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PREFACE 

The Students of Biology at the Post Graduate (P.G) Under Graduate (U.G) 

levels needed to the recent developments. The book is written in a simple 

language so that the students can easily grasp the matter. Some 

important technical terms has been incorporated. So that the students 

may search the useful related topics for competitive examinations. 

In the recent years included in the syllabus of almost all Indian 

universities in various subjects of biology or as an independent evergreen 

subject.  

I am thankful to Department Head, BOS, staff and Research Scholars  

(Botany) my Family Members, inspiration and cooperation my wife and 

children’s Teachers, Friends, Students and Well-wishers. I hope that this 

book will be useful to students and Biological / Life Sciences 
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Chapter I 

PLANT GROWTH AND DEVELOPMENT 

INTRODUCTION  

Development is the process that builds the organism. Development is the sum of all of those 

events during the life of a plant or animal that produce the body of the organism and give it the 

capacity to obtain food, to reproduce, and to exploit the opportunities and deal with the hazards 

of its environment. Development is a process. When we study plant or animal development, we 

not only, describe what has changed but, more importantly, we analyze the process by which the 

change has come about. We ask how a plant grows. How does it produce flowers? How are 

seeds formed? How can seeds survive without water and then germinate when water is provided 

developmental biologists also try to explain how an organism acquires its unique abilities. For 

example, how do humans develop the ability to communicate through language? How do photo 

synthetic plants acquire the ability to use light energy to drive chemical reactions? A child 

attains the ability to speak not only because she learns a language, but also because 

developmental changes occur in the structure of her brain that make language possible. 

Similarly, a seedling acquires the ability to carry out photosynthesis because chloroplasts, the 

photosynthetic organelles, are formed within specialized leaf mesophyll cells. 

The leaf also acquires many other adaptations and structures in the course of its development 

that enhance photosynthesis, such as stomatal openings permitting gas exchange with the 

atmosphere. Many aspects of leaf development, including the formation of the chloroplasts, are 

initiated and regulated by light, and they occur because light regulates the expression of specific 

genes. These are examples of developmental changes and this brief presentation suggests what 

we must investigate to identify the mechanisms responsible for these changes. A developmental 

biologist determines not only what changes take place, but also the mechanisms that bring 

change about. Biologists use many different methods and approaches to study development. 

These include 

 Analysis of the molecular-genetic mechanisms that underlie all developmental processes. 

 Characterization of the biochemical reactions that actually carry out development. 

 Investigations of the structures of cells and how these structures help bring about 

developmental changes. 

 Investigations of the structures and integrated functions of tissues and organ systems. 

Plant development differs from animal development most radically at the tissue and organ 

levels, but there is a strong cellular basis for these differences. Although plant cells share many 

of the major structural features found in other eukaryotic cells, they also have unique properties, 

such as the presence of a rigid cell wall and the lack of motility systems. These and other unique 

properties of plant cells make plant development rather different from animal development. 

Development occurs in response to instructions contained in the genetic information the 

organism inherits from its parents. An acorn becomes an oak as a result of an orderly readout of 
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information stored in its genes. It will come as no surprise to anyone with even the briefest 

exposure to biology that the sequence of bases in DNA encodes the amino acid sequence of 

cellular proteins. It is also true that genes control both quantitative characteristics, such as plant 

height, and qualitative characteristics, such as leaf shape and organ identity. Genes determine 

both the rate and the extent of growth. They determine where growth can occur as well as where 

it cannot occur. As we shall see, differential growth is one of the major mechanisms by which 

plant organs acquire their shape. 

Plants are very responsive to their environment and environmental factors determine 

whether or not growth occurs; however, when environmental factors permit growth, it is the 

genetic makeup of the plant that determines where and how rapidly this growth occurs. 

Nevertheless, the precise manner in which genes control growth or complex characteristics, such 

as the arrangement of leaves on the stem, is not completely understood at this time. On the 

molecular level, plant development and animal development do not appear to be very different 

the genetic code is the same in higher plants and animals and the mechanism responsible for 

regulating the expression of genes appears to be remarkably similar in all eukaryotic organisms. 

Plants differ from animals because of the specific nature of their genes, not because their genetic 

information is organized in a different fashion. Still, some important molecular-genetic 

differences between plants and animals may emerge when we learn more about the molecular 

mechanisms responsible for determination. 

Organisms are constructed of cells. The structure and functions of a particular tissue or 

organ are determined by the collective shapes, functions, and interactions of its component cells. 

As a result, it is essential that we understand how individual cells function and how they change 

their characteristics. All eukaryotic cells share the same general cellular architecture. That is, all 

cells are constructed along the same lines, using largely similar molecules that interact to form 

organelles with similar functions. Plant cells, however, possess several unique structures, 

principally cell walls and plastids, those animal cells do not. These unique structures place 

constraints on plant development, as well as present the plant with developmental potentials, 

that do not exist in animals. To understand plant development, it is necessary to understand the 

structure and potential of plant cells. Some knowledge of plant structure is essential for the study 

of plant development. Many individuals begin their study of plant development after completing 

a course in general botany or plant morphology. 

A brief presentation of plant structure may be unnecessary for such individuals. In other 

cases, plant development is the student's first exposure to plant biology. The following synopsis 

of the essential features of plant structure is presented for the benefit of those individuals who 

intend to study plant development without previous exposure to plant morphology and anatomy 

and for individuals who require a quick review of the subject. The reader should, however, be 

aware that this summary is highly abbreviated. Plants present a rich diversity of anatomical 

features, with many variations on the structures portrayed here. Each of these divergent 

structures has ecological and evolutionary significance and represents the culmination of a 
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particular developmental pathway. Further study of plant structure, beyond that presented here, 

would greatly enhance the student's appreciation and under-standing old plant development. 

 

 

Figure 1.1. Diagram of the 

principal parts of vascular plant 

 

Figure 1.2. Illustration of the diversity of form in 

flowering plants. 

(A) The yellow water lily, Nuphar lutea, has large 

floating leaves attached by petioles to a rhizome, which 

grows horizontally through the mud at the bottom of 

the pond 

(B) In the common prickly pear cactus, Opuntia 

polycantha, the leaves are reduced to thorns and 

photosynthesis is conducted within the thick flattened 

stems 

The Plant Body 

A typical flowering plant has the general form shown in Fig. 1.1. It is highly elongate and 

polarized, with its axes oriented at right angles to the earth's surface. The force of gravity plays 

an important role in determining and maintaining the form of the plant. The above-ground 

portion of the plant is the system of integrated organs known as the shoot; the root system 

usually is underground.  

In the water lily, the petiole is very long and flexible, connecting the leaf to an underground 

stem (known as a rhizome) that grows horizontally through the mud at the bottom of the pond. 

The leathery leaves are supported by the water and present a large surface area for 

photosynthesis. At the opposite extreme, the leaves of the cactus known as prickly pear (Opuntia 

polycantha) have been reduced to thorns and are not photosynthetic at all. The photosynthetic 

organs of the cactus are its stems, which are thick and flattened. These thickened stems also 
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store water, which helps the prickly pear survive in areas with infrequent rainfall; the thorns 

protect the plant against foraging animals. The prickly pear and the water lily are only two 

examples of plants with very different morphologies, each of which has evolved a unique set of 

adaptations to its environment. 

The Vascular System of Land Plants 

Plants first arose on this earth as photosynthetic organisms, adapted to an aquatic 

environment. Land plants evolved from the green algae, but this meant that they had to adapt to 

the far greater rigors of a land environment. These challenges include much greater extremes of 

temperature, the risk of desiccation, and the need to provide water and minerals to all cells. Plant 

met these challenges, in part, by evolving specialized vascular tissue that is able to conduct 

water and nutrients throughout the plant. Not all land plants have these adaptations, but those 

with a well-developed vascular system are by far the most successful and abundant plants 

inhabiting the land today. Vascular plants include ferns, conifers, and flowering plants. As a 

result of their vascular tissue, plants can have specialized organs. Photosynthesis in the leaves 

can supply food for the metabolism of cells in the stem, roots, and other organs of the plant, 

even if these cells do not have chloroplasts, as is often the case. Roots are specialized for 

absorbing water and minerals and for anchoring the plant. The xylem and phloem together 

constitute the vascular tissue of the plant. 

Water and minerals are transported from roots and into leaves, as well as all other parts of 

the plant, through specialized conducting cells of the xylem. The food produced during 

photosynthesis is transported out of the leaf and through-out the plant by means of specialized 

cells in the phloem. The xylem supplies a stream of water and dissolved minerals from the roots 

to the leaves and to all other tissues and organs of the plant. The xylem tissue consists of four 

different kinds of cells: (1) parenchyma cells, (2) fibers, (3) tracheids, and (4) vessels (fig 1.3). 

A parenchyma cell is any kind of mature, non-dividing cell with a large vacuole, a primary cell 

wall (usually), and a relatively unspecialized function. Many different plant tissues are 

composed in whole or part of parenchyma cells. Xylem parenchyma cells may be somewhat 

atypical in that they often have thickened cell walls, but they remain living at maturity and they 

do not participate directly in water transport. Xylem fibers are highly elongate, often pointed 

cells, with thick secondary walls. Fibers also do not participate in water transport. They provide 

mechanical support for the stem. The conductive cells of the xylem, known as tracheary 

elements, are dead at maturity and have reinforced secondary cell walls (fig 1.3). 

The Water conducting tracheary elements are tracheids (A) and vessels (B). The location of 

tracheary elements within the xylem tissue is shown in cross section (C) and longitudinal section 

(D). The tracheary elements shown here are vessels which have annular, spiral, or reticulate 

secondary wall thickenings. The cells surrounding the tracheary elements are xylem 

parenchyma. Vessel elements are formed when a file of parenchyma cells undergoes secondary 

wall deposition, followed by lysis of the cytoplasm and the cross walls separating them (E). 
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Figure 1.3. Tracheary elements and other cell types of the xylem 

 

Tracheary elements include tracheids and vessels. The vessel is a linear file of cells, each of 

which is called a vessel element. A file of vessel elements differentiates as a unit to form a 

single vessel. Vessel element differentiation involves the synthesis and deposition of a 

secondary cell wall, which reinforces the primary cell wall. A primary cell wall is the wall 

formed during cell growth and it consists of cellulose, non-cellulosic polysaccharides, and some 

unique proteins. The secondary cell wall is formed after growth is complete. It also is composed 

of cellulose and non-cellulosic polysaccharides, but it lacks protein and contains a complex 

polymer known as lignin. The secondary wall may be laid down in an annular, spiral, or 

reticulate pattern so that some portions of the wall receive no reinforcement. 

Some vessel elements also may have uniformly thickened lateral walls, but even then, there 

is no secondary wall deposition on parts of the end walls. During their differentiation, portions 

of the unreinforced primary cell wall separating vessel elements are dissolved away, forming 

perforation plates between adjacent cells. The formation of perforation plates eliminates the 

physical barrier between vessel elements. After secondary wall deposition and perforation plate 
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formation are complete, the vessel elements die and the protoplasts disintegrate. As a result, the 

vessel is more or less continuous tubes through which water may flow (fig 1.3). 

Tracheids differ from vessels in that each tracheid is a single cell, but usually it is much longer 

than an individual vessel element. Tracheas also undergo secondary wall deposition during their 

differentiation. The wall is usually more or less evenly thickened, except where connections 

occur between tracheids, called pits, which permit the passage of water. These openings are 

much smaller than those connecting the vessel elements. As a result, more water can move 

through xylem containing vessels than through an equal amount of xylem containing only 

tracheids. Gymnosperms, whose vascular tissue contains only tracheids, are much less efficient 

in transporting water to their leaves than are angiosperms, whose vascular tissue contains vessels 

as well as tracheids. 

The phloem component of the vascular tissue conducts food materials synthesized during 

photosynthesis; in most plants this food is sucrose. Phloem also consists of four different cell 

types: (1) parenchyma cells, (2) fibers, (3) sieve elements, and (4) companion cells (Fig. 1.4). 

Phloem parenchyma cells and fibers are similar to the cell types with the same names found in 

the xylem, although phloem parenchyma cells usually have primary cell walls. The principal 

food-conducting structures of the phloem are multicellular structures known as sieve lubes. Like 

vessels, sieve lubes are constructed from a linear file of cells, each component of which is 

known as a sieve element. Unlike the vessel, however, the sieve element remains alive at 

maturity, although its nucleus disintegrates and its cytoplasm and end walls are extensively 

modified. Sieve elements undergo some secondary wall deposition, but they do not become 

lignified, as do the tracheary elements. A file of cells, all of which usually arise from a common 

meristematic precursor, differentiate coordinately, with the construction of specialized end walls 

known as sieve plates, during the formation of the sieve tube. 

(A) A mature sieve tube is shown as it would appear in longitudinal section. To the right of the 

sieve elements is a companion cell; a phloem parenchyma cell lies to the right of the sieve 

element. A sieve plate is shown in face view in 

(B)  The black areas represent cytoplasmic passages through the wall between adjacent sieve 

elements in 

(C)  The progressive stages in the formation of sieve tube are depicted in the series of drawing 

1 to 5. Unlike tracheary elements, the sieve tube retains its cytoplasm at maturity, although 

it is highly modified and these cells lack a nucleus. 

(D)  Phloem fibers are depicted in 

There are cytoplasmic connections between the sieve elements, through the pores in the 

sieve plate.  Sieve elements and companion cells share a common origin: They are daughter 

cells derived from the same cell division. One daughter becomes a companion cell, whose 

function is largely unknown, whereas the other becomes the sieve element. 
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Figure 1.4. Phloem cell types 

Meristems 

One of the most unusual aspects of higher plant development is the fact that some regions, 

called meristems, may remain embryonic throughout the life of the plant. These regions of 

perpetual embryogenesis generate the plant body by producing the cells that will become the 

leaves, stem, roots, and flowers of the mature plant (Fig. 1.5). Meristems contain small cells 

known as initials that continue to divide indefinitely and do not differentiate. Meristematic 

activity is regulated by physiological and environmental signals, so meristems are not active at 

times when the climate is unfavorable for growth, but they retain the potential for growth. The 

pattern in which cells divided within the meristem will determine the placement of leaves and 

the organization of the tissues within the organs. Plant development is mostly postembryonic. 

Embryogenesis establishes only a rudimentary plant axis, with the shoot and root apical 

meristems at either end. 

With the exceptions of the cotyledons and the first leaves in some plants, none of the organs 

of the mature plant are formed during embryogenesis. Rather, the plant body is constructed by 

the meristems, which do not begin activity until after embryogenesis is complete and seed 

germination has begun. For these reasons the process of embryogenesis does not have the same 

central importance for plant development as it does for animal development. Two meristems, the 

shoot and root apical meristems are formed during embryonic development, whereas additional 

secondary meristems may develop from mature cells later in development. The root and shoot 

apical meristems from the primary plant body; secondary meristems are responsible for 

producing secondary tissues, such as wood and bark. Herbaceous plants, such as beans and 
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petunias, may lack secondary meristems entirely, or these meristems may be poorly developed. 

In contrast, woody plants, such as trees, have well developed secondary meristems that persist 

for many years. 

 

Figure 1.5. Primary meristems 

In either case, meristems frequently persist throughout the life of the plant, exhibiting 

periods of activity followed by quiescence. The shoot apical meristem is at the extreme tip of the 

shoot, although it may be enclosed by the most recently formed young leaves. Cell divisions 

within the flanks of the shoot apical meristem led to the formation of protruding mounds of 

cells, which will grow and differentiate to become mature leaves. These are known as leaf 

primordia. Cell divisions that occur within a region just below the apical meristem generate the 

cells that differentiate to become the tissues of the stem. The vegetative shoot apical meristem is 

very repetitive in its activity. It produces the same structures (leaves, lateral buds, and stem 

tissues) over and over again. Its activity is indeterminate, but also usually periodic. That is, 

vegetative shoot apical meristems may be active in the spring and early summer, but then 

become dormant in late summer or fall, after producing special overwintering structures such as 

bud scales. Growth then is resumed the following spring. Vegetative shoot apical meristems can 

be transformed into floral meristems.  

A floral meristem usually exhibits determinant growth; that is, it produces set number of 

organs and grows no more. Floral meristems are progressive rather than repetitive. After all of 

the floral organs are produced, all meristematic capital is used up and there can be no more 

growth. In contrast to the shoot apical meristem, the root apical meristem is not terminal, but 

rather is sub terminal. It is covered by another tissue, known as the root cap. The root cap 

protects the meristem as the root grows through the soil. The root apical meristem also differs 

from the shoot apical meristem in that it does not produce any lateral organs. The root apical 
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meristem generates cells that become the root cap and the cells that make up the primary tissues 

of the root axis. Lateral roots are formed by adventitious meristems that appear later in root 

development in mature regions of the primary root. 

In contrast to the shoot apical meristem, the root apical meristem is not terminal, but rather is 

subterminal. It is covered by another tissue, known as the root cap. The root cap protects the 

meristem as the root grows through the soil. The root apical meristem also differs from the shoot 

apical meristem in that it does not produce any lateral organs. The root apical meristem generates 

cells that become the root cap and the cells that make up the primary tissues of the root axis. 

Lateral roots are formed by adventitious meristems that appear later in root development in 

mature regions of the primary root. 

