure caused immedi- 
ate increase in respiration of about 30% in shrivelled, soft-fleshed 
potatoes, and the rate did not return to normal for 10 days. 

Hagemann (71) reviewed and investigated regeneration proc- 
esses and location of root and shoot initials in a great number of leaf 
cuttings. The cause of the regenerative activities, according to the 
author, is to be sought rather in altered correlations due to isolation 
than in the wound stimulus or accumulation of food. 

Schwarz (161) studied the structural changes in leaf cuttings, 
paying some attention to the problem of "directed" divisions. In 
petioles of Coleus, the plane of the wound surface or a center of 
necrosis does not determine the plane of divisions of cells situated 
between two vascular bundles, which is a continuation of the division 
plane of the fascicular cambium. 

Fruits 
Comparatively few reports on histological changes in wounded 

fruits are found in the older literature, although these fast and vigor- 
ously developing organs promise to be favorable material for such 
studies. A good deal of differentiation takes place during a rela- 
tively brief period, and great diversity of structures occurs. Of 
interest is the comparison of wound responses in the ovary, after 
fertilization, and in nearly mature fruits. 

Kiister (107) found long ago that the cells of the inner surface of 
the immature pericarp of Leguminosae (e.g., Pisum, Vicia, Lupinus, 
Lathyrus, Cytisus) are very reactive. If the pods are opened and 
the inner parenchyma is exposed under moist conditions, the cells 
proliferate abundantly. In young pods masses of tissue develop and 
numerous cell divisions occur when a connection is made with the 
outside air by pricking. 

Garms (61) investigated a great variety of fruit types (dry and 
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fleshy, dehiscent and non-dehiscent, types with stony or parenchym- 
atous endocarp), studying mainly the healing processes in the fruit 
wall. Wound cork or callus were readily formed in both ovules 
and fruits. The most vigorous response generally took place when 
injury occurred after fertilization, that is, after the beginning of 
vigorous growth. Dicotyledons formed typical phellogen, while 
monocotyledonous fruits showed the modified type of storied cork. 
Meristematic activity was most vigorous near the moist interior of 
the fruits; the tissue formed here was in the form of callus, while 
periderm was formed in the more exposed outer regions. Some 
time before maturity was reached the cells lost the capability to 
divide, though a certain variability existed, depending on the fruit 
type. The elements of the epidermis were usually the first to lose 
the ability to divide. 

Ulrich (178), in an extensive and valuable paper, reported similar 
results. Callus was formed best in fruits during rapid growth; too 
young fruits dropped after injury, too old ones decayed. In fruits 
of Hedera helix (179), confinement at high temperature, stagnant 
atmosphere, or the presence of certain gases in the air had a similar 
effect. Generally, presence of water vapor reduced cell division, 
suberization and lignification. The reactions were analogous to 
those known in leaves, stems, roots, etc., in both physiological and 
histological respects. Abundant phelloderm was formed. 

Spitzer (169) reported that the browning of the cut surface in 
apple and other fruits was due to the reaction of a chromogen and a 
specific enzyme. 

Beth (12) investigated the effect of wounding on formation of 
adventitious embryos in ovaries and could not confirm Haberlandt's 
results in Oenothera where such embryos were formed after injury. 

Nutman (137), however, studying changes in the developing 
embryo of rye, reported that the growth of the embryo sac is associ- 
ated with a series of degenerative changes, and assumed that hor- 
monal substances are liberated from the degenerative tissues. He 
suggested that lack of such substances may explain the arrested 
development of excised embryos of Zizania aquatica (115). 

THE INDUCTION OF MERISTEI~ATIC ACTIVITY 

D edi f f  erentiation 
The following sections review briefly results of recent experi- 
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mental work concerning the various phases and phenomena of wound 
tissue formation as affected by different factors. 

The return of mature cells to a more or less undifferentiated, 
meristematic condition occurs not infrequently during normal de- 
velopment. The process is usually accompanied by cell division and 
growth, and plays an important rSle in secondary meristematic 
activities, as in phellogen formation, anomalous thickening growth 
of stems, and in regeneration. Dissolution of endosperm mem- 
branes, of inner layers of gelatinous wood fibers, and of stone cells 
during the ripening of certain fruits (3) are other instances. 

Dedifferentiation in these cases appears of a more or less normal 
and spontaneous nature, and in some of the instances mentioned the 
cells remain alive. The term, however, has also been applied to a 
different category of processes, also frequently met with in wound 
healing, when membranes and other remainders of dead cells become 
dissolved by the surrounding tissue. This occurs, for example, in 
calluses and grafts (105, 176, 59, 104), or when during vascular 
development in shoots and roots the first formed vessels become 
resorbed (35, 41). The breakdown of cell membranes may also be 
caused by typical necrobiotic processes (gummosis) ; sometimes this 
process is very slow (19). 

That dedifferentiation may be readily induced in most mature 
plant cells by wounding is not only in itself a remarkable feature, but 
has stimulated a considerable amount of research in the hope that 
under such conditions the phenomena of cell rejuvenation, cell divi- 
sion and growth, may be analyzed and explained. 

Striking examples of induced dedifferentiation in wound tissues 
are the cases in which specialized cells, often thick-walled or ligni- 
fled, lose their impregnation and become thin-walled and embryonic, 
giving rise to daughter cells which often undergo a development dis- 
tinctly different from their own. 

Early statements that lignified cells can neither divide again 
(182) nor grow (156) can therefore hardly be maintained. Numer- 
our reports by Tr~cul (177), Criiger (39), Schenk (157), Schilling 
(159) and others indicated that the contrary could often be ob- 
served in wound healing and related activities. In lignified vessels, 
sclerenchyma, and endodermal cells of various monocotyledons, 
wounding seems rather frequently to induce dedifferentiation (14, 
16). It would thus appear that in higher plants somatic cells pre- 
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serve to a considerable degree developmental potencies which be- 
come realized when the cells are freed of their original correlations. 
The extent and the limitations of such dedifferentiation in plant cells 
are of great theoretical interest, although hardly systematically 
investigated. 

Necrotic Cha~ges und Wound Hormones 

The traumatic stimulus produces, either directly or indirectly, a 
chain of rather heterogenous phenomena, at the beginning of which 
stand a number of conspicuous tissue changes near the wound sur- 
face, indicating the resumption or the stimulation of metabolic activ- 
ity, but also some processes of a definite necrobiotic character. Cell 
expansion and cell division follow, though not necessarily together, 
and finally the complex of embryonic tissue once again differentiates 
in various ways, undergoing a process of physiological readaptation 
and chemical changes, of which structural redifferentiation is one 
visible expression. It appears obvious that interruption of tissue 
continuity by mechanical injury must set into motion numerous 
abnormal physical and chemical processes in the cells. As long as 
these are not sufficiently known any speculation regarding the true 
nature of the traumatic stimulus seems premature. 

The various phases of necrotic and necrobiotic changes in the cells 
abutting on the wound surface are, however, of particular interest, 
for these processes play probably an important, though perhaps 
indirect, r61e in the induction of dedifferentiation and meristematic 
activity in the adjacent tissue. A variety of physical and physico- 
chemical changes have been described here as early effects of injury, 
for example, changes in electrical potentials (106), vacuole contrac- 
tion, increase in permeability and viscosity, and mechanical coagu- 
lation of the protoplasm (33, 109, 94, 104, 116, 162). 

The outermost cells of the exposed tissue often atrophy and dry 
up quickly, but the cells and intercellular spaces beneath become in- 
filtrated with necrobiotic products from the degenerating proto- 
plasts, with tannin, suberin, enzymes and other substances; these 
products may become transported by means of vascular ducts to 
considerable distance into the healthy tissue, where secondary centers 
of meristematic activity are formed. The infiltration of air spaces 
is common, though Woodhead (194) takes exception to this obser- 
vation. Decomposition products, wound gum and phlobaphenes, 
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also alter permeability and the chemical character of the membranes ; 
oxygen and water have an effect on these necrobiotic changes (19). 

Externally the necrotic zone shows a brownish or brownish-red 
discoloration ; microchemically often a positive reaction is given with 
phloroglucin and hydrochloric acid, owing to the presence of vary- 
ing amounts of certain aldehydes, whose relationship to lignin, how- 
ever, is not definite. On the other hand, tannin and phlobaphenes 
often mask an original lignin reaction, and such cases have been 
erroneously described as delignification. These processes were in- 
vestigated, for instance, in air roots of Phoenix, leaves of Araucaria 
imbricata (19), and in Cereus (160). Molisch described the for- 
mation of a red pigment from a chromogen in wound surfaces of 
Cacta6eae (132). 

Similar condensation and oxidation processes probably take place 
in the heartwood of trees; here Goodwin and Goddard (64) 
reported a low basal rate of oxygen consumption. 

Dufr6noy (42) studied the relation of cellular immunity to the 
presence of phenolic compounds formed in wound tissues; he found 
that in highly resistant varieties, especially of potato, fungus pene- 
tration was checked, owing to the rapid death of cells and accumu- 
lation of phenolic compounds in adjacent ones which proved highly 
toxic to the parasite (compare also 32). 

Watkins and Watkins (183) described lesions in cotton roots pro- 
duced with unheated or heated extracts from Phyrnatotrichurn omni- 
vorum. In the case of unheated tissue extract an enzyme seems 
to be responsible for the breakdown of the walls. The effect was 
somewhat checked by the endodermis, but meristematic activity was 
induced in the pericycle. 

These pathological changes seem to have important bearing on 
the problem of wound hormones. Research in this field has been 
very active, particularly experimental work based on the presence, 
or on the results of extraction and introduction of more or less 
specific, degenerative or natural substances from tissues. For test- 
ing the effectiveness of plant extracts and other chemical compounds 
promoting cell division various tissue and organ types have been 
used. A considerable number of organic and inorganic compounds 
promoting meristematic activity were reported, and our knowledge 
of natural growth substances has been greatly enriched by the 
results of extensive research on tissue and organ cultures (188, 47). 
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Early observations on cell divisions in the neighborhood of dying 
or necrotic cells indicated a causal connection, probably a chemical 
influence (189, 125). Haberlandt and his students demonstrated 
such effects in a series of well known experiments with isolated cells 
and tissue pieces, in which the presence of nutrients alone was not 
sufficient to induce cell division. Haberlandt termed these unknown 
substances wound hormones, although he was careful to emphasize 
the complexity of the traumatic stimulus at various occasions (68). 
He also suggested that wound substances were active in normal 
periderm formation (70) and related processes. A similar influ- 
ence on cell division seemed to be exerted by the leptom (leptohor- 
mones). Fitting also has repeatedly emphasized the probability of 
a "hormonal" effect on protoplasmic streaming and respiration in 
wounded cells (e.g., 50, 51, 52, 53). 