Role of Cell Division in Plant Development 

Contribution of Cell Division to Plant Development 

Cell division plays at least three different roles in plant development. First, the initiation of 

an organ such as a leaf normally begins with cell divisions within a meristem and subsequent 

cell divisions provide the cells that will populate the different tissues of the organ. Second, the 

plane in which a cell divides often is a highly significant factor in determining what its 

derivatives will become. The third way in which cell division contributes to plant development 

is through the role of cell division in the initiation and maintenance of cell differentiation. 

Certain key decisions that lead to cell differentiation may be made preferentially during some 

stage in the cell cycle. The most striking example of this is where late, often unequal, cell 

divisions immediately precede the differentiation of specialized cells that differ markedly in 

structure and function from their neighbors. 

Formative Divisions 

Azolla is a small aquatic fern. Gunning and his co-workers, who studied cell differentiation 

in the roots of Azolla, observed two types of cell division which they termed formative and 

proliferative. The cells that make up the different tissues of the root are produced as a result of 

cell divisions in the root apical meristem. The cells of any given tissue can be traced back to a 

particular cell within the root apical meristem A formative division is one in which the daughter 

cells differ morphologically or biochemically from their parents; a proliferative division results 

in daughters that resemble their parents. A proliferative division increases the number of cells of 

a particular lineage, whereas a formative division might establish a new lineage or precede the 

terminal differentiation of one of the daughters. The concept of "formative" divisions implies 

that important decisions about cell determination or differentiation are initiated during cell 

division. Are formative divisions required for the initiation of cell differentiation? The 

differentiation of some types of cells in vertebrate systems is initiated at some point during what 

has been called a quantal cell division. 

A quantal division is one in which major changes in gene expression are initialed on 

completion of the division cycle, and these changes are not, or cannot be, initiated in no dividing 

cells. Formative divisions are at least superficially similar to quantal divisions of vertebrates. 
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There has, however, been no clear demonstration in plants of a specific type of cell 

differentiation, involving major changes in gene expression that is exclusively initialed during 

cell division. This question was examined experimentally in the case of tracheary element 

formation. Tracheary elements are components of xylem with thickened cell walls that are dead 

at maturity. Their differentiation involves not only the synthesis and deposition of new wall 

polymers, including lignin, but also the programmed death and lysis of the cytoplasm and often 

the dissolution of some portions of the primary cell wall. Tracheary element differentiation has 

been investigated extensively because it can be induced experimentally. For example, in 

addition to initiating cell division, stem wounds initiate tracheary element differentiation if the 

vascular bundles are severed by the wound. Auxin plays a major role in initiating the 

differentiation of wound-induced tracheary elements  

Tracheary element differentiation follows wound-induced cell division, and the newly 

formed tracheary elements differentiate from cells that had divided in response to wounding. 

Furthermore, inhibiting the wound-induced cell division with drugs that stop DNA synthesis or 

cytokinesis also blocks subsequent tracheary element differentiation. In this system, dividing 

cells are more susceptible to the stimuli that induce tracheary element formation than cells that 

are not in the cell cycle. In other systems, however, cells do not necessarily initiate 

differentiation during the cell cycle. Cells in tissue culture that have left the cell division cycle 

altogether can differentiate as tracheary elements under some conditions. When Zinnia 

mesophyll cells are isolated from leaves and cultured as a cell suspension in a medium 

containing auxin, a large proportion of them will differentiate as tracheary elements and many of 

them do so directly without an intervening cell division cycle (Fig. 1.6). 

 

Figure 1.6. Time course of cell division and tracheary element differentiation in culture 

Zinnia leaf mesophyll cells 
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The mesophyll cells of young Zinnia leaves are isolated mechanically and placed in culture 

as a cell suspension in a medium containing an auxin and a cytokinin. Over the subsequent 14 

days a very large percentage of the mesophyll cells differentiate as tracheary elements. Although 

some of the mesophyll cell divides, most of them differentiate directly without dividing. 

Although the majority of the Zinnia mesophyll cells differentiate from Gl, some repair-type 

DNA replication is essential for tracheary element differentiation. This work demonstrates that 

differentiation can be initiated from some cell types without a "quantal" or formative cell 

division.  

 

Figure 1.7. Initiation of lateral roots from the pericycle 

(A) The pericycle (P) is a one-cell-thick tissue layer immediately inward from the endodermis 

(E). Lateral roots are initiated with periclinal cell divisions in pericycle cells that lie over the 

xylem (RX). The lateral root meristem becomes organized as additional cell proliferation 

occurs from the derivatives of the pericycle cells.  

(B) Subsequent growth of the primordium compresses the cortical cells of the main root, 

ultimately rupturing the epidermis as it emerges. 

(C) If the division of pericycle cells is blocked with colchicines, tumor-like outgrowths occur in 

the region that would give rise to lateral roots resulting from the expansion of the pericycle 

cells. The repolarization of the pericycle cells occurs without cell division, with the 
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establishment of pseudo lateral root promeristem. 

(D) A longitudinal section through the tumor like outgrowths in the colchicines-treated roots 

demonstrates their similarity to lateral root promeristems. 

Under the appropriate hormonal stimulus, some plant cells can initiate a radically different 

type of differentiation, without an intervening cell division cycle. The formation of lateral roots 

also appears to be a case in which a differentiated state is initiated during some phase of the cell 

cycle. The divisions preceding lateral root initiation appear to be examples of quantal, or 

formative, divisions, but there is experimental evidence against a necessary relationship between 

the division and subsequent differentiation. Lateral roots are formed, not in the root meristem, 

but in more mature regions of the root, where they are initiated by cell divisions in a highly 

differentiated tissue known as the pericycle (Fig. 1.7). 

The derivatives of the dividing pericyclic cells become an organized meristem which 

produces the branch root. Foard and his colleagues showed that the pericycle cells would 

undergo enlargement and their growth axis would change to form a "pseudoprimordium," even 

when they blocked cell division with the drug colchicine. When the colchicine was removed, the 

pseudoprimordia developed as lateral roots. Although this result argues that cell division per se 

is not necessary for the change in pericycle cell commitment, it is possible that these decisions 

are made in some other part of a "quantal" cell cycle, which of course would not necessarily be 

blocked by the colchicine. In summary, there is no compelling experimental evidence that major 

changes in gene expression, cell commitment, or cytodifferentiation must be initiated during 

special formative or quantal divisions in higher plants. Cell division nevertheless usually 

precedes a change in the differentiation state of cells in growing, developing plant tissues and 

organs. This relationship is particularly apparent where unequal cell divisions precede 

differentiation. 

Unequal Cell Divisions 

Formation of the stomatal guard cells occurs late in leaf development and is initiated by cell 

divisions that occur in epidermal cells after almost all other mitotic activity in the leaf has 

ceased. By the time these late cell divisions occur, most of the epidermal cells have left the cell 

cycle and enlarged. The division preceding the formation of the stomatal complex is 

asymmetrical. These formative divisions are said to be unequal because the mitotic spindle is not 

centered in the cell and because the daughter cells are very different in size (Fig. 1.8). More 

importantly, these cell divisions are unequal because the two daughter cells have very different 

fates: the smaller, less vacuolate daughter goes on to form the guard cells; the other daughter 

retains the characteristics of epidermal parenchyma. Guard cells are very different from 

epidermal parenchyma. In addition to forming a unique differentially thickened cell wall that 

permits stomatal opening and closing, guard cells have chloroplasts, which are absent in 

epidermal parenchyma. After the initial, unequal division, the smaller daughter undergoes at least 

one or more divisions to form the guard cells. 

A. The epidermal cells of the onion seedling cotyledon, as seen in this interference contrast 
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micrograph, are elongated and highly vacuolated before the guard cells are formed. 

Before dividing, the nucleus moves to the distal end of the epidermal cells that will give 

rise to the stomatal complex.  

B. These cells then divide asymmetrically and the smaller daughter becomes the guard cell 

mother cell (GMC) while the larger daughter retains the characteristics of an epidermal 

cell.  

C. The GMC has the characteristics of a meristematic cell, such as numerous small vacuoles, 

relatively dense cytoplasm, and thin cell walls 

D. During the subsequent division of the GMC, the mitotic spindle rotates so that cytokinesis 

is peridinal, with the new cell plate parallel to the long axis of the epidermal cells. 

E. The two daughter cells then differentiate as guard cells. 

Root hairs are vital for the absorption of water and nutrients from the soil. They are formed 

from the epidermal cells in a limited region of the root near the tip (Fig. 1.10). The hair is an 

outgrowth of a single epidermal cell and only a fraction of the epidermal cells form root hairs. 

The cells that will produce hairs are formed as a result of late cell divisions within the epidermis, 

after most of the cells have left the cell cycle. These late divisions also are often unequal so that 

one of the daughter cells receives most of the cell volume, including the vacuole. It is the smaller 

derivative that subsequently differentiates as a root hair cell. Even in cases in which the division 

giving rise to the root hair initial is not asymmetrical as far as the cytoplasm partitioning is 

concerned, the divisions are unequal also in the sense that the fates of the two daughter cells are 

different; only one daughter goes on to form a root hair. 

 

Figure 1.8. Root hair formation 
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Root hairs form from epidermal cells. Each hair is an outgrowth from a single epidermal 

cell that came into existence as a result of a later, asymmetrical cell division.  

(A) Most cell division in the root occurs in the apical meristem, although in some tissue layers it 

may continue into the zone of cell elongation, just behind the apical meristem; however, the cell 

divisions that give rise to the root hair cells occur even later. Furthermore, not all of the 

epidermal cells divide to give rise to root hair cells.  

(B) Outline of the steps leading to the asymmetrical cell division and the formation of the root 

hair. 

Perpetuation and Loss of Determined States 

The process of determination is a change in the developmental potential of a tissue, an organ, 

or even a whole plant. For example, environmental signals such as the length of the day 

sometimes initiate flowering. When very small floral meristems are placed in culture, they grow 

and develop to produce anatomically normal flowers. This demonstrates that a determined state 

(flowering) can be perpetuated through proliferative divisions. Determination remains a somewhat 

nebulous concept. Although it can be defined operationally, the molecular-genetic mechanism 

responsible for determination has not been identified. Furthermore, the fact that differentiated 

cell characteristics can be maintained through cell division and distributed to the daughter cells 

suggests that some mechanism can stabilize the determined or differentiated state. 

 

Figure 1.9. Decrease in ability of carrot cells to initiate somatic embryogenesis with 

prolonged culture 

Carrot tap root tissues were placed in tissue culture on a medium containing the auxin 2, 4-

dichlorophenoxyacetic acid and they were sub cultured to fresh medium at monthly intervals. 

Embryogenesis can be initiated in some of the cells by transferring them to medium lacking the 

auxin. Within the first several months after the callus tissue is isolated, a large percentage of the 

cultures can initiate embryogenesis, but this embryogenic capacity declines with prolonged 

culture. For a period, this embryogenic capacity can be partially restored by transferring the 
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tissues from the MS medium to a tissue culture medium with a lower concentration of inorganic 

salts at the times indicated by the arrows. 

Plant cells also can lose a determined state or even their competence to undergo 

morphogenesis, after proliferation in culture in vitro as callus tissue. For e.g., Cultured cells of 

carrot and several other plants can undergo embryogenesis when they are placed in a medium 

lacking auxin after the cells have been subculture several times over the course of many months, 

however, it is not unusual to find that they no longer form embryos (Fig 1.9). Apparently the 

hormonal and nutritional environment in which cell proliferation occurs is important in 

maintaining a determined state and competence for subsequent development. As presented 

earlier, the plant hormones auxin and cytokinin can initiate morphogenesis in many callus 

cultures and it is possible to regulate the type of organogenesis in some cultured tissues by 

manipulating the balance of these two hormones. 

 

Figure 1.10. Flower formation from cultured tobacco stem tissues 

This diagram shows the structure of a mature, flowering tobacco plant. Also shown is the 

fact that the buds above the third node (line) are determined to be floral, whereas those at or 

below the third node are undermined. Adventitious bud formation is initiated from tobacco stem 

segments when they are cultured on a medium containing an appropriate concentration of the 

hormones, auxin and cytokinin. Stem segments taken from the inflorescence region of the plant 

often form floral buds, whereas tissues taken from the stem below the third node usually form 

vegetative buds in culture. 

Floral, root, or shoot meristems are initiated, depending on the ratio of auxin to cytokinin in 

the culture medium and the original location of the explant within the plant (Fig. 1.10). If the 
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cultured stem tissues are taken from the floral inflorescence of the tobacco plant, manipulating 

the hormonal composition of the culture medium and other factors can induce the differentiation 

of floral buds, whereas stem tissues from plants that have not begun to flower or from regions of 

the plant in which the buds have not undergone floral determination form primarily vegetative 

buds or roots. These experiments illustrate the degree of developmental plasticity of plant cells 

and the importance of regulatory molecules in establishing and maintaining the determined state 

in dividing plant cells. 

Roots 

Water and minerals are essential nutrients for all forms of life. Animals obtain essential 

minerals such as iron, calcium, potassium, and nitrogen from their diet, whereas plants obtain 

water and these essential minerals from the soil solution. Roots are specialized organs for water 

and mineral absorption and transportation. They also anchor the plant in the soil. Roots increase 

in length only at their tips (Fig 1.13). It is here that new cells are added to the root cylinder by 

the meristem. These new cells subsequently elongate and then differentiate to assume specialized 

tasks within the root. After they differentiate, most cells neither divide nor elongate again. As 

these different developmental events tend to the spatially separated, the root is said to consist of 

four zones: (l) The root cap, (2) The meristem, (3) The Region of elongation and (4) The region 

of differentiation. 

As growth occurs in the region of elongation, three types of tissues can be recognized: 

protoderm, ground meristem and procambium. The protoderm will differentiate as the 

epidermis, the procambium becomes the vascular tissue, and lie ground meristem differentiates 

as cortical tissue. The vascular tissue forms a cylindrical central core of the root. It is surrounded 

by four concentric rings of tissue. Proceeding from the inside out, these are the pericycle, 

endodermis, cortex, and epidermis. The pericycle actually is considered to be the outermost 

layer of the vascular cylinder, because it was derived from the procambium, but it is a region of 

the vascular cylinder with a unique function. The pericycle is only one cell layer thick. Its cells 

are thin-walled and undifferentiated, but they retain a capacity for growth and play an important 

role in root development. The pericycle gives rise both to the vascular cambium of the root and 

to branch roots later in development. 

Cortical tissue is composed mainly of parenchyma cells, and its primary function usually is 

carbohydrate storage; however, the innermost layer of the cortex, the endodermis, is specialized 

and functions in water transport through the root. Endodermal cells lack, secondary walls, but 

lignin and a waxy material called suberin are deposited in their radial and transverse walls. These 

deposits are known as the Casparian strip. Many epidermal cells develop root hairs. These are 

formed within the region of differentiation and they are thin-walled, linear outgrowths that 

remain part of the epidermal cell. Root hairs greatly increase the surface area of the root that is 

exposed to the soil solution, making the uptake of water and minerals much more rapid. It is 

within the region of the root containing root hairs that minerals and water are taken up and 



Plant Developmental Biology Volume I 
    (ISBN: 978-93-91768-34-8) 

17 
 

loaded into the tracheary elements for transport into the shoot system. To reach the vascular 

tissue, water and minerals must cross the cortex. Primary cell walls are very hydrophilic. 

 

Figure 1.11. Some important aspects of root structure 

(A) This longitudinal section through a growing root illustrates the root cap, apical meristem, 

region of elongation, and region of differentiation. It is within these regions that the 

primary body of the root is formed and all primary growth and differentiation occur. 

(B) In this cross section of a young dicot root, note all the vascular tissue occupies the center 

of the root. 

(C) The structure of the endodermis and its position within the root. 

As a result, water can flow through the matrix of the cell walls as it crosses the cortex, 

without entering the cytoplasm of the cortical cells. When water reaches the endodermis, 

however, the suberin-containing Casparian strip of the epidermal wall prevents further movement 

of water or minerals through the cell walls. Water and dissolved minerals reaching the xylem 

must, as a result, pass through the cytoplasm of the endodermis. The plasma membrane of the 

endodermal cells then acts as a selective barrier, allowing some minerals to pass while excluding 

others. All dissolved minerals that will be transported by the xylem must first pass through the 

selective filter of the endodermal cytoplasm. Not all species develop root hairs or rely 

exclusively on root hairs for water and mineral adsorption. Many plants have developed a 

symbiotic relationship with soil-dwelling fungi in which the fungi serve the function of the root 
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hairs. These fungi are known as mycorrhizae (singular, mycorrhiza). Although laboratory-

germinated seedlings lack mycorrhizae, most seeds growing in soil in nature have mycorrhizae 

associated with their roots. The arrangement of the xylem and phloem within the vascular tissue 

is characteristic of the different groups of angiosperms. 

In dicots, the strands of xylem alternate with the phloem strands, both of which initially form 

close to the pericycle. Tracheary elements first differentiate near the outside of the vascular 

cylinder, and then differentiation progresses inward. Often the whole central vascular cylinder 

contains a core of differentiated tracheal) elements, from which arms radiate out toward the 

pericycle. The number of arms of xylem observed in a cross section of the root is a consistent 

characteristic of a given species, although it can be changed experimentally. The phloem 

continues to be present as separate bundles which lie between the xylem arms (see Fig. 1.11). In 

monocots, the cells in the center of the vascular cylinder do not differentiate into tracheary 

elements, but remain as undifferentiated parenchyma and are collectively called pith. The xylem 

and phloem of the root are continuous with the vascular tissues of the stem, although the 

arrangement of the vascular tissues in the shoot is quite different from that of roots. 