Injection methods were successfully employed by Reiche (145) 
and have been perfected since (compare 150). Reiche injected 
tissue sap and cell debris into plants, which induced cell division and 
growth wherever necrotic deposits were formed within the healthy 
tissue. Numerous attempts have since been made to determine the 
nature of the effective agents. Wehnelt (184) used the parenchym- 
atous (unwounded) layer of cells which line the seed chamber of 
the immature Phaseolus pericarp, to test the effectiveness of various 
substances in inducing cell division and proliferation. A variety of 
organic and inorganic compounds, including filtered or heated tissue 
sap from Phaseolus leaves, chicken albumen, horse serum, haemo- 
globin, insulin, agar, neutral salts, etc., gave positive results. 

Petri (142) repeated Haberlandt's experiments with Echeveria 
and potato and concluded that the wound hormones might be oxi- 
dation products of substances normally present in the cells. 

Wilhelm (190) injected various substances into the parenchyma- 
tous pith cavity of Vicia faba, studying the formation of chromogen 
in the callus tissue thus induced. Besides tissue sap, various sub- 
stances of heterogeneous chemical nature, such as sugar solution or 
horse serum, were found to be effective; the author concluded that 
the cells were unspecifically irritated, and a division hormone was 
secondarily produced within the plant. 

Mrkos (133) studied the effect of agar containing a filtrate of 
Rhizopus cultures on bud regeneration in Taraxacum roots and on 
the depth at which periderm was formed under wound surfaces of 
Bryophyllum leaves. 
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Orth (140) confirmed Wilhelm's results; effective were tissue 
sap of Vicia faba and Begonia, also technical progynon and auxin. 

Jost (90), mainly using Phaseolus material and the method of 
Wehnelt, showed that several organic acids, salts and indoleacetic 
acid also promote cell division and proliferation. 

WeissenbSck and Stern (185) studied the effect of indoleacetic 
acid injections on cell enlargement in pith and cortical cells of the 
Phaseolus epicotyl. 

Ors6s (139) found that higher breakdown products of proteins, 
such as heat-coagulated Kohlrabi protein, Witte pepton, fibrin, and 
also tyrosin induced cell divisions in sterile cultures of kohlrabi 
tissue; this result seemed to indicate that similar compounds, proba- 
bly tyrosin, may be the active component in the wound hormone and 
leptohormone. 

Several attempts were made to extract, concentrate and purify 
active substances which were assumed to be the more or less specific 
activators of cell division. Umrath and Soltys (180) isolated a 
substance from Papilionaceae which induced cell division in the bean 
pericarp, probably in low concentration (1: 50,000). This sub- 
stance was described as an oxyacid with high oxygen content; it 
clearly differs from the active substances prepared from fresh beans 
by Bonnet, English and Haagen-Smit (22, 44, 23, 45, 46). The 
first of these substances, termed traumatin, was extracted and puri- 
fied, and had the chemical composition CnH170,N; it was heat- 
stable, and induced cell proliferation in the bean pod in as low a 
concentration as 1 : 100,000. In a later paper (45) the isolation of 
an active dibasic acid of the composition C12H2oO4, a crystalline sub- 
stance, was reported. Synthetic "traumatic acid" was identical in 
physiological activity with the natural product (46). The authors 
indicated that this substance also induced periderm formation 
in washed discs of the potato tuber. In their test, which was 
quantitative, the authors used the height of the intumescence, and 
thus cell growth, rather than the number of ceil divisions as a mea- 
sure of the activity of the substances. The positive reactions ob- 
tained with other substances, such as those used by Jost, Wehnelt 
and others were explained as due to non-specific injurious effects on 
the cells, which liberated wound hormones in them; in such cases, 
however, the callus was less high than after treatment with trau- 
matin. 
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Hammett and Chapman (72) emphasized that the true character- 
istics of a wound hormone are the ability to stimulate cell division 
and the fact of liberation by the trauma itself rather than by disinte- 
gration. The fact that a compound promotes only tissue growth is 
not considered to be sufficient proof that it is a wound hormone. 
The sulfhydryl group fulfills the requirements of a wound hormone 
best. The authors found that in root tips of beans there was a cor- 
relation between increase in cell number (here termed proliferation) 
and SH concentration, while there was a negative correlation be- 
tween SH concentration and root growth by cell elongation. The 
SH reaction was intensified by wounding. 

Various workers expressed the opinion that the growth substances 
of the bios-complex are the ones most likely to fall into the category 
of wound hormones affecting cell division (e.g., 186). Perhaps 
these were the substances missing in Haberlandt's early experiments 
in which cells only grew but did not divide. Rippel (147, 148, 149) 
studied the occurrence of bios in various seeds and seedlings, and 
suggested that they were I~robably of importance in callus forma- 
tion, though he made tests only with yeast cells. Laird and West 
(110) found that a drop of bios 2(b) placed on the parenchymatous 
lining of the bean pod induced vigorous cell divisions. 

Loofbourow and collaborators (121) reported the production of 
"proliferation-promoting factors" ("intercellular wound hormones") 
which were released by yeast cells after mechanical injury. As in 
their former studies, when yeast cells were subjected to lethal ultra- 
violet or X-rays, to heteroauxin or CO2, the substances stimulated 
growth, fermentation and respiration of yeast; they were probably 
not disintegration products of dead cells, since they were produced 
while most of the cells were still living. 

Ruhland and Ramshorn (153) studied the stimulating effect of 
expressed tissue juice on wound respiration. Application of juice 
to wound surfaces (leaves of Begonia, hypocotyls of Helianthus) 
increased the CO2 production 5-10 times and the 02 consumption 
2-5 times. Some bios fractions from yeast had similar effects. The 
authors suggest that such substances might become postmortally 
active in wounded cells, and that wound hormones might thus be 
instrumental in regulating wound respiration. 

To summarize, it would appear that the results reported in the 
foregoing section are still contradictory and that the intracellular 
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changes under the influence of the various substances, some of which 
might be wound hormones, are far from understood. Not only was 
the evidence obtained with very diverse plant material, but also often 
under unusual and unequal conditions. The immature bean pod 
tissue, which was used in the majority of cases, is a highly sensitive 
tissue of almost meristematic character; normally it is not exposed 
as in the experiments reported ; if so, however, the cells, as in other 
Papilionaceae (107), readily proliferate and also multiply under 
changed relations of oxygen, water and probably temperature. It 
appears that some of the substances used in these tests have toxic 
effects, and easily destroy the cells; consequently little necrobiotic 
or meristematic activity follows. With substances assumed to be 
wound hormones the reaction was vigorous, but how these processes 
compare with those in tissue material in which after wounding ex- 
tensive necrobiotic changes precede the occurrence of numerous cell 
divisions is open to question. Our knowledge of the physical and 
physico-chemical transmutations in injured and degenerating cells 
is still quite inadequate, and little is known about the character of 
natural substances and break-down products released into the 
adjoining healthy cells and how these may affect the complex 
mechanism of their metabolism and growth. 

Cell Division 

Cytokinesis. Some of the earliest visible effects of wounding are 
"traumatotactic" movements of nuclei and plastids toward the side 
of the cells facing the wound; furthermore, a considerable increase 
in the rate of cytoplasmic streaming. These processes are most 
conspicuous near the wound; after some time, though not always, 
redistribution of cytoplasm and nuclei may be noted (compare 57). 

Nuclear changes which indicate the beginning of meristematic 
activity were studied by Birkholz (13), and especially by Heitz 
(76). This author expressed the opinion that the increase in 
nuclear growth is due to accumulation of sugar, and probably not to 
the action of wound substances. 

Probably the increase in nuclear material goes hand in hand with 
that of the cytoplasm. 

Fischer (48) reported that in leaves of Peperomia and Bryophyl- 
lure nuclear growth near the wound edge was due to swelling of the 
nucleus and increase in chromatic material. By supplying sugar the 
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enlargement of the nucleus and the beginning of mitotic division 
could be promoted. 

The mechanism of cell wall formation and nuclear division in the 
early stages of wound tissue activity corresponds with that often 
described for large, vacuolate cells by Treub, Strasburger, Bailey 
and others (compare 165, 37). In such cells in which the nucleus 
is small compared with the cell volume, the phragmoplast and the 
cell plate are extended across the lumen of the mother cell by means 
of kinoplasmic fibrils at the periphery of the phragmoplast, until 
contact is made with the lateral wall. In polar view the system 
appears as a "halo," and the fact that at telophase the daughter nuclei 
appear in one plane has often caused erroneous reports on multi- 
nucleate condition in wound tissues. 

Less has been known about the behavior of the cytoplasm and its 
inclusions during division. Sinnott and Bloch (166) studied the 
polarization of the cell and cytoplasm by the wound in large, vacuo- 
late, dividing cells in traumatic tissues of Tradescantia, Kalancho~, 
Bryophyllum, Coleus, Phaseolus, Petunia, and Cucurbita, in both 
living and fixed material. They found that the plane and position 
in which the cells are to divide is determined and visible in the cyto- 
plasm from early prophase. Very soon after the migration of the 
rounded and enlarKed nucleus into the center of the cell, plasma 
strands may be seen which aggregate and radiate from the nucleus 
outward toward the walls of the mother cell in the plane of the fu- 
ture division. Such a cytoplasmic diaphragm, the phragmosome, 
was found to persist during the successive stages of mitosis. Later 
the developing kinoplasmic fibrils and the cell plate follow exactly 
the course of the phragmosome until the lateral wall is reached. It 
was shown by the authors that this method of division is not limited 
to wound tissues, but occur~ in meristems of many plant types, where 
comparatively large and vacuolate cells divide, i.e., where the amount 
of cytoplasm is small in relation to the size of the cell (as in pith 
cells in growing stem tips). 