Stems 

Cell division and development within the shoot apical meristem form leaf primordia, as well 

as cells that grow and differentiate to become the tissues of the stem. Primary stem growth and 

tissue differentiation occur only in the terminal several centimeters of the shoot tip, but the 

elongating and differentiating zones are not spatially separated, as they are in the root. Growth 

and development of the shoot apical meristem initially form three different tissues—protoderm, 

ground meristem, and procambium—as in the root (Fig. 1.12).  

The shoot apical meristem produces not only leaf primordial, but also the tissues of the stem: 

protoderm, procambium, and ground meristem. The procambium is present as strands that run 

through the ground meristem. Procambial cells differentiate to become the vascular bundles (A). 

In contrast to the root, a young stem will have several vascular bundles either scattered 

throughout the stem in the monocots (B) or arranged in a ring in dicot stems (C). 

These three tissues further differentiate into epidermal, ground, and vascular tissues, 

respectively; however, where the root had a solid core of procambium that produced a central 

cylinder of vascular tissue, the procambium of the stem consists of several separate strands 

within the ground tissue. Each of the procambial strands then differentiates into a separate 

vascular bundle. In monocots, the vascular bundles are more or less randomly scattered 

throughout the ground tissue, but in dicots the vascular bundles are arranged in a ring and the 

central part of the stem lacks vascular bundles. 

Each vascular bundle contains both xylem and phloem in both monocots and dicots. Usually, 

the phloem is toward the surface of the stem whereas the xylem is more internal, but they are 

aligned on the same radius. Undifferentiated procambial tissue separates the xylem and phloem 

during primary growth, but the vascular cambium will develop from the remaining procambial 

tissue later in development as secondary growth is initiated, pith parenchyma occupies the 
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central core of the dicot stem, while the vascular tissues are separated from the epidermis by a 

layer of cortical parenchyma. Both cortex and pith are derived from the ground meristem in the 

stem. The cortical parenchyma of the stem usually contains. 

 

 

Figure 1.12. Some important aspects of stem structure 

 

The Vascular Cambium and Secondary Growth 

The vascular cambium and cork cambium are secondary meristems that are formed in stems 

and roots after the tissues of the primary plant body have differentiated. The vascular cambium 
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is responsible for increasing the diameter of stems and roots and for forming woody tissue. The 

cork cambium produces some of the bark. In dicot stems, the vascular cambium initially 

differentiates from procambial cells within the vascular bundles (Fig 1.13A), s chloroplasts and 

is active in photosynthesis. This fascicular cambium may contribute additional cells to both 

xylem and the phloem of the bundle. At some point the cambium expands in to the ground tissue 

between the vascular bundles, forming an inter fascicular cambium, completing the ring of 

vascular cambium (Fig 1.13B). 

 

Figure 1.13. Secondary growth: the origin and structure of vascular cambium in the 

stem. The vascular cambium is formed in mature dicot stems after stem elongation stops 

 

Cell division by the cambium produces cells that become secondary xylem and phloem. As 

secondary phloem and xylem tissue accumulates, it both increases the girth of the stem and 

forms wood and bark. Because cambial activity is seasonal in temperate zone plants, the wood 

and bark are laid down in distinct annual rings (Fig 1.15C). Monocots do not have a vascular 

cambium, even though some of them, such as palms and the Joshua tree, exhibit secondary 

growth. Instead, they have a thickening meristem that produces secondary ground tissue. This 
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increases the girth of the stem and additional vascular bundles differentiate within the secondary 

ground tissue.  

(A) Primary xylem and phloem differentiate from procambial tissue in the vascular bundles, and 

a fascicular cambium is formed from procambial tissue separating these tissues.  

(B) Later, an interfascicular cambium appears between the vascular bundle that is continuous 

with the fascicular cambium.  

(C) The further development of the cambium results in the formation of a cylinder of vascular 

tissue.  

(D) The vascular cambium is a layer of pluripotent dividing cells whose derivatives differentiate 

as either xylem elements (vessel members, tracheids, fibers, or xylem parenchyma) or phloem 

elements (sieve tube members, companion cells, fibers, or parenchyma).  

(E) The dividing cells of the vascular cambium consist of long, narrow fusiform initials, from 

which the tracheary elements are derived, and ray initials, from which ray parenchyma is 

formed. 

The vascular cambium is composed of two kinds of cells, ray initials and fusiform initials. In 

cross section these look very similar. Both are small, flattened cells within walls. When viewed 

in tangential section, however, ray initials can be seen to be relatively short, small cells, whereas 

fusiform initials are very long and narrow (Fig. 1.15D). In gymnosperms the fusiform initials 

often are several millimeters in length. Dicot fusiform initials are much shorter, but some still 

are up to 0.5 mm in length. Cell division in the fusiform initials usually is tangential and the cell is 

partitioned down its long axis, forming two equally long, narrow cells.  

Tracheary elements or sieve elements differentiate from derivatives of the fusiform initials, 

and derivatives of the ray initials differentiate as ray parenchyma. The ray parenchyma permits 

transport of water from the xylem into the cambium and the tissues of phloem, as well as 

transport of photosynthate from the phloem into the cambium and the living cells of the xylem. 

Some of the cells produced by the cambial initials continue to divide, whereas others 

differentiate. Tracheary elements or sieve elements differentiate from derivatives of the fusiform 

initials, and derivatives of the ray initials differentiate as ray parenchyma. The ray parenchyma 

permits transport of water from the xylem into the cambium and the tissues of phloem, as well 

as transport of photosynthate from the phloem into the cambium and the living cells of the 

xylem. The cork cambium also is a secondary meristem, containing meristematic cells. The cork 

cambium forms a major portion of the bark of woody plants. The secondary phloem also is part 

of the bark, but of course phloem is produced by the vascular cambium. The cork cambium first 

arises within the cortex as a concentric layer forming a cylinder of dividing cells (Fig. 1.14). 
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Figure 1.14. Cross section through the stem of a woody dicot showing the development 

of a cork cambium 

 

Figure 1.15. The photosynthetic carbon reduction (PCR) cycle in C3 and C4 plants 

Leaves 
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The derivatives of this meristematic cell layer differentiate as cork, or phellem, toward the 

outside of the stem, whereas derivatives produced toward the inner part of the stem differentiate 

as phelloderm. Suberin is deposited in the cell walls of the phellem and they are dead al maturity. 

They protect the stem from water loss and from mechanical damage. As the tree increases in 

girth, the outer layers of bark are sloughed off. Additional cork cambia arise within the secondary 

phloem as the plant develops. 

A typical angiosperm leaf is a thin, flattened structure that may be only a few cells thick. 

Photosynthesis occurs in the chloroplasts, which are abundant in the mesophyll cells of the leaf. 

Photosynthesis consists of two separate processes: (1) the fixation of carbon from carbon dioxide 

and (2) the reduction of carbon using energy obtained from light. Technically, the fixation of CO; 

does not require light energy and can occur in the dark. In carbon fixation, an intermediate reacts 

enzymatically with carbon dioxide to form an organic acid. Two different mechanisms have 

evolved to fix carbon for photosynthetic reduction. These are known as the C3 and CA 

pathways, and plants exhibiting these are said to be C3 and C4 plants (Fig 1.15). The first stable 

product of COs fixation in C3 plants is a three-carbon organic acid. The enzyme ribulose-l, 5-

bisphosphate carboxylase oxygenase (RUBISCO) combines C02 with the phosphosugar ribulose 

1, 5-bisphosphate to form two molecules of 3-phosphoglyceric acid. 

In contrast, carbon fixation in C4 plants results in the formation of four-carbon organic acids, 

aspartate and malate, as the first stable product of carbon fixation. In C3 plants 3-phospho 

glyceric acid subsequently is reduced by a series of reactions known as the C3 photosynthetic 

carbon reduction (PCR) cycle to form a six-carbon sugar as its ultimate product and regenerate 

the intermediate C02 acceptor. Both the carbon fixation and the photosynthetic reduction cycle 

within the leaf mesophyll cells of the C3 plants. The structure of a leaf of a typical C3 plant is 

shown in Fig 1.16A. It contains two kinds of mesophyll tissue, spongy and palisade, which differ 

in their organization, although the cells in both layers contain many well-developed chloroplasts 

and both fix CO, and participate in the photosynthetic carbon reduction cycle. The sugar 

produced by the mesophyll cells is transported into the bundle sheath cells, which surround the 

vascular tissue, and then into the phloem for transport out of the leaf. The bundle sheath cells of 

C3 plants lack chloroplasts. The structure of a C4 leaf is diagrammed in Fig. 1.16C. 

In C4 plants, the mesophyll cells have chloroplasts, but they lack RUBISCO and do not 

participate directly in the photosynthetic carbon reduction cycle. The four-carbon organic acids 

formed as a result of carbon fixation are transported out of the mesophyll cells and into the 

bundle sheath cells. 
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Figure 1.16. Leaf structure 

(A) Diagram of the structure of the leaf if a C3 plant. The mesophyll is organized into distinct 

palisade layers which overlie a more disorganized spongy mesophyll. The bundle sheath cells 

surrounding the vascular bundles lack chloroplasts.  

(B) Surface view of the epidermis of a leaf illustrating the structure of guard cells and their 

position around stomata.  

(C) Structure of the leaf of a C4 plant. The major difference between C4 and a C3 leaf are that 

the bundle sheath cells contain chloroplasts and play a major role in photosynthesis in C4 leaves. 

In addition, the mesophyll may not be organized into spongy and palisade layers. 

Bundle sheath cells of C4 plants contain chloroplasts, although their structure differs from 

that of the mesophyll cells, and RUBISCO is present in these chloroplasts. After entering the 

bundle sheath cells, the organic acids are decarboxylated and the COs is fixed again as 3-
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phosphoglyceric acid, which is concentrates the CO, within the bundle sheath cells and makes the 

RUBISCO reaction more efficient. It also eliminates an inefficient process known as photo 

oxidation which competes with photosynthesis. The C4 pathway was first discovered in the 

tropical grass sugarcane, CO2 is then reduced via the C3 PCR pathway (see Fig. 1.16B). It is also 

found in maize, crab grass, and many other monocots and dicots scattered among 18 different 

families of angiosperms. 

Apparently, this photosynthetic pathway has evolved independently several times. Although 

it makes photosynthesis slightly less efficient under conditions of high C02 concentration, when 

C02 is limiting for photosynthesis, which it nearly always is under natural conditions, C4 plants 

are considerably more productive photosynthetically. In both C3 and C4 plants, the mesophyll 

tissue is surrounded by a layer of epidermal cells that lack chloroplasts and secrete a waxy 

material that coats the outer surface of the leaf and prevents its desiccation. As photosynthesis 

requires atmospheric C02, gas exchange must take place between the air and the inner portions of 

the leaf. This can occur because there are small openings through the epidermis called stomata 

(singular, stoma) (Fig. 1.18B). Stomata can be opened or closed by the action of specialized 

epidermal cells known as guard cells.  

Unlike the other epidermal cells, stomatal guard cells contain chloroplasts, as well as special 

wall thickenings. The vascular bundles in the leaf are known as veins. The leaf veins are part of 

the vascular system of the plant that forms an interconnected network running throughout the 

plant. There are two main types of venation patterns in flowering plants: reticulate and parallel. In 

reticulate venation, the veins occur in a netted pattern; in parallel venation, the large veins run side 

by side with only small lateral interconnections. The pattern of leaf venation is carefully 

controlled and it may represent one of the unique characteristics by which plants are identified. 

For example, grasses and other monocots usually have parallel venation, whereas many divots 

have reticulate venation. In either case the veins are interconnected and form a system that 

serves all parts of the leaf. 

Differences between Plants and Animals as Organisms 

Plants and animals are radically different kinds of organisms. Plants are not simply green 

animals. A soybean plant and a human, for example, are very similar in the nature of their 

genetic material and in the mechanism by which their genetic information is read and used. 

There are, however, few similarities between them on the level of the whole organism. This is 

because plants and animals have evolved very different mechanisms to cope with the challenges 

and opportunities of their environments-an inevitable result of these organisms' having to use 

different strategies to cope with the main problems all living organisms face: 

 Obtaining the nutrients necessary to sustain life 

 Reproducing 

 Surviving under adverse environmental conditions and exploiting favorable conditions 

 Protecting themselves against harmful organisms 
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All organisms have structures or behaviors that help them meet these challenges, but plants 

and animals meet these in radically different ways, each of which has important developmental 

consequences. 

Mechanisms for Obtaining Food and Other Nutrients 

Plants are predominantly autotrophic that is, they make their own food. Plants use 

atmospheric carbon dioxide, which is a very dilute resource in the environment, as well as water 

and the energy of sunlight to manufacture their own food by the complex photochemical 

reactions of photosynthesis. In most flowering plants, photosynthesis takes place primarily, if 

not exclusively, in leaves, which are highly adapted for photosynthesis. Other organs, such as 

roots, may be heterotrophic; they depend on the food made by photosynthesis in leaves to supply 

their needs. The plant as a whole, however, is autotrophic. In contrast, animals are heterotrophic; 

that is, they obtain their nutrition by eating already synthesized food. Some animals eat other 

animals whereas others eat plants, but, directly or indirectly, animals use the food that plants 

have manufactured through photosynthesis. 

Reproductive Mechanisms 

Plants do not establish a germ line Plants do not make a distinction between cells that form 

the body and reproductive cells, whereas animals usually set aside special cells as the germ line. 

The germ line cells do not participate in the formation of the animal body; they are reserved 

early in embryogenesis as the cells that will reproduce the organism. Eggs and sperm (gametes) 

are formed only by descendants of the germ line cells that divide relatively infrequently during 

the life of the organism. In contrast, all plant cells retain the potential for reproduction and the 

probability that any given cell will give rise to gametes is simply a function of its position within 

the organism. This can have important consequences for plant genetics, as it has been shown 

that long-lived plants such as trees accumulate mutations and pass these onto their offspring. 

Mutations can occur during the replication of DNA during cell division; so, the more cell 

divisions that occur in (he life of the organism, the more mutations its descendant will inherit. 

Reproductive structures most frequently are produced by the youngest tissues on the plant and 

these will have undergone the greatest number of cell divisions in the life of the organism. The 

longer a plant lives, the more cell divisions the tissue that will produce the gametes will have 

completed and the more likely that these gametes will contain mutations. Plants reproduce 

asexually as well as sexually another major difference in the strategy for reproduction is the fact 

that most plants reproduce both sexually and asexually, whereas, with a few exceptions, higher, 

multicellular animals reproduce only sexually.  

Asexual reproduction results in offspring that are genetically the same as the parent. They are 

clones, and plants that reproduce by asexual mechanisms are said to be vegetatively propagated. In 

contrast, sexual reproduction produces offspring that differ genetically' from either parent. Many 

plants can be propagated vegetatively, and horticulturists have developed a variety of techniques 

to exploit this common plant trait. In fact, some important crop plants, such as seedless grapes, 

and many horticultural varieties can be propagated only vegetatively because they are sterile. A 
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sterile plant would have difficulty surviving in nature over evolutionary time because it most 

certainly would at some point encounter a major environmental change to which it could not 

adapt. 

Over the space of even a few thousand years, however, asexual reproduction can make it 

possible for a species to expand rapidly into a particular environment to which it is particularly 

well adapted. Many plants produce an underground stem, known as a rhizome, from which new 

shoots can arise. A rhizome is similar to a stem and quite different from a root in both its external 

morphology and internal anatomy. The rhizome's response to gravity is different from that of 

either roots or shoots. A rhizome usually grows parallel to the surface of the ground instead of 

vertically. Many grasses, including bamboo, reproduce asexually by producing rhizomes. 

Bamboo reproduces sexually very infrequently, but it reproduces asexually and can spread 

rapidly by producing large numbers of genetically identical individuals from rhizomes. 

When bamboo does flower, which may not happen for many years, all members of the clone 

flower at the same time and then die. The swamp plant known as cattail also reproduces 

asexually from rhizomes (Fig. 1.17). Sexuality is not as well defined in plants as it is in animals 

most animals. Most Animals are either male or female and they have well-defined genetic 

mechanisms for sex determination. Of course, there are some exceptions. The garden snail, for 

example, has both male and female sexual organs and is said to be hermaphroditic. 

 

Figure 1.17. Rhizomes and asexual reproduction. Rhizomes are underground stems that 

often play an important role in asexual reproduction 
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(A) In the cattail, the rhizome grows horizontally; giving rise to buds from which young plants 

develops.  

(B) The many cattails shown are clones derived from rhizomes produced by a single individual 

within a 6 months period.  

(C) When the leaves and roots are cut off and the sail washed away, the individual plants can be 

seen to be interconnected by the rhizomes, from which they emerged. 

All mammals have a well-defined mechanism for sex determination, and the developmental 

differences between males and females extend beyond reproductive differences into many other 

characteristics of the animal, such as body build and distribution of hair. In contrast, 

approximately 90% of all angiosperms produce both male and female gametes. They are 

hermaphroditic, like the snail. 