Heitz (76) reported that in dividing and regenerating cells of 
bryophytes, nucleus and plastids are mechanically drawn to the 
center of the cells as a result of the redistribution of the cytoplasm. 
Before the nucleus entered prophase the chloroplasts assumed posi- 
tions at the two nuclear poles and multiplied. He made similar 
observations in traumatic tissues of Peperomia and Bryophyllum. 
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Plane of Cell Division. The early divisions of wound meristems 
are generally parallel to the surface of the wound, i.e., they occur at 
an angle of approximately 90 degrees to the direction of possible 
diffusion or other gradients from the wound surface. It may be 
assumed, therefore, that in this phase of cell divisions the plane is 
determined by the shape and influence of the wound itself, in both 
the ordinary wound phellogen and the wound cork of the storied 
type. Another interesting phenomenon in this early phase is the 
fact that the new walls are very often laid down almost exactly 
opposite each other in adjacent cells. In this manner the new divi- 
sion walls form concentric sheaths through all the living cells which 
are capable of rejuvenation, thus separating the necrotic part of the 
tissue from the healthy portion; this arrangement is found not only 
beneath external surface wounds, but also around inner centers of 
necrosis, e.g., around infiltrated air spaces, vascular ducts, bast fibers 
and other elements. 

Besides the wound stimulus there are other factors which influ- 
ence plane and location of cell division. (I)  In the neighborhood 
of vascular bundles which have been cut, or which run parallel and 
near to the wound surface, as well as in other more or less meri- 
stematic cell layers, such as pericycle and cambium, the cells divide 
more actively and nearer to the wound face than in other parts 
(e.g., 138, 69, 7):  This led to the assumption of active substances, 
e.g., leptohormones diffusing from the bundles, but other factors, 
such as water and food relations, have here also been suggested. 
(II) In later phases of wound tissue activity the rules of parallelity 
and opposite position are often definitely abandoned, and cell divi- 
sion may occur in various planes, often coinciding with formation of 
root and shoot primordia. Here the plane of division is often re- 
lated to the shape and direction of growth of the new cells. Cells 
released from pressure beneath the surface of a wound expand only 
in a radial and vertical direction and divisions occur only at an angle 
of 90 degrees to the longitudinal axis of the cell (96). Badian (7) 
emphasized that considerably later, when the original effect of the 
found stimulus is no longer exerted, divisions also occur in other 
directions, in cells whose long axis is not necessarily vertical to the 
wound surface. 

Still another type of directed divisions during the later phases of 
wound tissue development coincides with the formation of tracheid 
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and phloem bridges. In wounded roots of Taraxacum (176), 
tracheids are thus formed from entire cortex cells or their segments. 
According to Simon (164), not only tracheids already present, but 
also meristems later to form tracheids have a directing and appar- 
ently stimulating influence on the formation of such tracheid connec- 
tions. Kaan Albest (93) studied the direction of connecting strands 
of phloem and xylem in wounded stems of Coleus, Impatiens, etc. 
She concluded that the stimulation is probably exerted by sieve tubes 
and xylem vessels, respectively. 

Cell Growth 

The basic interrelationship between cell multiplication and eeU 
growth typical for normal meristematic activity in plants may be 
considerably modified by external conditions during the various 
phases of wound tissue formation. Wound cork which shows com- 
paratively little cell expansion may be considered to be in many 
surface tissues the usual form of activity after injury. Wound 
callus, on the other hand, is characterized by abundant growth and 
proliferation and comparatively little wall differentiation. It is 
often temporarily formed when under excessively humid conditions 
transpiration becomes reduced to a minimum, but temperature 
seems also to play a part. This type also occurs in deeply enclosed 
portions of the wound, or where the cut surfaces of an injury have 
remained in close contact. 

The outer layers of the cork meristem often expand radially to- 
ward the surface, while the innermost cells may only divide. It 
does not appear impossible that the infiltration of intercellular 
spaces with sap somehow influences the growth activities of the cells 
in this area, in a manner perhaps analogous to the well known effect 
in growing tips of seedling roots where after irritation the inter- 
cellular spaces become infiltrated with liquid, and a marked inhibi- 
tion of longitudinal growth follows and cell expansion takes place in 
the radial direction. 

Between the various forms of cell proliferation, e.g., callus, natural 
or induced tyloses, intumescences and other hyperhydric tissues, 
there is no sharp anatomical distinction. In their formation various 
factors have been found to be important, including availability of 
space, high water content of the air, temperature, variations in the 
oxygen and water relations (172), and chemical stimulation (107, 
158, 167). 
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LaRue (111, 112, 113) investigated the conditions under which 
intumescences form, particularly the moisture relations, the influ- 
ence of metabolic factors and the r61e of auxin. He gives a list of 
plants whose stems or leaves form intumeseences (114) and found 
that the proliferating cell walls do not become thinned out and 
therefore actively grow. 

A simple form of "inner intumescences" often discussed in the 
older literature are tyloses (compare 120). They are very com- 
mon, and Meyen (128) included under this term not only the 
natural tyloses, which, for example, occlude the vessels in ageing 
organs, but all other cells which proliferate into any cavity. These 
are usually formed after experimental wounding, where they may 
be seen growing into vessels, obliterating air passages, necrotic 
parenchyma cells, etc. (39, 21, 67, 81, 26). They are often com- 
bined with cell divisions and show a close relationship to the forma- 
tion of necrotic and decomposition products and "wound gum" (131, 
14, 17, 19, 20, 27, 1, 2). Sometimes the anatomical evidence sug- 
gests that the growth of tyloses is proceeding under some chemo- 
tropical stimulus, for instance, in material figured by Reiche (145), 
where tylosis-shaped cells grow along and toward surfaces covered 
with cell debris and decomposition products. The manner of wall 
growth in tyloses is somewhat comparable to the type of "intrusive 
growth" of cells often observed in normal tissue readjustments (e.g., 
135, 165). 