In a typical angiosperm flower Fig. 1.18 sperm are formed inside pollen grains produced by 

the anthers, whereas the egg develops within an embryo sac, inside the ovary. Sexual 

differentiation in animals serves to ensure genetic out crossing. Plants achieve this by a different 

mechanism. Although some plants are self-fertile, many mechanisms have evolved to ensure 

that the eggs of one individual containing eight nuclei in seven cells. Three of these, the antipodal 

cells, appear to have relatively little to do with embryogenesis. Fertilization begins when the 

pollen tube ruptures and the two sperm enter the embryo sac. Double fertilization occurs in the 

angiosperms. One sperm unites with the egg to form the diploid zygote. This marks the end of 

the gametophyte generation and the beginning of the sporophyte generation. The zygote 

undergoes embryogenesis; it grows and develops into the embryo. The second sperm unites with 

both of the polar nuclei to form the endosperm nucleus. 

 

Figure 1.18. Major parts of an angiosperm flower 
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The endosperm nucleus will divide to give rise to endosperm tissue. Endosperm tissue is 

composed of triploid cells with a genetic composition different from that of the embryo. It forms 

around the developing embryo and plays an important role in its nutrition, either during 

embryogenesis or later during seed germination. Embryogenesis is accompanied by seed 

formation. Typically, embryogenesis and seed formation culminate in the formation of a 

dormant seed. The mature seed has the capacity not only to develop into a new plant, but also to 

withstand drought, heat, cold, and other environmental extremes that would kill a growing plant. 

The seed is a complex structure designed to contain, nourish, and protect the embryo. Most 

seeds are surrounded by a seed coat, which is a protective layer derived from the mother plant, 

and they may contain endosperm tissue in which food reserves have been stored to be used by 

the embryo during germination. 

 

Figure 1.19. Alternations of generations in angiosperms 

Survival Mechanisms 

Plants and animals use different strategies to protect against adverse environmental 

conditions and invading microorganisms Plants usually are rooted in the soil and are not able to 

move about in their environment. In contrast, most animals are motile. Animals can simply 

leave or hibernate when environmental conditions become too difficult and threaten their 

survival. Animals are well adapted to their environment through evolutionary mechanisms, and 

the normal seasonal change in climate rarely brings about a major developmental change. The 

onset of winter may trigger a change in fat deposition or coat thickness and color in some 

mammals, but the overall shape and form of the animal are unaltered. In contrast, plants cannot 

escape changing or adverse conditions and frequently respond to climatic challenges with 

developmental changes that enable them to adapt to the new conditions. The importance of the 
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environment in plant development can be illustrated by the somewhat extreme example of 

amphibious plants. Consider the water buttercup, Ranunculus aquatilis. 

This plant can grow both in the water as a submerged aquatic and in the air above a pond. 

The submerged leaves are very finely dissected and little mesophyll tissue surrounds the veins, 

whereas the aerial leaves are broad with well-developed mesophyll tissue. These two leaf forms 

are so different from each other that they seem to belong to completely different plants (Fig 

1.20). This phenomenon, known as heterophylly, is quite common and is only one example of 

how a plant responds to its environment with adaptive developmental changes. Plants may alter 

their development or use chemical warfare to protect against pathogens and predators. Higher 

animals have a well-developed immune system to protect them from invading microorganisms. 

Plants also must protect themselves from invading microorganisms and they have evolved many 

mechanisms to do so, but these mechanisms are quite different from the immune system of 

animals. 

 

Figure 1.20. Strong influence of environmental factors on plant development. Leaf 

morphology differs radically (heterophylly) between the aerial and submerged leaves of the 

water buttercup, Ranunculus aquatilis 

In many cases, the plant's response to invading microorganisms is developmental. These 

developmental changes include alterations in the structure of the cell wall and localized cell 

death around the site of microorganism invasion. In other cases, the response is a biochemical 

change leading to the synthesis of special poisonous substances to kill the invading pathogen. 

Plants mount a chemical defense against predators as well as pathogens. They synthesize special 

organic molecules that repel, sicken, or kill animals or microorganisms that might harm them. 

Differences in the Developmental Mechanisms of Plants and Animals 

Postembryonic versus Embryonic Development 

The majority of animal development takes place between conception and birth in the process 

known as embryogenesis. In fact, animal development is almost synonymous with embryology. 
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Of course, animals continue to develop after birth. The average person is most familiar with the 

developmental changes that occur between birth and adulthood. Also, as we grow older, we 

become acutely aware of the relatively slow developmental changes that occur during aging; 

however, these more readily observable changes are relatively minor when compared with the 

changes during embryogenesis that shape the fertilized egg into a functioning multicellular 

organism. 

Animal embryogenesis usually forms most of the major organs of the mature organism. Even 

though these organs continue to grow and develop after birth, the organs nevertheless are 

recognizable, and usually functional, at birth. Angiosperms also undergo embryogenesis and the 

seed contains an embryonic plant; however, the embryonic plant lacks most of the major organ 

and tissue systems of the mature plant. The tissues and organs of the mature plant, instead of 

developing during embryogenesis, are formed after germination through the activity of the 

meristems. 

 

Figure 1.21. Differentiation of tracheary elements from leaf mesophyll cells 

(A) Zinnia elegans mesophyll cells were removed from leaves of seedling plants and placed in 

tissue culture.  

(B) Four days later many of these cells had differentiated as treacheary elements, with thickened 

secondary walls. 

Nature of Cell Commitment for Differentiation 

In the course of development animal cells become irreversibly committed to a particular 

developmental pathway, whereas with plant cells the commitment rarely is irreversible. Virtually 

any plain cell that retains its nucleus at maturity can, in some circumstances, be induced to 

divide, grow, and perhaps even regenerate the whole plant. Furthermore, nucleated, but highly 
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differentiated, plant cells can change into a radically different cell type. For example, green 

photosynthetic leaf mesophyll cells can be made to differentiate into tracheary elements (Fig 

1.21). In contrast, it can be very difficult, if not impossible, to induce a differentiated animal 

cell, such as a neuron, to become a different cell type, such as a muscle cell. 

Fate of a Plant Cell as Determined by Its Position in the Organism 

Cell migration is an important part of animal development. Animal cells are motile. They 

change their neighbors during development and migrate in well-defined directions according to 

information they obtain as a result of contact with other cells. The developmental fate of a plant 

cell is determined by its position within the body of the plant. Because plant cells do not move, 

the position of a given cell is determined by the plane in which its parent cell divided. Although 

cell lineages are established in some cases, cell differentiation is not dependent on cell lineage. 

Plant cells can and do communicate with each other and the information obtained in this fashion 

plays a role in initiating and maintaining development. Although cell-cell interactions play a role 

in development in both animals and plants, clearly the nature of the information exchanged and 

what the cells are able to do with this information will be more limited in plants than in animals. 

Brief Developmental History of a Typical Flowering Plant 

The fertilization of an egg gives rise to a zygote that will grow and develop into an embryo. 

Typically, the zygote exhibits intracellular differentiation. Its nucleus and most of the cytoplasm 

organelles are near one end, whereas a large vacuole occupies the opposite half of the cell. The 

unfertilized egg is already polarized within the embryo sac. When the zygote divides, this 

polarity is maintained and persists through the life of the plant. The structure containing the 

embryo is known as an ovule. Ovules arc formed inside the ovary of a flower. The embryo and 

the ovule together develop into a seed, while the ovary may develop into a fruit. Most plant 

embryological development has been completed by the time the seed matures. At maturity, 

further development of the embryo is halted and the seed enters a dormant phase remarkably 

resistant to environmental adversity. The seed, or the fruit containing the seed, is released lion 

the parent plant and can germinate and reinitiate growth and development if environmental 

factors permit, but it also could remain dormant for a considerable time. 

 (A) Electron micrograph of the egg of Capsella bursa-pastoris, illustrating its polarity and its 

relationship with one of the synergic cells. 

(B) Micrograph of the zygote of the same species, before the first cell division. 

Development resumes when the seed germinates. Germination may be initialed by water 

uptake, although there may be additional requirements for the resumption of growth, such as 

exposure to light or low temperature. 

 Germination marks the beginning of a phase of rapid vegetative growth. The dormant 

embryo inside the seed contains a recognizable root and shoot axis and may contain several 

immature leaves as well. At the histological level, the dormant embryo contains the beginnings 

of recognizable specialized tissue, but these tissues do not mature in the embryo. On 

germination, not only does the plant increase in size, but internal cell differentiation occurs to 
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form the tissues of the shoot and root. As mentioned earlier, plants contain meristems that are 

regions of persistent embryology. The apical meristems at the end of each growing root and 

shoot are primary meristems. They are self-perpetuating, growing regions that form the cells that 

make up the main root and stem axis of the plant. The shoot apical meristems also form lateral 

appendages, including leaves, flowers, and lateral meristems. Many plants also develop 

secondary meristems, which give rise to additional tissues and organs. 

The vascular cambium is a secondary meristem that consists of a cylinder of proliferating 

cells; some of the cambial derivative cells differentiate as water-conducting xylem elements, 

whereas others become food-conducting phloem elements. The vascular cambium increases the 

girth of the stem. Reproductive development may begin only after a distinct juvenile phase that 

is marked by rapid vegetative growth. Vegetative meristems are transformed into floral 

meristems during the transition to reproductive maturity. Specialized cells are formed within the 

flowers that will undergo meiosis. The haploid cells that result from these reductive divisions 

will grow and differentiate to form a second generation, known as the male and female 

gametophytes, which are parasitic on the vegetative plant. The female gametophyte is a structure 

known as the embryo sac, which contains the egg; the male gametophyte is a pollen grain, which 

forms two sperm cells. The sporophytic generation is initiated with union of the egg and sperm, 

beginning the cycle again. 

Model Systems for the Analysis of Plant Development 

Biologists have made rapid progress by focusing their studies on a single organism that not 

only is representative of a much broader group of organisms, but also is easily manipulated in 

the laboratory. This approach has been followed more or less unconsciously throughout modern 

biology, but occasionally groups of biologists with similar interests have quasi-formally agreed 

to concentrate their efforts on a particular organism or group of similar organisms. In the most 

notable example of this, the phage biologists, led by Max Delbruck, agreed to concentrate their 

efforts on a group of bacteriophages known as the T-even phage. The result was spectacularly 

rapid progress in understanding how these bacterial viruses worked, and from these studies came 

important insights into the molecular mechanisms of heredity, hi genetics, many of the most 

important discoveries have been made through studies of the fruit fly, Drosophila melanogaster, 

and maize. 

Drosophila has been particularly important for investigations of the molecular-genetic basis 

of animal development. Plant molecular biologists in recent years have had extensive 

discussions about the possibilities of finding the plant equivalent of Drosophila. The weed 

Arabidopsis thaliana comes close to being an ideal laboratory plant because of its small stature, 

small genome size, the rapidity with which it completes its life cycle, and the ease with which it 

may be manipulated in the laboratory (Fig 1.22). 

Arabidopsis thaliana, a small weed in the same family as mustard and broccoli, is an 

exceptionally useful experimental plant. During the vegetative phase of Arabidopsis growth, the 

plant consists of a rosette of from 2 to 130 leaves, each of which may be no more than a few 
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centimeters in diameter. When it flowers, it produces a cluster of elongated, flower-bearing 

stems. Each fruit, known as a silique, contains about 20 seeds. 

  

Figure 1.22. Arabidopsis Figure 1.23. The mature maize plant 

 

Because of these advantages, many plant molecular biologists are now concentrating their 

efforts on Arabidopsis, and there are regular meetings of molecular biologists working with 

Arabidopsis. In addition, Arabidopsis may be the only higher plant included in the Genome 

Project, which will completely sequence the genomes of humans and a few other important 

organisms that serve as model systems. Despite these considerations, it is unlikely that all the 

major problems of plant development will be solved through investigations conducted on a 

single species. As can be seen by comparing Figs. 1.1 and 1.25, the basic form of Arabidopsis is 

quite different from that of our "typical" higher plant. 

In fact, no single higher plant is truly representative of all higher plants. As a result, it would 

be unwise for molecular biologists to focus their attention completely on Arabidopsis, excluding 

all other species. Many important contributions to our understanding of higher plants have 

resulted from studies on maize, tomato, petunia, tobacco, soybean, and other plants. Maize also 

is an important model system because it is the best genetically characterized higher plant (Fig 

1.23). As a result, it is a particularly useful plant for many developmental studies. Furthermore, 

maize is both a monocot and an agronomically important plant. Information we obtain about 

maize could help improve the yield of this crop as well as give us a perspective on problems in 

other important grasses, such as wheat and rice. 

The mature maize plant can stand over 1 m high and has few branches. It has determinant 

growth, which means that its flowers after attaining a certain height, with the stem ending in the 

male inflorescence (tassel). The female flowers, known as ears, are formed at the internodes near 

the center of the stem. 
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THE STEM- PRIMERY STRUCTURE 

There are two important orga ns of a vascular plant, the shoot and the root. The shoot 

consists of axis (stem) and its lateral appendages called leaves. The anatomical features of all 

these, i.e., stem, root and leaves are complicated and are discussed here in separate chapters. In 

this chapter, an anatomical feature of stem, as seen in its primary structure is accounted. 

Anatomy of dicotyledonous stem. 

Anatomical features of dicotyledonous stems show considerable variations and therefore 

stem of Helianthus annuus is considered as a type example. Stems with abnormal features and 

secondary growth are discussed separately. For general study, the young stems of sunflower 

(Helianthus annuus) and Cucurbita are taken. Transverse and longitudinal sections are cut and 

suitably stained for the study of internal structure. 

Young Stem of Cucurbita 

Cucurbita maxima are a weak stemmed plant which climbs with the help of tendril. 

Following are important internal structure of a young stem (Fig 1.24). 

 

Figure 1.24. T.S. of Cucurbita stem 

1. Epidermis. It is the outermost single layer composed of thin walled compactly arranged 

tubular parenchymatous cells without intercellular spaces. The outer surface of the cells remains 

cutinised. Numerous unbranched multicellular hairs arise from epidermis. Stomata may be 

present. Cells are living and contain vacuolated protoplast. The epidermis is not circular but is 

wavy, showing prominent ridges and furrows. 

2. Hypodermis. It lies next to epidermis and consists of six to eight layered collenchymatous 

patches below the ridges and one to four layered parenchymatous patches below furrow regions. 

The parenchyma often contain chloroplast, hence are photo-synthetic in nature but collenchyma 

remains more concerned with providing protection and mechanical support. 
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Figure 1.25. Stem of Cucurbita (an enlarged cellular position) 

3. Cortex. It lies just below hypodermis and consists of two to three layered thick 

parenchymatous narrow zones around the central stele. Chloroplasts may be found in these cells 

which carry out the process of food manufacture. Cortical cells usually store the food material. 

4. Endodermis. The innermost layer of cortex is popularly called endodermis which is a 

uniseriate layer composed of barrel-shaped cells containing starch grains. That is why it is 

sometimes also referred to as starch sheath. 

5. Stele. Stele mainly includes pericycle, vascular bundles, pith and intrastelar ground tissue. It 

is polyfascicular siphonostele type. 

(A) Pericycle -Pericycle consists of few layers of sclerenchymatous cells found on the inner 

side of the starch sheath and is in the form of continuous band. Some parenchymatous cells are 

also found between vascular bundles and sclerenchymatous band and these are also considered 

as a part of pericycle. 

(B) Vascular bundles-In all ten vascular bundles are found in the stem which are organized 

into two rows. Vascular bundles of outer row are smaller and occur below the ridge regions 

while those of inner rows are larger and are placed in furrow regions. Vascular bundles are 

conjoint, bicollateral and open type having endarch xylem. Sequence of tissue in vascular 

bundle is outer phloem, outer cambium, xylem, inner cambium and inner phloem. The outer 

phloem is relatively better developed and consists of sieve tubes, companion cells and phloem 

parenchyma (Fig 1.25).  Sieve tubes are well developed and show perforated sieve plates here 

and there. The outer phloem is somewhat convex and inner phloem has semi-lunar shape. The 

phloem parenchyma is small and thin walled. In xylem, metaxylem vessels are of quite large 

size which shows characteristics of a climber. They have pitted thickenings. Protoxylem vessels 

are narrower and are found towards centre. They have usually spiral and annular thickenings. 
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The tracheids and fibers are either few or lacking but xylem parenchyma is abundant. Vessels are 

not found radially arranged. 

Cambiums occur on either side of the xylem and are accordingly called outer and inner 

cambium. The outer cambium is many layered while inner consists of only few rows of cells. In 

young stem, pith lies in the centre and is composed of thin-walled parenchymatous cells. In 

mature stem, the cells of pith are broken and disorganized leaving a hollow pith cavity in the 

centre. Medullary rays are parenchymatous in nature. 

The vascular bundles of outer row represent the leaf traces and those of inner row correspond 

to true stem bundles, i.e., cauline bundles. These vascular bundles develop from procambial 

tissues of apical meristem. Secondary growth in climbing Cucurbita is restricted to individual 

vascular bundles and secondary vascular tissues are hardly distinguishable. In such cases, outer 

phloem towards pericycle consists of primary phloem and towards cambium the secondary 

phloem. The inner phloem remains entirely made up of primary elements. The secondary xylem 

lies just below the outer cambium and have much large vessels as compared to primary xylem. 

A continuous band of secondary wood and secondary phloem is not found in Cucurbita. 

General Account of Dicot Stem. 

The stem consists of three distinguishable tissue systems, the dermal, the ground tissue and 

the vascular system. 

Dermal tissues 

The stem remains externally bounded by single layer of closely arranged rectangular cells, 

called epidermis. It develops from dermatogen. Epidermal cells in aquatic and shade loving 

plants are thin walled but those of plants growing under adverse conditions are narrow and thick 

walled. These are living cells; however, chloroplast is not found in them except in aquatic and 

allied plants. The outer radial and tangential walls are commonly impregnated with fatty or waxy 

substances, called cutin and the deposited layer is referred to as cuticle. At places, epidermis 

remains interrupted due to presence of stomata in green stems. In certain cases, epidermal cells 

also give rise to various types of multicellular hairs, also called trichomes. Epidermis is 

protective in nature which protects the inner tissues from desiccation, excessive heat and from 

microbial attacks. Due to deposition of cutin, it highly minimizes the loss of water due to 

transpiration. It may persist throughout the life of stem as in case of ephimeral and herbaceous 

plants or may be destroyed or sloughed off, as a result of secondary growth and formation of 

periderm as in woody plants. 

Ground tissue system 

In dicotyledonous stems, the ground tissue remains differentiated into hypodermis, cortex and 

pith. Such a differentiation is not found among monocotyledonous stem. Hypodermis in 

herbaceous stems is usually collenchymatous type which may be in the form of a continuous 

ring as in Aristolochia or in the form of patches in angular stems such as Cucurbita and 

Peristrophe. Chloroplasts may or may not be present in these cells. Their primary function is to 

provide mechanical strength and photosynthesis if found is a function of secondary importance. 
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The cortex is often parenchymatous and consists of thin-walled, round or oval cells with large 

number of intercellular spaces. Outer few layers of cortical cells may be assimilatory in nature 

due to presence of chloroplasts in them. 

The chlorenchymatous cortex is well marked in phylloclade (stem) of Euphorbia tirucalli, as 

in this case due to absence of leaves, stem takes the function of leaves. The cortex in most of the 

aquatic plants mainly consists of aerenchyma with a system of large intercellular spaces. In 

certain plants, laticiferous cells or ducts, mucilaginous canals, resin canals, tannin cells etc. may 

also be found. The innermost layer of cortex is called endodermis which consists of cells with 

Casparian strip thickenings. However, in certain cases, the cells of innermost layer are rich in 

starch grains and then this layer is called starch sheath. 

Vascular systems 

The most important constituent of vascular system is the steel, which consists of vascular 

bundles, but in addition, pericycle, pith, modularly rays may also be found in this system. (Fig 

1.26). 

(A)  Pericycle-The tissues lying inner to endodermis and outer to phloem are collectively 

referred to as pericycle and these are regarded as non-phloic in origin. Pericycle is distinct and 

well-marked among dicotyledonous stem. Often it consists of sclerenchymatous fibers which 

may be found in the form of a solid spherical band as in Cucurbita or in the form of patches as in 

Helianthus and Medicago. Some scientists call them as perivascular fibers. Quite many scientists 

believe these fibers are phloic in origin. Thus, pericyclic fibers remain a matter of controversy. 

 

Figure 1.26. An enlarged cellular portion of T.S. of young stem of Medicago 
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(B)  Vascular bundles-The stele in dicotyledonous stem is polyfascicular siphonostele or 

dissected siphonostele, consisting of vascular bundles arranged in a form of a ring and intrastelar 

ground tissues. The vascular bundies consists of primary phloem, cambium and primary xylem. 

The xylem is endarch, protoxylem lies towards centre and metaxylem towards periphery. In 

young stem, the vascular tissues differentiate from procambium, also called pro-vascular 

meristem, in the stem apex. The primary xylem is formed centrifugally, i.e., protoxylem is 

formed first and metaxylem later on. The cambium found in between xylem and phloem is the 

persisted residual meristem which is called intra fascicular cambium. The vascular bundles in 

general are conjoint, collateral and open type. However, in cucurbits, these are conjoint, 

bicollateral and open type. The open types of vascular bundles are capable of undergoing 

secondary growth. The stems are usually monostelic type but polystely is found in rhizomes of 

several members of Nymphaeaceae, where each stele consists of two to twenty or even more 

vascular bundles. 

(C)  Pith- Pith forms the central part of stem and also of the stele which remains enclosed by the 

vascular tissues. It usually consists of loosely arranged parenchymatous cells with abundant 

intercellular spaces, hi certain cases, such as in Cucurbita, pith cells are destroyed and a hollow 

pith cavity is formed. The cells may store starch and sometimes waste products. Laticifers, 

secretory cells, sclereids, idioblasts, crystals of various kinds and ergastic substances may be 

found in pith. The outer few layers of pith may be composed of s mall thick-walled cells and such 

distinct outer pith is called perimedullary zone or medullary sheath. The origin of pith is 

controversial and both opinions are taken as equally important. Some scientists believe, it is 

extrastelar while others believe that it originated from the stele, i.e., intrastelar. 

(D)  Medullary rays-These are narrow, vertically elongated bands of thin walled 

parenchymatous cells, traversing from pith towards periphery. In a cross section, these 

look like radiating bands of parenchyma separating the vascular bundles. Their main 

function is the lateral or transverse conduction of food material and water. Sometimes, 

these perform the function of food storage. Medullary rays are very prominent in 

Aristolochia. 

ANATOMY OF MONOCOTYLEDONOUS STEMS 

For studying the anatomy of monocotyledonous stem, Zea mays (maize) and Triticum 

aestivum (Wheat) are taken as type examples. 

I. Stem of Maize (Zea mays) 

Following important features are found. It also shows three-distinct regions, the epidermis, 

the cortex and the stele (Fig 1.27). 

1. Epidermis. It is the single outermost layer composed of small, compactly arranged, thin-

walled somewhat barrel-shaped parenchymatous cells. The external surface of cells contains the 

deposition of cutin, the layer is called cuticle. Sometimes stomata are also found but epidermal 

hairs are absent. 

2. Cortex. Ground tissues do not show very distinct demarcation of hypodermis and cortex. 
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(a) Hypodermis-A few layers on the inner side of epidermis are typically 

sclerenchymatous and this region is called hypodermis. The sclerenchymatous cells are 

compactly arranged without intercellular spaces. 

(b) Ground tissue-The region which lies below the hypodermis consists of thin walled 

parenchymatous tissues with a large number of intercellular spaces. It is commonly called ground 

tissue. There is no differentiation of general cortex, endodermis, pericycle, pith and pith rays. 

 

Figure 1.27. An enlarged cellular portion of T.S. stem of maize (Zea mays) 

3. Stele. Stele is atactostelic type in which numbers of vascular bundles are found 

irregularly scattered. The vascular bundles are conjoint, collateral and closed type. The 

peripheral bundles are relatively smaller and compactly set but those of central region are larger in 

size and widely placed. But all these have similar structure. Few bundles remain partially covered 

with sclerenchymatous hypodermis. 

Vascular bundles are nearly oval in shape and are found surrounded by sclerenchymatous 

bundle sheath. The xylem is Y-shaped. The two metaxylem vessels with wider cavities and 

pitted thickening lie at the two lateral arms and protoxylem usually one or two, with narrow 

cavities and spiral or annular thickening at the base. Below the protoxylem vessels, there lays 

large water containing cavity formed lysigenously by disintegration of lowest protoxylem and it is 

called protoxylem cavity or lysigenous cavity. Such a cavity is conspicuous in mature bundles. A 

few tracheids and xylem parenchyma lie around protoxylem vessels. Phloem lies outside the 

xylem and is rather small. It is composed of only sieve tubes and companion cells, phloem 

parenchyma being absent. In a mature bundle, the protophloem cells get crushed due to internal 

pressure so the inner phloem is the metaphloem (Fig 1.28). 
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Figure 1.28. A single enlarged vascular bundle of stem of maize (Zea mays) 

 

Figure 1.29. A cellular enlarged figure of vascular bundle of a monocot stem 

General Account of Monocot Stem 

The general plan of structural organization of monocotyledonous stems is fundamentally 

similar to that of dicotyledonous stem. The epidermis is almost similar in construction. The 

ground tissue however, does not show differentiation into hypodermis, cortex and pith. 

Endodermis, pericycle, pith and medullary rays are absent. Stele is atactostelic type characterized 

by irregularly scattered vascular bundles. In some grasses, such as Triticum, the central region of 

stem is hollow and this central cavity is called pith cavity. Vascular bundles are conjoint, 

collateral and closed (V.B. without cambium). These remain surrounded by sclerenchymatous 

bundle sheath. (Fig 1.29). 

All vascular bundles may be of uniform size as in case of Sorghum and Saccharum or an 

outer bundle are smaller and becomes gradually larger towards centre as in Triticum, Hordeum, 
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Avena and Oryza. The xylem elements show Y-shaped arrangement and it is composed of two 

metaxylem vessels situated at the tip of arms of 'Y' and the two protoxylem vessels at the base of 

'Y' The tracheids and xylem parenchyma are usually present around protoxylem. In certain cases, 

such as maize, the protoxylem vessels disintegrate due to rapid elongation of stem to form 

lysigenous cavity. Phloem is situated in between the arms of Y' or little external to xylem. It 

consists of sieve tubes and small companion cells, phloem parenchyma are characterically absent. 

However, a conspicuous sclerenchymatous bundle cap is usually present. 

THE ROOT-PRIMARY STRUCTURE 

The root develops from the radical of the embryo and grows down into the soil to form the 

primary root. In dicotyledons, the primary root grows further deep into the soil, developing a 

number of secondary and tertiary branches to form a well-developed tap root system. In 

monocotyledons, the primary root is soon replaced by a bunch or cluster of roots, forming the 

adventitious root system. In some cases, the roots become specialized for specific function, e.g., 

in epiphytes and mangrove plants, aerial and respiratory roots are formed and in case of turnips, 

carrots and radish fleshy roots are formed for storage. In roots, the position of apical meristem is 

subterminal due to terminal position of root cap. 

Anatomy of dicot root 

For studying anatomical features of a typical divot root, young root of sunflower (Helianthus 

annuus) is selected. Section of the root is cut and double stained and studied. 

Root of sunflower (before secondary growth) (Fig 1.30). 

The following important anatomical features are noted in the root of sunflower. 

 

Figure 1.30. A cellular enlarged portion of T.S. of root of sunflower (Helianthus annuas) 
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1. Epidermis. It is also called epiblema which is the outermost uniseriate layer composed 

of thin walled, compactly packed, parenchymatous cells without intercellular spaces. 

Here and there, the epidermal cells give rise to unicellular root hairs. Epiblema of roots 

is characterized by absence of cuticle and stomata. Root hairs absorb water and 

minerals from soil. 

2. Cortex. It lies below the epiblema and is considerably homogenous and well 

developed. Cortex is composed of thin walled, loosely arranged, parenchymatous cells 

with large number of intercellular spaces. However, outer few layers may be compactly 

arranged. These cells contain amyloplasts (leucoplasts) and store the starch in the form 

of starch grains. 

3. Endodermis. It is the innermost layer of cortex which surrounds the stele. Endodermis 

is composed of barrel-shaped, parenchymatous cells without intercellular spaces. 

Most of the cells, except those lying opposite the protoxylem point, possess strip like 

thickenings of suberin and lignin on their radial and tangential walls which are known as 

Casparian strips. Cells lying opposite the protoxylem elements are thin walled and are called 

passage cells because these allow the passage of water from cortex to xylem. The endodermis 

behaves like water-tight jacket around the stele. 

4. Stele. It is tetrarch actinostele (protostele) composed of pericycle and vascular bundles. 

In general, following parts are observed. 

i. Pericycle. The layer present on inner side of endodermis is the pericycle. It consists of 

a single uniseriate layer of thin-walled parenchymatous cells containing dense 

protoplasm. It is usually two to three layered opposite the protoxylem elements which 

show the point of origin of lateral roots. 

ii. Vascular bundles. These are four in number which are arranged in the form of a ring. 

Vascular bundles are radial type in which xylem and phloem are placed on different 

radii and alternate in their position. 

Xylem is conical is shape with metaxylem vessels towards centre and protoxylem towards 

periphery. So, the xylem is exarch in nature. In mature and well-developed roots, the metaxylem 

elements meet in the centre and as a result, the pith gets obliterated. Fibers and xylem parenchyma 

are absent. Xylem tracheids are found present around the vessels. Phloem lies alternate to xylem 

patches on separate radii. It consists of sieve tubes, companion cells and phloem parenchyma. The 

phloem fibers are absent. Phloem is present in the form of small patches, the outer part (towards 

pericycle) being protophloem and inner part (towards metaxylem) metaphloem. 

iii. Conjunctive tissue-These are parenchymatous in nature which lies in between patches 

of xylem and phloem. 

iv. Pith- in young root, the central part of stele is the pith which consists of few 

parenchymatous cells compactly arranged without intercellular spaces. In older root, 

pith may be altogether absent due to development of metaxylem. 
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Anatomy of monocot root 

The root of Zea mays or Commelina may be selected to study the anatomical features of typical 

monocotyedonous roots. Sections are cut and double stained for study. 

Root of maize (Zea mays) or Commelina 

The internal structure of maize root shows following parts— 

1. Epiblema, Cortex and Endodermis of monocot roots are structurally similar to those found in 

dicot roots. In maize, endodermal cells are thick walled and casparian strips are indistinct. 

2. Stele. It is actinostele (protostele) which shows following features. 

(i) Pericycle. It is single layered lying on the inner side of endodermis. It is partly composed of 

parenchymatous cells and partly of sclerenchymatous cells. 

(ii) Vascular bundles. These are found in large number (more than eight) and each one is radial 

type (as described in dicot root). These are arranged in a ring around the central pith. 

Xylem is composed of single rounded metaxylem vessel towards the pith and one or 

sometimes two small, polygonal or rounded thick-walled protoxylem vessels towards the 

periphery. So the xylem shows exarch arrangement. Phloem lies in form of small patches 

alternate to xylem and is composed of sieve tubes, companion cells and phloem parenchyma. 

Parenchyma cells associated with xylem undergo sclerosis and thus become thick walled (Fig 

1.31). 

(iii) Pith. Pith occupies the central portion of stele. It is composed of thin walled 

parenchymatous cells containing abundant starch grains. Cells are loosely arranged. 

 

Figure 1.31. An enlarged cellular portion of T.S. of root of Commelina showing cells of inner 

cortex arranged in concentric rings 
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General account of root anatomy 

Anatomical features of roots shows relatively simpler organization to that of stems and as such 

three distinct zones recognized in the primary root of growth are the epiblema, the cortex and the 

stele. 

1. Epiblema. 

The epidermis is single layered and consists of uncutinised thin walled 

cells. These are compactly set and in younger region, epidermal cells here and there form root 

hairs. The root hairs are unicellular and thin walled and absorb water and minerals from the soil. 

These have a large central vacuole behaving as water balancing organ. Multilayered epidermis is 

found in certain epiphytic plants such as orchids (Vanda species) and there it is called velamen. 

The velamen consists of compactly arranged spongy non-living cells, often with spiral or 

reticulate secondary thickening. Cells are specially adapted to serve as moisture absorbing tissue. 

The walls are usually porous, so that cells work like a sponge and secondary thickenings act like 

supporting ribs. In dry weather, the velamen cells remain filled with air while in rainy season, 

these become filled with water. Velamen also contains some specialized structures called 

nematodes which consist of group of cells having dense spiral thickenings and are helpful in 

gaseous exchange when roots are saturated with water. Some anatomists believe that the primary 

role of velamen is protective and it reduces the loss of water from cortex. 

2. Cortex.  

Cortex, which lies internal to epidermis is rather simple and homogenous type 

and usually consists of thin walled, isodiametric, parenchymatous cells accommodating several 

intercellular spaces. In aquatic plants like Hydrilla and others, it is largely aerenchymatous 

enclosing air cavities. In certain cases, air cavities develop in the root by breaking down of some 

cortical cells. Cortical cells usually store starch. Chloroplast is not found but it may be found in 

cortical cells of some aquatic plants such as in Trapa. 

Some of the aerial climbers such as Tinospora have got photosynthetic or assimilatory roots, 

and the chloroplasts are found in their cortical cells. Sometimes, fibers, sclereids, idioblasts and 

latex cells may also be found in root cortex. The arrangement of cells may also vary, for 

example, in Avena sativa, cortical cells are arranged in distinct radial rows. In Commelina, the 

cells of inner cortex are arranged in the form of concentric rings. The cortical cells in roots of 

several gymnosperms and some members belonging to families such as Cruciferae, Rosaceae 

and Caprifoliaceae have lignified reticulate thickenings. In most monocotyledons, some 

dicotyledons and gymnosperms, the subepidermal or outer few cortical layers differentiate into 

protective tissue, called exodermis is which consists of suberised wall. Some of the exodermal 

cells show the presence of Casparian strip. Exodermis is distinctly developed in different species 

of Iris. 