Cell and Tissue Differentiation 

The effects of wounding on differentiation are many-fold and 
vary considerably with the age of the organ and the distance from 
the injury. In young organs differentiation taking place near the 
injury at the time of wounding may become arrested or diverted 
(e.g., 55, 56, 193), while an accelerating effect of the wound on 
metabolic activity and on structural differentiation is almost invari- 
ably seen in layers further distant from the wound beyond the zone 
of cells made to divide more or less actively. In older organs the 
effects of wounding are naturally somewhat modified and, as men- 
tioned before, increased differentiation may be the only wound 
response. 

The differentiation processes in the wound meristem proper take 
many forms. If wound periderm is formed, differences specific for 
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the plant type occur with regard to the sequence and manner of 
cell division (e.g., unequal divisions; storied cork; phellogen). 
Cell division is followed by various types of wall differentiation, espe- 
cially in plants whose normal cork has these qualities. 

In extensive tissue regeneration redifferentiation may be very 
complex. Thus V6chting (181) has shown that the pith of the 
kohlrabi tuber is capable of regenerating completely the primary 
tissue arrangement of the tuber with all its specific elements; even a 
new epidermis with stomata becomes differentiated beneath the first 
formed phellogen. 

Finally a considerable number of cases have become known in 
which structural redifferentiation and restoration of anatomical 
features is less complicated. These cases have in common the fact 
that in the neighborhood of the wound the cells resume development 
under the accelerating influence of the wound stimulus, and theg 
later age like normal surface tissues by thickening of the membranes 
and by impregnation with suberin and lignin, usually in a manner 
characteristic for the particular plant. This has the striking result 
that to a greater or lesser extent the primary tissue pattern becomes 
restored. In some plant types all layers of the tissue do not react 
in the same manner; certain layers of the meristem or of the ground 
tissue actually exhibit a specific reactivity in this process. 

Noteworthy examples of such behavior are: petioles and stems of 
ferns (80, 82, 83) ; leaves of orchids (25, 193) ; air roots and stems 
of monocotyledons (14, 16, 17, 19); fruits (61, 178) ; cork of Cac- 
taceae (130, 136, 38, 77) ; roots of Chelone (123) ; stem of Kleinia 
(194); submerged monocotyledons (151). In wound callus and 
phelloderm of fruits the differentiation processes are still quite varied 
(61): wall thickening and impregnation, formation of specific 
forms of sclereids, crystal cells, tracheids, secretory ducts. With 
increasing age here the wound periderm becomes histologically and 
microchemicalty more and more similar to normal surface tissue; its 
contents, such as chlorophyll, starch, tannin, crystals, anthocyanin 
and fat, undergo changes similar to those in unwounded parts. 

In air roots of Philodendron GIaziovii (14) the wound meristem 
derives from older cortical cells, and in their division products the 
redifferentiation of pitted, thick-walled, subepidermal sclereids 
occurs, which link up with the original selerenchyma sheath present 
at the wound edge. These cells may make their appearance in the 
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wound meristem of young roots at a time at which the original 
sheath at the other sides of the root has not yet appeared. Similarly 
in wounded air roots of Phoenix reclinata (19) cells within the 
wound tissue develop U-shaped thickenings, and these cells link up 
with the original superficial sclerenchyma. In the wound surfaces 
microchemical changes also are similar to those normally taking 
place. Similar behavior has been observed in roots of Iris, and 
stems and roots of Tradescantia fluminensis. Air roots of orchids 
do not form wound cork at all, but if the wounds penetrate through 
the exodermis as far as the living cortex, the already mature cor- 
tex cells thicken and lignify in the same manner as normal exo- 
dermis cells (16). In the instances just described cells originally 
destined for a different function seem to have undergone a true 
process of redifferentiation. There seems little doubt that the fac- 
tors which bring about such structural redifferentiation must be 
related to those which are instrumental in normal development. 
The exact nature and control of this complicated mechanism are 
not known. In wound tissues the restoration of anatomical fea- 
tures near the surface appears to be linked up with oxygen and 
water relations which determine the fate of the dedifferentiated 
meristematic cells. Under favorable conditions there seems to 
exist some similarity with normally developing organs, and conden- 
sation and oxidation processes within the cells result in microchem- 
ical changes making them very similar to normal structures. 

In layers such as bundle sheaths, pericycle, endodermis, etc., dif- 
ferentiation is particularly likely to become accelerated by wounding. 
Thus in Tradescantia fluminensis the internal bundle sheaths which 
are normally thin-walled sclerify after wounding (17) ; this charac- 
ter is normally present in other members of the Commelinaceae. 
Other examples of characters not normally apparent but induced 
by wounding are the traumatic resin ducts of certain Abietineae 
(Tsuga, Sequoia). These are regarded by Jeffrey (86) and his 
school (see also 8) as reversions to an ancestral condition normally 
present in other members of the family. 