3. Endodermis. 

It is considered as innermost layer of cortex and is quite distinctive in 

roots. Endodermis is of universal occurrence in roots and is composed of closely packed living 
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cells. Two types of cells are found, one which have characteristic casparian thickening in their 

radial and transverse walls and other which are thin walled and found opposite to the protoxylem 

points. These thin-walled cells are also called passage cells. The Casparian thickening is formed 

due to deposition of suberin and lignin. (The various functions of endodermis have been 

discussed in chapter on tissue system.) Endodermis together with cortex is cast off with 

secondary growth in dicot roots. 

4. Stele. 

It includes pericycle, vascular bundles and pith in roots. 

(i) Pericycle- It occurs on the inner side of endodermis and forms the outer boundary of primary 

vascular bundles. It is usually uniseriate but multiseriate pericycle is found in Salix and Smilax. 

However, it may be even absent in certain cases such as in some parasites and few hydrophytes. 

In most cases it is parenchymatous in nature but in Smilax, it consists of thick-walled cells. 

Bruch (1955) reported the presence of schizogenous secretory canals in pericycle of certain 

members of Umbelliferae. 

The pericycle originates quite early from procambial a strand which retains meristematic 

properties. It functions as site of origin of lateral roots, especially before secondary growth or in 

plants without secondary growth. During secondary growth, it forms a part of fascicular 

cambium and plays important role in completing the cambial ring, particularly opposite the 

protoxylem points. In addition to that, the entire initial cork cambium (phellogen) originates 

from it. 

(ii) Vascular system- The vascular bundles found in roots show radial arrangement with 

alternating strands of xylem and phloem. Xylem elements show exarch condition, with 

protoxylem towards periphery and metaxylem towards centre. The development of xylem is 

centripetal. The number of vascular bundles ranges from one to eight (commonly less than eight) 

in dicotyledonous roots and eight to twenty in monocotyledonous roots. Depending upon number 

of xylem bundles or patches roots may be called monarch (with one xylem bundle), diarch (two 

bundles), triarch (three bundles), tetrarch (four bundles) or polyarch (many bundles). The 

number of protoxylem elements in each bundle is very few, usually; there is a single protoxylem 

vessel with annular or spiral thickening. The metaxylem is composed of polygonal vessels, in 

cross section, with pitted thickening. 

There may be some variation in number of protoxylem and metaxylem vessels, e.g., 

Sisyrinchium has a single large central metaxylem vessel surrounded by five to seven strands of 

protoxylem vessels.  In Gladiolus and Freesia, there is present a single metaxylem vessel at the 

base of each protoxylem strand. Phloem consists of sieve tubes, companion cells and phloem 

parenchyma. Their fundamental structure is similar to those of stem. The vascular bundles are 

separated from each other by conjunctive tissues composed of parenchymatous cells. 

(iii) Pith- Pith occupies a small central area of stele and usually consists of thin-walled 

parenchymatous cells with intercellular spaces. In older roots of dicots, the pith is altogether 
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obliterated (absent). It is well developed in monocotyledonous roots which may also contain a 

few tannin cells. Sclerenchymatous pith is found in certain members of Iridaceae. 

SECONDARY GROWTH 

The growth in main/axis in length which takes place by the activity of primary meristem 

(apical meristem) is called primary growth. Most of the monocots, many annuals and herbaceous 

dicots have only primary growth. In majority of gymnosperms and dicotyledons, stem increases 

in girth due to secondary growth which is brought about by the activity of lateral meristems. It 

occurs in the main stem and its branches. Secondary growth is not found in monocot stem and 

roots. 

Secondary Growth in Dicotyledonous Stem 

The primary organization of a typical dicot stem shows the presence of epidermis, 

hypodermis, cortex, stele (vascular bundles) and pith. Each vascular bundle is conjoint, collateral 

and open having intra-fascicular or fascicular cambium. The fascicular cambium is a type of 

lateral meristem which is found in stelar region and produces secondary xylem and phloem. Yet 

another lateral meristem is phellogen that forms the periderm. It is the activity of fascicular 

cambium which is mainly taken up in this account. 

Activity of Cambium 

In the process of secondary growth, the first step is the formation of cambium ring. 

Cambium ring. 

 

Figure 1.32. Schematic representation of secondary growth in thickness in a dicot stem.  

A to D. Different stages in the secondary growth 
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The intra-fascicular cambium or cambium of vascular bundles becomes active and 

meristematic. At the same time, some cells between the two vascular bundles (may be called 

cells of medullary rays) lying in the line with fascicular cambium also become meristematic and 

form interfascicular cambium (the cambium between the two vascular bundles). The 

interfascicular cambium joins the strips of intra-fascicular cambium from the sides to form a 

complete circular ring of cambium (fig 1.32). This is known as cambium ring which gives rise to 

secondary tissues in the stelar region. In certain cases, such as Linum and Tilia, the vascular 

bundles are found very close to each other, and as such the intra-fascicular cambium forms the 

complete ring without the formation of interfascicular cambium. 

The vascular cambium consists of two types of cells, the fusiform initials and the ray initials. 

Cells of fusiform initials are vertically oriented and produce different elements of xylem and 

phloem while the cells of ray initials are isodiametric which produce rays of parenchyma in 

secondary xylem and phloem. 

Secondary vascular tissues. 

Secondary vascular tissues are formed by the activity of cambium. The fusiform initials of 

cambium divide vertically producing two daughter cells. One of these remains meristematic 

while the other forms xylem or phloem mother cell which directly differentiates into xylem or 

phloem, as the case may be (Fig. 1.33). The new cells formed towards the outer side facing the 

primary phloem get gradually modified into the elements of secondary phloem while those 

towards the inner side facing the primary xylem are modified into elements of secondary xylem. 

However, in gymnosperms, xylem mother cell undergoes several transverse divisions to form 

tracheids, fibers and xylem parenchyma. The ray initials of cambium cut off parenchymatous 

cells both outwards and inwards and thus form secondary modularly rays. Such rays extend from 

secondary phloem to xylem and pith. 

 

Figure 1.33. Schematic representation of different stages of differentiation of conducting 

tissues (xylem and floem) from a cambial cell 
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In the beginning, secondary tissues are formed more in the region of vascular bundles, as 

intra-fascicular cambium first becomes active, but soon, epidermis the cambial activity becomes 

uniform throughout the ring and subsequently the secondary cells are formed uniformly towards 

the outer and inner sides. Ultimately a compact cylinder of secondary tissues is formed. The pith 

and the primary xylem get enclosed by the secondary vascular tissues (secondary xylem) but 

these remain relatively unchanged. However, in certain cases, the pith is deformed by an inward 

pressure arising from expanding secondary tissues. Simultaneously, the outer primary tissues 

(primary phloem, cortex, hypodermis and epidermis) lying outside the secondary tissues are 

pushed outside due to the outward pressure exerted by ever increasing secondary tissues. 

The primary phloem is crushed and becomes non-functional. The cortex persists for a longer 

time as it increases in circumference by cell expansion and cell division. Epidermis may also 

persist for quite some time because its cells have both expansion and division capabilities. But in 

most cases, these outer tissues are completely crushed due to continued secondary growth-and by 

the formation of periderm within them. These dead peripheral layers are ultimately eliminated 

either by decay or by abscission. 

Secondary phloem. 

It consists of sieve elements (sieve tubes and sieve plates), companion cells, and phloem 

parenchyma and phloem fibers and there is no fundamental difference between primary and 

secondary phloem’s as regards the elements (the details of phloem has been discussed earlier). 

The phloem elements are arranged in two systems, the vertical and the horizontal. Vertical 

system comprises of sieve tubes, companion cells, phloem parenchyma and fibers. Horizontal 

system consists of ray parenchyma. The phloem parenchymas are elongated and have pointed 

ends. The function of vertical system is mainly conduction of food materials from leaf to roots 

while that of horizontal system is to conduct food material laterally to cortex or pith. Phloem 

fibers provide mechanical strength to the plant and are highly valued. Many of the textile fibers 

of commercial uses, e.g. jute, hemp, flax etc. are phloem fibers or bast fibers. 

Secondary xylem. 

The xylem elements formed by the activity of cambium are collectively called secondary 

xylem. It consists of tracheids, vessels, fibers and wood parenchyma. Tracheids and vessels have 

scalariform, reticulate and pitted thickenings. In general, the structure of both primary and 

secondary xylem is too similar to be distinguished. The main difference between the two xylems 

is that the primary xylem has usually long tracheary elements in comparison to those of 

secondary xylem. Secondly, the secondary xylem has two systems of tissues, i.e. axial system or 

vertical or longitudinal system and radial system which remains absent in primary xylem. The 

axial system is made up of vertical rows of cells with their long axis parallel to the long axis of 

the organ. It consists of tracheids, vessels (trachea), fibers and wood parenchyma. The radial 

system consists of rows of parenchymatous cells oriented at right angles to the longitudinal axis 

of the plant and forms the xylem rays. 
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Structure of Wood 

Secondary medullary rays. 

Ray initials of cambium form some narrow bands of parenchymatous cells which in 

transverse section appear as radial rows of cells extending radially from pith to the phloem. 

These bands are called medullary rays. As the stem grows older, the rays become distinct due to 

expansion of cambium along the increasing circumference of the axis. The rays show variation 

in their width and cellular composition. These are one to few layers in thickness and from one to 

several layers in height. Usually both are present in a wood, though one or other may be less 

frequent. The part of the ray, which lies in the xylem, is called as xylem ray and the part which 

lies in phloem is called phloem ray. The phloem rays are relatively smaller than xylem rays (Fig 

1.34).   

 

Figure 1.34. Three dimensional views (transverse, radial and tangential) of a piece of oak wood 

The xylem rays may be uniseriate (one celled wide) or multiseriate (two or more celled 

thick). As regards cellular composition, the medullary rays may be of two types: 

i. Homocellular rays, i.e. made up of only One type of cells, and 

ii. Heterocellular rays, i.e. made up of two types of cells. 

a. Procumbent cells-Those cells whose longest diameter is oriented radically. 

b. Upright cells-Those cells whose long axis is oriented vertically. 
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In primitive woods, both uniseriate and multi-seriate heterocellular rays largely composed of 

upright cells are frequently observed while in advanced woods, these are commonly multiseriate 

and more or less homocellular with marked reduction in their vertical length. 

Annual rings. 

The activity of fascicular cambium is affected by environmental fluctuations. Such 

fluctuations are pronounced in temperate regions in a span of a year where spring and autumn 

well marked and extreme seasons are. During these seasons, the cambium shows marked 

variation in the activity, and as such there is annual alternation of growing and quiscent (very 

slow growth) periods. The cambium remains inactive in winter but most active in the spring 

season (Fig 1.35). The secondary wood formed during spring season is profuse and consists of 

large vessels with wider lumen. This part of the wood is called spring wood or early wood. In 

summer or autumn, the activity of cambium is highly reduced; therefore, secondary wood 

formed is not profuse and consists mainly of fibers and narrow vessels. This part of the wood is 

called summer wood or autumn wood or late wood. 

 

Figure 1.35. T.S. of old dicot stem showing annual rings 

In a transverse section of stem, early and late woods appear in the form of distinct concentric 

rings which are commonly called annual rings. (Fig 1.36). Hence, an annual ring consists of two 

parts, the spring ring and the autumn ring which are formed in a span of one year. The successive 

annual rings are Transection of a portion of secondary wood showing cellular organization of a 

single annual ring. Formed year after year and likewise, these can be used in determining the age 

of a tree. Determination of age of a tree by counting the annual rings is called dendrochronology. 

The variation in structure of spring and autumn wood is according to the requirements of the 

plant during these periods. In spring season, the vegetative activity is at its peak and there is an 

increase in transpiring surface. So, there is a great demand for rapid conduction of water and 
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mineral salts and to meet it the cambium actively divides to form additional water channels with 

broader vessels. 

 

Figure 1.36.  Three-dimensional structure of dicot stem 

On the contrary, during autumn season (summer), there is a leaf fall and less vegetative 

growth. There is no need of having well developed system for water conduction. Therefore, the 

activity of cambium is highly reduced and as a result, the autumn wood has relatively narrow 

vessels. The seasonal activity of the cambium may be disturbed by the influence of external 

climatic conditions like drought, defoliation and diseases. In that case, -the normal development 

of secondary vascular tissues is checked and two or more rings are formed in a year, these are 

called multiple annual rings or false annual rings. In tropical regions, the climate is normally 

uniform and is generally wet so the number of growing rings formed does not correlate with age 

of the tree. Such growth rings are called growth marks. Sometimes, two rings may be produced 

in a year in tropical trees. (Fig 1.37). 

  

Figure 1.37. Transection of a portion of the 

old dicot stem showing different structures 

Figure 1.38. Transection of a portion of 

secondary wood showing cellular 

organization of a single annual ring 
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Differences in the structural components of the annual rings have also been found in certain 

cases. For instance, in 130 years old stem of Quercus pedunculata, the fibers of first ring were 

0.42 mm in length and those of outer few rings, 1.22 mm. in length. Similar differences in the 

length of tracheids have also been found. However, vessels and parenchyma do not show any 

change in their length. Similarly, variation in the thickness of annual ring has also been found 

which depends upon fluctuations of general condition. Such variations may be used in 

determining the meteorological conditions which existed in the past. Heart wood and Sap wood, 

in a transverse section of a woody trunk, two regions, the outer light colored and central dark 

colored regions, are distinct. The light-colored region is called sap wood and dark colored region 

is called heart wood (Fig. 1.38). The sap wood (also called albernum) consists of living and 

functional cells involved in conduction of water. In fact, the outer few layers carry on conduction 

process while cells of inner rings function as storage organ.  

The heart wood (also called duramen) is composed of dead cells with their walls heavily 

impregnated with various compounds such as resins, gums, tannins, pigments or phenolic 

compounds and hence becomes unsuitable for conduction. The pigments found in heartwood in 

certain cases are of commercial importance, e.g. haematoxylin (Haematoxylon campechianum), 

Brasilin (Caesalpinia sappan), santalin (Pterocarpus santalinus) etc. As the growth process 

continues, the rings of sap wood bordering the heartwood keep on converting into heart wood. In 

the process, the living cells of sap wood lose their protoplast, water contents are reduced and 

vessels are blocked by tylosis (Fig. 1.42). Simultaneously, deposition of various substances like 

gums, resins or tannins also occurs. So, with the increase in the growth amount of heart wood 

keeps on gradually increasing. In certain cases, distinction between sap wood and heart-wood is 

not sharp as in Holoptelea integrifolia and Abies pindrow. 

Porous and Nonporous wood. These two types of wood are recognized on basis of presence 

and absence of pores of commerce, i.e. vessels. The wood in which vessels are not found is 

called non-porous wood such as that of gymnosperms. Whereas the dicotyledonous or 

angiospermic wood which has vessels in xylem is known as porous wood. The non-porous wood 

is technically called soft wood and porous wood is called hard wood. Soft wood or hard wood 

terms are not at all related with softness or hardness of timber, e.g. hard wood of Bombax ceiba 

(angiosperm) is very soft and soft wood of Pinus and Cedrus (both gymnosperms) is very hard. 

The wood of balsa (Ochroma lagopus), an angiosperm, is the lightest yet it is classified as hard 

wood. The structure and composition of porous wood is more complex than non-porous wood. In 

a transverse section, the pores (or vessels) may appear circular or oval in outline. Several woods 

of commercial value are identified on basis of arrangement of pores. 

On basis of distribution of pores, the woods can be classified into ring porous and diffuse 

porous. In the ring porous wood, pores of early wood are larger than those of late wood and 

therefore, these appear distinctly arranged in the form of a conspicuous ring, such as in most 

temperate angiospermic trees. Ring porous wood is characteristic of Lagerstroemia, Morns, 

Tectona, Tilia, Tamarix, Ulmus, Toona etc. In diffuse porous wood, the pores are more or less 
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uniformly distributed throughout the ring because there is no appreciable difference between 

early and late woods such as in most tropical angiospermic trees. Most of the Indian hard woods 

come under this category. Diffuse porous wood is characteristic of Artocarpus, Acacia, 

Pterocarpus, Michaelia, Adina, Hopea, Albizzia, Terminalia, Mangifera, Dalbergia, Shorea, 

Bombax etc. 

Reaction wood. 

Reaction wood develops under stress conditions particularly to counteract the forces which 

induced the inclined position of branches. Under such circumstances, the growth of wood is 

unequal and cross sections of stems show eccentric position of secondary xylem and phloem 

indicating the difference in the cambial activity in various regions. In the formation of reaction 

wood, stimulus of the gravity and the distribution of auxins play an important role. In 

gymnosperms, reaction wood develops on the lower side of branches and is called the 

compression wood while in dicotyledons (angiosperms), it develops on the upper side of 

branches, and is called the tension wood. 

The reaction wood shows some structural differences from the normal wood. In 

gymnosperms, the tracheids of compression wood (reaction wood) are relatively shorter and 

rounded with their cell walls heavily lignified as compared to those of normal wood. In 

angiosperms, the vessels of tension wood are reduced in number and width. The wood has also 

got characteristic presence of gelatinous fibers which have a thick highly refractive gelatinous 

layer in the cell wall. 

Wood parenchyma 

The parenchyma’s found in wood arise either from fusiform initials or from ray initials of the 

cambium. The former is called axial parenchyma and latter is called ray parenchyma. The ray 

parenchyma is usually shorter than axial parenchyma and may sometimes develop secondary 

thickening in their walls. The distribution of axial parenchyma in the wood shows considerable 

variation in different plants and that is why these are quite important for taxonomic studies (the 

details have been dealt in a separate chapter). In most of the woods, axial parenchyma forms a 

larger portion of wood but in certain cases, it may be entirely absent as in Homalium and 

Sonneratia or if present, these are too less to be detected as in Boswellia serrata and Garuga 

binnata 

Tyloses 

In many plants, wood parenchyma cells develop balloon like protrusions into the tracheary 

elements. Such ingrowths found in the lumen of either tracheids or vessels are called tyloses (Fig 

1.39). These are usually found in secondary wood but at times, tyloses may also develop in 

primary xylem. The development of tyloses is simple. The parenchyma adjoining the pits of 

vessels, penetrate into the vessel in the form of short protuberances, each gradually enlarges to 

form a balloon-like structure and become so much enlarged that the lumen becomes almost 

blocked. Soon the wall of parenchyma also gets thickened due to gradual lignin deposition. In a 
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tylose, a nucleus and some starch, resin or other materials remain present. Usually, tyloses occur 

singly but in certain cases, they may divide to form a multiple structure. 

 

Figure 1.39. Different stages in the development of tyloses in xylem vessel.  

A to C. longitudinal sections and their D to F. Transectional views 

Tyloses are frequently found in several angiospermic heart woods. This blocks the passage of 

tracheids and vessels and prevents the flow of fluids and infectious agents from the soil such as 

fungal spores or hyphae that destroy the wood. In this way, these significantly induce maturation 

and durability of wood. The presence of tyloses in certain herbaceous plants such as Cucurbita, 

Coleus and Canna is also known. In gymnosperms, the tylose-like incisions are found and these 

are called tylosoids. These are common in the wood with resin ducts, in vertical and horizontal 

systems. Here, the epithelial cells of the wall of resin ducts enlarge, block the duct and look like 

a tylose intrusion. These are not true tyloses because they never grow through pits. 

PERIDERM 

Because of continued secondary growth, the stem gradually keeps on increasing in width and 

secondary tissues formed exert more and more pressure on phloem, cortical and epidermal cells. 

Due to pressure, the phloem cells are pushed outwards, the cortical cells become flattened, the 

hypodermal cells are disturbed and become flattened tangentially and epidermis is put to 

maximum stretching. The pressure increases so much so that epidermis ultimately gets ruptured 

exposing the living cells to the external atmosphere. At this stage epidermis is replaced by a group 

of secondary tissues which are protective in function. The term periderm is applied to these cells. 

Periderm is formed by the activity of a secondary lateral meristem called cork cambium or 
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phellogen. Periderm serves as secondary protective tissue against desiccation and mechanical 

injuries due to compact arrangement and suberised wall. The periderm consists of three types of 

tissues. 

1. Phellogen or cork cambium 

2. Phellem or cork 

3. Phelloderm or secondary cortex 

1. Phellogen or cork cambium  

Phellogen originates as a single layer of initiating cells either in the sub-epidermal portion, in 

the epidermis itself, in the cortex and sometimes may even extend to the phloem. These are 

arranged just like the cambial cells. Phellogen is rather simple in comparison to stelar cambium 

as it consists of only one type of initials. The cells are narrow, thin walled and radially flattened or 

rectangular in shape and are compactly arranged. These have vacuolated protoplasts. Cells of 

phellogen behave like cambial cells which divide tangentially producing new tissues both towards 

the inner as well as towards the outer side. These secondary cells usually remain arranged in 

radial rows. The cells towards inner side form the secondary cortex and those towards outer side 

form the phellem or cork (Fig. 1.40). 

 

Figure 1.40 Origin of periderm. A and B in Pyrus and C and D in Prunus 

 

2. Phelloderm or Secondary Cortex 

Secondary cortex is formed towards the inner side of the cork cambium. The cells of this 

region are thin-walled and living and have pits on their cellulose wall. So, these cells resemble 

those of cortex in their nature, wall structure and contents. These are arranged in radial rows and 
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isodiametric in shape. Some intercellular spaces are found between them. The cells serve in 

storage of food. Sometimes, these may contain chloroplast and may carry on photosynthesis. 

3. Phellem or cork 

Phellems arise towards the outer side of phellogen and are produced in more quantity than 

phelloderm. The cork cells are suberized and thick walled, dead, compactly packed and arranged 

in radial rows without intercellular spaces. These characteristically appear rectangular in 

transverse section. They lose protoplasts after differentiation and become dead and remain filled 

with air and colored organic matters. The wall characters of cork cells are quite important and 

useful. Due to deposition of suberin these become impervious to water and gases and thus they 

have more commercial value. Cork is commonly used as bottle stoppers. Sometimes, structure of 

cork also shows variation. In Eucalyptus, cork cells remain filled up with resinous and other 

materials while in Betula, the cork cells are thin walled and two types of phellem are formed in 

alternating layer due to which cork is peeled off like thin sheets of paper. These thin sheets were 

used in writing in ancient times and were popularly called bhoj patra. 

BARK 

Due to continuous activity of phellogen, the phellem becomes multilayered. Cells of outer 

layers fail to get sufficient supply of water and food and eventually all of them become dead. 

These dead cells outside the active cork-cambium constitute the bark of trees. The bark becomes 

conspicuous when cork-cambium is deep seated and then it may be composed of dead cells 

derived from epidermis, cortex and phloem. Bark may be found in stem as well as roots. The 

term bark has been loosely used and thus causes considerable confusion. In non-technical sense, 

the term bark means all the tissues outside the cambium. Some anatomists prefer to use the term 

rhytidome for outer bark and the term bark for all the tissues external to the vascular cambium. 

Some use the term rhytidome for the tissue cut off outside the periderm. 

Two types of barks are found, the ring bark or the scale bark. If the bark is found in the form 

of concentric rings surrounding the entire stem, it is called ring bark as in vitis, Betula and 

Clematis and if the bark is found in the form of separate strips or patches, it is called scale bark 

as in Ficus. 

LENTICELS 

Due to continued secondary growth, the protective tissues or periderm are formed, of which, 

the cork cells are impervious to water and gases. Thus, the gaseous exchange between the internal 

living cells and, outer atmosphere becomes difficult and is brought about by lenticels. Lenticels 

are pore-like openings which look-like lens-shaped raised spots on the surface of stem. These 

take up the function of gaseous exchange. Lenticels are found in most woody plants where 

periderm is developed, except a few climbers. Lenticels are usually formed below the stomata and 

develop simultaneously, rarely before or after, with the formation of periderm. During their 

origin, the sub stomatal parenchymatous cells become active and divide in different planes to 

form a mass of rounded cells (Fig. 1.41). These cells become enlarged, loose and light colored. 
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Simultaneously, the cork cambium in this region instead of giving rise to normal cork cells 

contributes some loosely arranged cells on outer side. Both these loosely arranged cells derived 

from division of parenchyma and cork cambium are collectively called complementary cells. The 

complementary cells are thin walled, somewhat oval in shape and loosely arranged with distinct 

and large intercellular spaces. Their continued growth causes the epidermis to rupture and as a 

result the underlying living cells are exposed. Rarely, lenticels develop independent of stomata. 

Often, alternating with loosely arranged cells, masses of more dense and compact cells are 

formed. These are called closing cells and layer formed by them is called closing layer A closing 

layer is helpful in keeping the loosely arranged complementary cells in position. 

 

Figure 1.41. Structure of a lenticels 

Arrangement and deposition in the cell wall of complementary cells show variation in some 

cases, e.g. in Magnolia, these are somewhat compactly arranged with less distinct intercellular 

spaces, in Quercus and Sambucus, the cells are thin walled, unsuberised and loosely arranged and 

in Prunus, both suberised and unsuberised complementary cells are found. The number of 

lenticels formed in a stem is variable. They may remain scattered or arranged in longitudinal or 

vertical rows. Rows of lenticels may occur opposite the medullary rays, thus facilitating free 

interchange of gases between living cells and atmosphere. 

SECONDARY GROWTH IN DICOTYLEDONOUS ROOT 

Secondary growth takes place in the roots of gymnosperms and most of the dicots while it is 

absent in most of the monocot roots. It occurs to meet the growing needs of absorption and 

conduction of food materials. (Fig 1.42). 

During secondary growth in roots two secondary meristems develop, one in the stelar region, 

called fascicular or vascular cambium which gives rise to secondary xylem and phloem and other 

in the extra-stellar region, called phellogen or cork cambium which forms periderm.   Though the 

process of secondary growth in roots is initiated in somewhat different manner, the fundamental 

structure of secondary tissues formed remains similar to that of stem. It may be studied as 

follows: 
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Figure 1.42. Diagrammatic representation of different stages of secondary growth in a 

typical dicot root 

Formation of cambium 

In roots, a ring of cambium is formed mainly by parenchymatous cells situated along the inner 

edge of phloem groups which becomes meristematic and form crescent shaped strips of cambium 

and partly by pericycle cells lying against the protoxylem elements which becomes meristematic 

and forms small strips of cambium outside the xylem. These strips meet laterally and form a 

complete wavy band of cambium (Fig. 1.43A). The parenchymatous cells below the phloem may 

also be called conjunctive tissues. In many roots, the cambium which arises in the pericycle 

functions as ray initials and produce wide medullary rays. 

 

 

Figure 1.43. Transection of Tinospora root showing secondary growth. 

A, diagrammatic and B, an enlarged cellular portion 
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Formation of secondary tissues 

The first formed cambial strip present along the inner edge of phloem starts functioning 

earlier than the later formed cambium from the pericycle. It begins to cut off secondary xylem 

centripetally (towards inner side) and secondary phloem centrifugally (towards outer side), with 

the result the primary phloem is pushed outwards and soon the wavy band of cambium becomes 

a circular ring. After the formation of a circular ring of cambium, all cells of it’s become equally 

active and produce secondary xylem towards inner side and secondary phloem towards outer side. 

 

Figure 1.44. Transection of Ficus root.  

A, diagrammatic and B, an enlarged cellular portion 
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Secondary phloem 

The fundamental composition of secondary phloem formed in the root is similar to those 

found in a dicot stem. It comprises of sieve elements, companion cells, and phloem parenchyma 

and phloem fibers. The primary phloem is usually crushed. However, the phloem in roots has less 

sclerenchyma and more storage parenchyma as compared to that of stem. 

Secondary xylem 

The secondary xylem elements found in roots are also similar to those found in a dicot stem. It 

consists of vessels, tracheids, xylem parenchyma and a few fibers. The secondary xylem can be 

distinguished from the primary xylem by the comparatively larger size of the vessel and thinner 

walls. The secondary xylem of roots has more parenchyma, fewer fibers, larger or more 

abundant rays and vessels with thinner walls as compared to those found in stem. 

Annual rings 

Because of the fact that soil temperature usually remains uniform throughout the year, annual 

rings are not well marked in roots. However, in very few plants like Salix (willow), the spring 

wood and autumn wood in the root remain clearly distinct. 

Medullary rays 

In roots, prominent medullary rays are formed by that part of cambium which arises from 

pericycle. These remain radiating outwards through secondary xylem and phloem from the tips 

of protoxylem, e.g. Ficus root (Fig 1.44). Such medullary rays may be called primary medullary 

rays. Some medullary rays are also formed by the cambium present along the inner edge of 

phloem and then these may be called secondary medullary rays. 

Periderm The formation of periderm is quite similar to that of stem  

Lenticels Lenticels may be developed for the gaseous exchange almost in the same pattern as 

studied in stem. 
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CHAPTER II 

DIFFERENTIATION 

At the beginning of its development the young plant, as it grows from a fertilized egg or 

from some larger embryonic mass, is relatively simple and homogeneous. A characteristic 

feature of the developmental process, however, is the origin of differences in the amount, 

character, and location of growth which lead to differences between the various parts of an 

individual. Such structural or functional differentiation and its origin in development constitute 

one of the chief problems of morphogenesis. Differentiation is the manifestation of that "division 

of labor" which is so conspicuous a characteristic of loving things. Organs are differentiated. 

Tissues in their development become unlike each other. Cells grow very diverse in character. 

Even the contents of a single cell are divided into nucleus and cytoplasm, and each of these 

possesses a considerable diversity of its own. 

There is evidence that even the clearest cytoplasm possesses submicroscopic differentiation. 

Strictly speaking, there is probably no really undifferentiated structure in a plant. Protoplasm is 

an organized system, not a homogeneous material, and this implies a degree of physical and 

chemical diversity. Furthermore, because of the dynamic quality of protoplasm, differentiation in 

living cells can never be entirely stable but is subject to change under changing conditions. 

Differentiation occurs wherever a true development is taking place and may be expressed in 

many ways. At a terminal meristem like that of a typical shoot, the primordial of leaves, buds, 

and flowers early become distinguishable. From cambium cells, uniform in character, there 

differentiate sieve tubes, fibers, tracheids, vessels, and other cell types. In the primordium of a 

fruit cambium cells, uniform in character, there differentiate sieve tubes, fibers, tracheids, 

vessels, and other cell types. In the primordium of a fruits, tracheids, vessels, and other cell 

types. In the primordium of a fruit, where growth is diffuse and determinate, internal differences 

of many sorts begin to manifest themselves throughout the mass. 

In regenerative development a single cell or group of cells may dedifferentiate and become 

meristematic, and from this embryonic center a new series of structures then differentiates. May 

differences have no visible expression in structure but involve physical, chemical, or 

physiological distinctions only. During ontogeny the course of differentiation often changes, not 

only as to the structure of the parts developed but as to their reactivity and developmental 

potency. 

Growth and differentiation 

Although growth and differentiation usually proceed together, they seem to be distinct 

processes, each more or less independent of the other. Growth may occur without differentiation 

by a simple multiplicative process, as in large parenchymatous masses such as the endosperm of 

a seed, in the tissue of an amorphous gall, or in tissue culture. In the early stages of many 

embryos, on the other hand, in the development of the female gametophyte in certain lower 

vascular plants, and in similar cases there is differentiation without growth. A notable example 

of this is furnished by the Acrasiaceae, a family of slime molds. Here the entire vegetative 
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growth occurs while the individuals are myxamoebae, and the elaborate differentiation of the 

colonial sorocarp does not begin until this vegetative phase is over. 

Animal embryology, particularly in the early cleavage stages from large eggs, provides many 

similar cases. The independence of these two major developmental processes is further 

emphasized by the fact that conditions which favor one tend to be different from those which 

favor the other. In general, abundance of water and available nitrogen tend to induce growth, 

whereas abundance of accumulated carbohydrates, with less nitrogen and water, promotes 

differentiation. Red rays of the spectrum tend to promote growth and blue rays’ differentiation. 

Under one photoperiod a given species will produce nothing but vegetative growth whereas 

another photoperiod will stimulate the differentiation of reproductive structures. 

When the cycle of differentiation is complete, growth usually ceases. Thus, after the 

formation of reproductive organs in one of the higher plants has begun, growth of the plant as a 

whole is reduced and finally stops. When a fruit is fully differentiated, its growth in volume 

ceases, though dry weight may continue to increase for some time. The two processes of growth 

and differentiation may go on at different rates, and therefore their relative rates are important in 

determining differences in size. Where growth is relatively rapid, a large size will be attained 

before one completion of the cycle of differentiation stops; where it is slow, the cycle will be 

complete before much growth has occurred and the structure will be much smaller. This is well 

illustrated by the analyses of inherited size differences in gourd fruits. The balance between 

these two major processes in development the addition of new material and its differential 

distribution is of much significance. 

Differentiation as expressed in structure 

External Differentiation 

One of the most obvious examples of differentiation is that which arises between the ends of 

a polar axis. In all but the simplest axes the structures that are developed at the two ends are 

quite unlike. The most familiar instance is the differentiation of the shoot and root in higher 

plants. These two systems are set apart very early, almost at the beginning of embryonic 

development, and are fundamentally unlike in structure, function, and method of growth. Roots 

frequently developed from shoots but shoots less commonly from roots. Berger and Witkus have 

reported that in Xanthisma texanum the cells of the root always have four pairs of chromosomes 

but in those of the shoot, some plants have four pairs and some have five. The two types of 

plants are morphologically indistinguishable. How this difference in chromosome number arises 

in development is not known, but it is present in young seedlings. 

Another conspicuous instance of differentiation in structure is that between the vegetative 

and reproductive phases of the life cycle. In its early stages, the plant is becoming established. 

Its roots and leaves are formed or its vegetative thallus developed, and its career as a food 

producing or food-acquiring organism is begun. Few plants, however, are permanently 

vegetative. When a certain stage is reached, growth no longer produces exclusively vegetative 

structures. Flower buds appear at the meristem, or in lower plants reproductive organs of various 
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sorts begin to develop. These usually are formed as the result of internal metabolic changes in 

the plant, such as the accumulation of carbohydrates or the production of specific substances. 

The onset of the reproductive phase, however, is often closely related, as to time and extent, with 

certain environmental factors, notably light. Short-day plants will flower only when the daily 

period of illumination is relatively short and long-day ones only when it is longer. 