GROWTH SUBSTANCES AND WOUNDING 

Recent reports on work with natural and synthetic growth sub- 
stances have often referred to histological changes comparable to 
wound structures. Some results obtained with growth substances 
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(e.g., auxin and indoleacetic acid) in inducing cell division and 
growth in parenchymatous tissue of Phaseolus and Vicia have been 
considered under the heading of wound hormones. But high con- 
centrations of growth substances or growth substance mixtures 
(79) have been very generally applied in lanolin to decapitated and 
other wound surfaces, in which case vigorous reactions resulted due 
to the combined action of tissue interruption and chemical irritation. 
In a number of cases the effects of the growth substances were 
noticed at a considerable distance from the point of application, but 
the formation of the wound meristem did not seem to be influenced. 
In other instances natural meristematic activities, such as the forma- 
tion of abscission layers, became even inhibited (60). In the major- 
ity of cases, however, the changes which were due to the treatment 
by the chemicals overshadowed the original wound reactions in the 
region of the injury, inducing especially vigorous cell division and 
growth in those cells which were normally very active in processes 
of wound healing and regeneration. It appears, therefore, that the 
stimulus provided b37 the growth substances may be substituted for 
other stimuli which exert comparable effects. The qualitative char- 
acter of the histological changes is thus determined by the inherent 
formative organization of the plant rather than by specific proper- 
ties of the chemical agents. Several workers have emphasized, 
from similar considerations, the non-specificity and the irritant 
character of many growth substances (90, 54, 6, 20, 78, 173). 

Studies of histological changes similar to wound responses fol- 
lowing growth substance treatment of wounds are contained in the 
following papers. Monocotyledons : Lilium (10, 11), Tradescantia 
fluminensis (20) ; Dicotyledons: Iresine (75), Phaseolus and 
tomato (118), tomato (24), Phaseolus (103), Brassica (84, 63). 

The formation of vigorous callus growth of crown gall-like charac- 
ter was induced by high concentrations of growth substances in 
Phaseolus (102, 30, 31, 74) and in Mirabilis (73). 

According to Jake~ and Hexnerov~t (85), callusing of ringing 
wounds in fruit trees can be improved by applying 1% indoleacefic 
acid or "Belvitan" paste to the surface of the exposed wood. 

The r61e of polarity in wound callus, root and shoot formation of 
woody cuttings treated with growth substances was investigated by 
Rogenhofer (152), Fischnich (49) and Zimmerman and Hitchcock 
(200). 
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Brown and Carmack (29) also studied cambial activity in rela- 
tion to a wound and to indoleacefic acid treatment. 

.lost (91) reported on "#essel development in decapitated epicotyls 
of PhaseoMs treated with indoleacetic acid, and found that growth 
substances stimulated cambial activity only in general, the differen- 
tiation into vessels depending on other factors. 

PLANT NEOPLASMS 

The "tumorous" overgrowths obtained by prolonged or repeated 
treatment with growth substances often form a histological transi- 
tion to related types of anomalous neoplastic growths induced by 
various chemical irritants or organisms, such as Bacterium tume- 
faciens (e.g., 117). Besides certain systemic responses, this organ- 
ism causes the formation of an unorganized type of gall ; such patho- 
logical forms have often been compared with malignant neoplastic 
growths in animals. In the etiology of plant neoplasms, however, 
the significant factor is the continued presence of the irritant, the 
growth coming to an end when the causing agent ceases to be active ; 
the analogy with an inflammatory tissue condition in animals is 
obvious. The early stages show striking resemblance to wound 
reactions (146); under prolonged irritation callus masses of un- 
usual dimensions develop which, however, age and differentiate in 
various ways, often producing root and shoot primordia. The 
qualitative character of such forms also appears determined by the 
type of injury and the mode of growth of the particular plant t, ype 
rather than by a specific action of the irritant or the inciting organ- 
ism (95, 117). 

Also the spontaneous, hereditary tumors of Nicotiana hybr ids  
have close histological relationship to chemically induced over- 
growths and to crown-gall, and often arise on wounds, whatever the 
genetic base of the malformations may be (98, 101). 

The organizing and reconstructing tendency in plant tissues, 
which is characteristic of wound healing and plays a conspicuous 
r61e in anomalous overgrowths, finally finds still other methods of 
expression in the products of certain gall-inducing insects (com- 
pare 34). Here often normal cell forms and tissue arrangement 
become specifically modified and controlled to a remarkable extent 
under the influence of the inciting organism, but our knowledge as 
regards the interaction in this process of host and parasite is still 
very meager. 
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The occurrence of polyploid cells in tumors of hereditary, para- 
sitic or chemical origin has been frequently reported. Compara- 
tively few studies were made of related changes in wound and callus 
tissue. 

Winkler's (192) method of obtaining polyploid shoots from 
somatic cells by wounding was successfully developed by JCrgensen 
(89) and has been employed since in horticultural practice. 

Kostoff (97) suggested that polyploidy and other irregularities 
in cell division were due to factors which increase the cytoplasmic 
viscosity in the callus tissue. 

Graft (66) recently investigated ploidy in the tuber of Sauroma- 
turn guttatum. She found large 16-ploid nuclei beneath wound 
surfaces, and noted also dividing large nuclei which were tetra- or 
octoploid in the normal tissue. These facts suggest that multiplica- 
tion of chromosomes during the resting stage is probably a general 
phenomenon of tissue differentiation in higher plants, and this may 
be demonstrated by wounding. 

It is possible that in such cases the nuclear changes may be the 
result of progressive cell enlargement rather than the cause of it, and 
similar conditions might apply to cases of polyploidy observed in 
hypertrophic cells after treatment with indoleacetic acid, also in 
some galls and root nodules. Such nuclear changes would thus fall 
into a category somewhat different ~rom the types of atypical growth 
in which chromosomal aberrations have been suggested as the pri- 
mary cause of histological anomalies (e.g., 99, 100, 88). 

S U M M ARY 

The research reviewed in the foregoing paper deals with theo- 
retical and practical aspects of wound healing in higher plants, i.e., 
with the tissue changes which take place adjacent to ceils and tissues 
damaged by various artificial and natural accidents. 

Recent work has been particularly concerned with experimentally 
induced wound repair in different plant types, in so far as such 
studies are able to throw light on the problem of cellular reactivity 
and the physiological basis of plant structure. 

The study of dedifferentiation, meristem formation and redif- 
ferentiation in vacuolate cells has also proved to be a helpful tool in 
the elucidation of the mechanics of cell division and differentiation. 

The first part of this paper reviews more or less related, practical 
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and theoretical studies on wound healing in plants of different 
structure and reactivity under different conditions. The results in 
stems, root leaves, fruits, etc., show that metabolic activities and the 
quality of the protective tissues formed are correlated with the mode 
of growth and the manner of distribution of meristematic and poten- 
tially meristematic zones and cell layers in the plant. 

The age of the plant and seasonal variations affect wound healing. 
More especially the external conditions (light, temperature, gravity, 
access of oxygen and humidity), furthermore the internal environ- 
ment (the presence of leptom elements and vascular ducts, water 
supply, food distribution, pH, enzymes and growth substances) 
influence the wound reaction both qualitatively and quantitatively. 

In the second part of the paper the phenomena of meristematic 
activity, dedifferentiation, cell division and growth, and cell and 
tissue redifferentiation are considered in more detail. Reference 
is made to the morphogenetic problems involved in these various 
phases of wound tissue formation. 

Contemporary research has shown that dedifferentiation may be 
induced in most mature, living cells by wounding. Even special- 
ized cells, such as thick-walled lignified elements may in this proc- 
ess become delignified and thin-walled. Another type of patho- 
logical dedifferentiation is the postmortal breakdown of cells and cell 
walls under the influence of enzymes from necrobiotic cells. 

In spite of the progress made in the analysis of changes in cells 
abutting on the wound surface, the exact nature of the traumatic 
stimulus and of the physical and physico-chemical changes in 
wounded cells is still unknown. Of interest are the necrotic and 
necrobiotic processes in the surface layers of the wound, such as 
the infiltration of intercellular spaces with sap and decomposition 
products, which in their turn seem to affect respiration, cell growth 
and division in adjacent healthy cells. Water and oxygen seem to 
play a limiting r61e in these processes. 

Recent research on wound hormones has shown that numerous 
organic and inorganic compounds, some of them occurring naturally 
in plants, are capable of influencing metabolic processes and induc- 
ing meristematic activity, if applied to the exposed surface of the 
seed cavity of the Pha~eolus pericarp or to other tissues. Certain 
heat-stable preparations from tissue extracts were particularly effec- 
tive. 
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Cell division is always parallel to the surface of the wound or 
internal centers of necrosis in the early phase of wound tissue activ- 
ity. It was shown that the polarizing influence from the wound is 
exerted upon the cell as a whole and that the plane of division 
becomes visible by the configuration of the cytoplasm before it 
becomes evident in the mitotic figure. 

Cell growth becomes more prominent in humid and stagnant 
atmosphere; it is also more pronounced in the outer zone of the 
wound meristem, whose intercellular spaces have become injected 
with liquid after wounding, and it is typical for internal meristema- 
tic activity, for example, tyloses. 

In developing young organs differentiation may become inhibited 
in cells abutting on the injury, but it is usually promoted in cells 
further distant. 

The cells of the wound meristem often redifferentiate in a manner 
characteristic for the particular plant, but the derivatives of dedif- 
ferentiated cells may redifferentiate in a fashion distinctly different 
from the parent cell. In older organs and certain plant types, dif- 
ferentiation, e.g., thickening and impregnation of the wall, may be 
the only wound response. The process of differentiation and of 
restoration of anatomical features near the wound surface appears 
often to be largely a result of metabolic and microchemical changes, 
and of oxidation and condensation processes in the cells similar to 
those occurring under normal differentiation of the organ. 

A part of the recent literature on growth substances has been 
concerned with anomalous tissue structures induced by the applica- 
tion of growth substances to wounds. These, as well as other plant 
tumors of chemical and bacterial origin, are discussed and reference 
is made to their developmental and histological relationship to wound 
structures. Recent reports on polyploidy in wound tissues are 
reviewed. 

D E F I N I T I O N S  

Differentiation: Appearance of differences in the physiological and 
morphological character of cells. 

Dedifferentiation: Process by which mature or specialized cells lose 
their differentiated character and rejuvenate. 

Redifferentiation: Physiological and structural differentiation of 
dedifferentiated cells. 
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Necrosis: Rapid ,  a t rophic  death  of cells. 
Necrobiosis: Gradual ,  degenerat ive  death of cells, character ized by  

abnormal  metabolic  changes and pos tmor ta l  act ivi ty  of enzymes.  

Phragmosome: Cytoplasmic d iaphragm,  formed ear ly dur ing  divi-  

sion of vacuolate  cells in the posi t ion of the fu ture  division wall. 
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