Some plants may never flower; any others may do so when they have hardly begun to 

develop. The balance between vegetation and reproduction may be tipped in various ways but 

the potency for reproduction is always present in the genetic constitution. This may not always 

be for sexual reproduction. In species which reproduce chiefly by vegetative means flowers may 

be present but fail to function (as in the potato), may be much reduced (as in the banana), or may 

even be quite absent. Reproduction of some sort obviously is necessary, and the alternation of 

vegetative and reproductive phases, each essential in the life of the plant, is an important 

manifestation of differentiation. The difference between these two types of structure begins at 

the meristem and may often be recognized there by the presence of a large number of axillary 

buds which are destined to be flower buds. The development of the floral apex has been studied 

by many workers. 

 

Figure 2.1. Early stages in development of the leaf of Linum.  

SI, Subapical initial; X, Procambial elements 

A single flower is a modified axis, and its parts arise from primordial which although limited 

in number, are distributed in a precise pattern. The differentiation between them takes place 

early and produces sepals, petals, stamens, and carpels. The origin of these parts from particular 

layers of the meristem has been worked out, through the aid of chimeras, by Satina and 
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Blakeslee. In abnormal growth some floral organs may be so modified that they resemble others, 

as in the conversion, partial or complete, of petals to stamens or sepals to leaves. In many trees 

the differentiation of flower buds begins very early, usually in the season before the flowers are 

borne. This is an important matter for horticulturalists and has been extensively studied, since 

environmental conditions favoring flower production must be provided early. Whether a tree 

will flower (and fruit) well in a given season is often determined in June of the year before. 

Origin of Differences: 

In most cases the origin of an organ or part is first evident as a group of meristematic cells 

which, by growing more rapidly in certain dimensions than in others, produces a definite form. 

For an analysis of such specific differentiation, however, it is necessary to determine how such a 

developing organ originates and the successive steps by which it becomes distinct from others. 

Sometimes this is relatively easy. In leptosporangiate ferns, for example, the sporangium can be 

shown to arise from a single cell of the epidermis. In eusporangiate forms, like some of the ferns 

and all higher plants, the sporangium initial can be traced to a cell of the sub epidermal layer. 

Analysis of differentiation in terms of cell lineage can often be carried further. 

The development of larger organs involves more than a single cell lineage. It may be studied in 

the differentiation of lateral organs in the apical regions of both root and shoot. From the root 

there grow only lateral roots, which arise in the pericycle and push out through the cortex. The 

shoot meristem, however, is more complex. At the base of the terminal dome of cells arises a series 

of minute protuberances, the early leaf primordial, arranged in a precise order. The cause of the 

differentiation of these primordial from the rest of the apical meristem is not known. Schuepp 

suggested that, since cell division in the outer layer of the meristem is always anticlinal but, in 

the tissue, below may be in various directions; this surface layer will expand more rapidly than 

the surface of the underlying tissues and will thus tend to buckle or pucker, starting the formation 

of primordial.  

This would not explain the very regular pattern in which these arise, however, and it can also be 

shown that the initial bulge results from division in a group of cells just beneath the surface layer. 

Snow and snow have submitted this theory to experimental test by making shallow incisions at 

the surface of the meristem. Instead of closing up, as they would do if the outer layers were 

under pressure, these gaps open, indicating that this region is actually under tension. The fate of 

a small lateral primordium may not always be to grow into a leaf. Wardlaw and his students have 

performed various experiments on the meristems of ferns in which, by deep cuts, they were able 

to isolate from the apex a young primordium or a region that was about to develop into a 

primordium. In most cases this structure, instead of forming a dorsiventral leaf, developed into a 

radially symmetrical bud-like organ which, in culture, was capable of growing into a whole 

plant. 

Factors in the surrounding meristematic tissue evidently help determine into what sort of 

structure a given primordium will differentiate. An important morphogenetic problem here is 

how far the development of such a lateral structure depends on factors in the meristem from 



Dr. Mandaloju Venkateshwarlu 

66 
 

which it grew and how far it is independent. Steeves and Sussex removed primordial of several 

sizes and ages from the meristem of Osmunda and other ferns and grew them in sterile culture. 

These developed normally into mature leaves just as they would have done if attached to the 

plant, except for being smaller. Evidently after a certain stage is reached the control of 

development is within the leaf itself. 

Internal differentiation 

Visible differentiation involving external diversity in organs and their parts is accompanied 

in most plant structures by a high degree of internal diversity. This involves differentiating 

among various types of cells and tissues. Histological differentiation presents two chief 

problems: 1) How do cells become different from one another and (2) what is the origin of the 

various tissue patterns found in the internal structure of plant organs? 

Origin of Cellular Differences 

Cells differ from each other in many ways. Frequently it is possible to determine the exact 

cell division at which such a difference becomes evident. In young roots of certain grasses for 

example, the last division of many (sometimes of all) of the surface cells results in a small 

daughter cell at the apical end and a larger one at the basal end. This initial difference is 

intensified during the later development of these cells, for the smaller cell (a trichoblast) sends 

out from its surface an elongate sac which becomes a root hair such a structure is lacking in the 

larger cell. The beginning of this difference may be seen even before the last division, for the 

cytoplasm at the apical end of the mother cell becomes much denser than that at the basal end. 

Differentiation between the two daughter cells is thus related to the strongly polar character of 

the mother cell. In phalaris the epidermal cells contain a natural red pigment which is deeper in 

color in the prospective root-hair cells, and they can be distinguished early for this reason. 

In many plants the surface cells of the root are all potentially alike, and the differentiation of 

some cells into root hairs and others into hairless cells is not determined at a differential cell 

division but by environmental factors. The difference between these two types of root-hair 

determination may be related to anatomical characters. A close relation exists between the 

distribution of cellulose-forming enzymes and the loose of the root hair on a surface cell. There 

are many somewhat similar cases of cellular differential ricinus the secretory cells are formed, in 

the young meristem or in later development, by differential cell division, though conforming to 

no sharp pattern. Once formed, these cells continue to divide, producing rows of similar cells in 

a cell lineage. This may even persist in tissue culture. The differentiation between chlorophyll-

bearing and colorless cells in the leaf of sphagnum results from a differential division, preceded 

by a polar movement of the cytoplasm. The origin of elaters in the capsule of liverworts is 

similar, a cell of the archesporial tissue dividing into a spore mother cell and an elater cell. 

Certain trichosclereids develop in much the same manner. These cells, which in Monstera 

become very long and thick-walled, are set apart at the last division of certain cells of the 

meristematic cortex. 
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The smaller daughter cell (this time at the basal end), possessing a relatively larger nucleus, 

develops into the sclereid and the other into a typical parenchyma cell. Although the sclereid 

begins in this case as the smaller daughter cell, it soon sends out one or more processes which 

grow longitudinally between neighboring cells and often become very long. A study of the 

origin of such idioblasts (cells distinctly different from their neighbors) (Fig 2.2) may throw 

light on problems of cellular differentiation. Stomatal initials are set apart by differential cell 

divisions. A smaller, more densely cytoplasmic cell and a larger one is formed by a late division 

of a surface cell. The former divides again, this time equally and longitudinally, to form the 

guard cells, the contents of which soon become markedly different from those of the other 

epidermal cells. In monocotyledonous plants like this, where the cells are in regular longitudinal 

rows, the stomatal initials are cut off at the ends of elongate cells. 

 

Figure 2.2. Trochodendron. Section of leaf with a large branching sclereid 

In most dicotyledons, where the cells of the developing epidermis are more nearly 

isodiametric, the initial is cut out of corner of the cell and divides again to form the guard cells. 

A number of cases have been reported where the differentiation of one type of cell evidently 

induces changes in the character of adjacent ones. Thus, in sedum there is groups of cells that 

form tannin, and in these regions’ stomata do not differentiate. In potamogeton roots those cells 

of the exodermis that are just under the already differentiated trichocytes divide several times, 

unlike the other cells in this layer, and so form groups of small cells, one below each trichocyte. 

In a species of Begonia where there are silver spots on the leaf surface, there is a hair formed in 

each spot save the very small ones, and the larger the spot, the longer the hair. 
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Cell Size: 

Some of the most conspicuous differences between cells are in their size. Meristematic cells 

increase considerably in size. This extent of this increase is determined by the time in 

development when division ceases in that particular cell lineage and by the position of the cell in 

the general histological pattern. Pith cells are usually large because they have a long period of 

enlargement since their last division and epidermal cells relatively small since division there 

lasted longest. Many size differences, however, such as those between the large vessels of ring-

porous woods and the small elements around them, are due to local differential factors, since the 

cambial initials are alike.  

One type of cellular differentiation is unlike all others in that it involves fundamental 

alternation of the cell itself. Many instances are now known in which mature cells, aroused to 

division by various agents, are found to have twice as many chromosomes (or more) as they did 

at their last preceding mitosis. During the differentiation of such a cell from meristematic 

condition to maturity a doubling of the chromosome complement must have taken place. Such a 

change, though not directly observable in the cell, is usually reflected in increased cell size and 

may be a factor in other changes which occur during differentiation. How important this factor is 

in cellular differentiation is not known. It may account for some of the diversity in cell size but 

probably has little to do with other aspects of differentiation. 

The Cell Wall: 

Some of the most distinctive ways in which cells differ are concerned with the cell wall. The 

wall is of much greater variety and significance in plant cells than and the key to cellular 

differentiation in plants is often to be found in it. Wall may differ greatly in thickness, chemical 

composition, and structure, depending upon the function of the cells of which they are parts. In 

certain tissues the cells die early, and only the thickened walls which they formed remain. The 

size and shape of the cell and the manner of its growth seem often to be dependent primarily 

upon the character of the wall studies of the chemistry and fine structure of the wall show how 

complex its constitution may be and make clear that any detailed analysis of cellular 

differentiation must pay attention to changes not only in the living material of the cell-the true 

protoplast - but in the wall that is the result of its activity. 

We may distinguish position with reference to the external environment (light, oxygen, 

chemical stimuli, and many others), with reference to various factors in the internal environment 

(surfaces, air spaces, conducting strands, and cells previously differentiated), and with reference 

to the autogenously unfolding and genetically controlled pattern of development. To distinguish 

these aspects of position is often difficult or impossible. The important fact is that in the 

organized system specific parts are markedly unlike each other and that these differences, which 

in the aggregate distinguish the system, may arise from various causes. 
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Figure 2.3. Portion of a regenerating xylem strand in Coleus, showing pattern of wall 

thickenings laid down along bands of granular cytoplasm. Earlier stage at right 

Intracellular Differentiation 

The parts of a single cell often show a high degree of diversity. The distinction between 

nucleus and cytoplasm is present even in embryonic cells, but as the differentiation of the cell 

takes place, the protoplast may exhibit a wide range of structures. Conspicuous among these are 

the plastids. In the algae (as spirogyra), these may be represented by large and often complex 

chromatophores. Much more minute bodies, the mitochondria, occur and multiply. 

Bodies similar to the Golgi apparatus of animal cells have been reported, but their general 

occurrence is doubtful. The proportions of these intracellular structures often change during 

differentiation. Thus, in moss protonemata the nucleus increases in size from the tip of the 

caulonema backward but the nucleolous decreases for the first few cells. The nucleus also 

gradually changes from a spherical to a spindle shape, and other changes are evident. 

Intracellular diversity is particularly conspicuous in the differentiation of large coenocytic 

bodies, as in certain algae. 

Endodermis 

One of the simplest of these tissue patterns is shown by the endodermis. This is a single layer 

of cells differentiated in a specific way, as by special thickenings in the walls or the presence of 

a Casparian strip. It separates the vascular cylinder from the cortex. The position it occupies is 

usually a very definite one, and in such plants as Equisetum its particular pattern with reference 

to the bundles is specific enough to be valuable for taxanomic purposes. The exact localization 

of the endodermis makes it of particulars interest morphogenetically.  
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Light is important in its development, for it is well differentiated in roots and etiolated stems 

and much more poorly developed in the light venning, however, finds that factors other than 

light are responsible for the formation of a typical endodermis. Van Fleet in a series of papers 

has studied differentiation histochemically, with particular reference to the position of the 

endodermis on an oxidation-reduction gradient as well as to the distribution of various enzymes. 

He has stressed the importance of histochemical determination of enzyme distribution as a 

means of discovering chemical differentiation before it is evident in structure.  

Fiber Patterns: 

An example of the differentiation of a somewhat more complex pattern but one consisting of 

a single type of cells is provided by the development of a system of fiber strands such as that 

found in the pericarp of the cucurbit fruit, and especially well developed in the "dishcloth" 

gourd, Luffa. Here the pericarp tissue in the early ovary primordium consists of longitudinal 

rows of squarish parenchyma cells with most of the divisions at right angles to the axis of the 

young ovary or parallel to it. Here and there begin to occur divisions not in these two 

orientations but obliquely at various angles. (Fig 2.4) Parallel to each such division is a series of 

others so that in a given cell or its neighbors several elongate and parallel cells are cut out. This 

group becomes connected with other groups in a continuous series, though successive members 

of this series may arise a somewhat different angle. The result is that strands of cells are formed, 

twisting about through the original rectangular cellular system and connected in an interwoven 

pattern. 

 

Figure 2.4. Young ovary of Luffa. Successive early stages in the origin of a fiber strand 

differentiating in ground parenchyma 

These small elongate cells expand with the growth of their parenchymatous neighbors and 

develop into long sclerenchymatous cells aggregated into strands a fraction of a millimeter wide 

which is organized into the complex fibrous "sponge". This sponge is not a random mass of 

fibers but has an organization of its own, for the outer members of it are arranged in rows 

transverse to the axis of the fruit and most of the inner ones extend lengthwise. They are united 

into a continuous system. This system seems to be the expression of a histological pattern 
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superposed upon the fundamentally different system of regularly arranged parenchyma cells of 

the early ovary. How the course of its interconnected but continuous strands is established is a 

baffling problem. In somewhat the same way as these sclerenchymatous strands develop, the 

young bundle initials of the veins arise in the mesophyll of a developing leaf blade, as described 

by Meeuse (Fig 2.5). 

 

Figure 2.5. Portion of transverse section of leaf of Sanseviera. Bundle of fibers beginning 

to differentiate in the midst of fundamental tissue 

Cambium: 

A familiar example of a complex pattern of differential development is that of the vascular 

cambium and its products. The typical cambium consists of a continuous tangential layer of 

elongate initials in which most of the divisions are in the tangential plane. The cells cut off on 

the inside develop into tracheids, fibers, vessels, parenchyma, and ray cells of the xylem, and 

those on the outside into sieve tubes, companion cells, fibers, and other phloem cells. There are 

profound differences between a huge vessel element in oak wood and a small parenchyma cell 

beside it but both come from similar cambium cells. There are a number of morphogenetic 

problems presented by a study of this development of secondary vascular tissues. 

1. What determines the relative frequency of divisions on the inside of the cambial initials 

to those on the outside, the relative amount of xylem and phloem? 

2. What determines how cambium derivatives differentiate into the widely diverse sorts of 

cells found in the mature tissues? 

3. What maintains so perfectly the anatomical pattern of the xylem and phloem? 

Bannan and others have shown that many radial files of cells are begun at the cambium and 

then die out and that many rays are initiated only to disappear, the net result being a very precise 

distribution of rays and vertical elements with reference to each other. The files of tracheids 

remain at a constant width, and the rays are evenly spaced with reference to each other, as can be 

seen in a tangential section of wood. These relationships are so constant and specific that they 

are used as taxonomic characters. This same problem of a specifically patterned distribution of 

structures meets us in many other places, such as in the spacing of bundles in cross sections of the 
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stems of monocotyledons, of stomata in the leaf epidermis of root hairs, or of developing sclerosis 

in the cortex. Bunning has explored this problem. 

He suggests that a specific developing structure prevents the differentiation of another like it 

within a certain distance of itself and cites some experimental evidence in support of this idea. In 

the cells immediately around a young stoma initial, the nuclei always lie on the side of the cell 

next to the initial, as if in response to a chemo tactic stimulus. A few cells farther out, they have 

normal positions. Bunning believes that a hormonal substance passes out from the young stomata 

cells which stimulates cell division, as shown by the production of accessory cells and others, and 

thus inhibits differentiation of stomata (and sometimes of hairs or glands). Near wounds, cell 

division occurs but stomata are not differentiated. If auxin paste or juice from crushed tissue, 

presumably containing wound hormones, is applied to the young leaf, cell divisions are plentiful 

but stomata do not develop. 

This suggestion is of much interest in relation to the differentiation of other evenly spaced 

structures, but it does not explain how the inhibiting center itself is initiated in the first place. This is 

a promising point, however, at which to attack the problem of organic pattern. In the histological 

pattern that originates back of the apical meristem, bunning believes that the meristem itself 

inhibits differentiation within a certain distance. Farther back, each bundle initial, which is in the 

process of growth but is not part of the meristem proper and which he terms a meristemoid, inhibits 

the development of others near it. The differentiation of tissues produced by the vascular cambium 

has been studied by Linnemann who observed that in beech the proportion of rays is greater in the 

wood of isolated trees than in dense stands but that it does not vary consistently with age or as 

between trunk and branches. Rays tend to increase in width during an annual ring and to be wider 

in the narrower rings. The fact that vessel elements occur in longitudinal series to form a duct 

indicates the operation of a continuous stimulus longitudinally along the axis (Fig 2.6) 

 

Figure 2.6. Left, epidermis of developing leaf two weeks after treatment with auxin paste. 

Stomata are almost absent. Right, epidermis of untreated half of the same leaf 
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Priestley, Scott, and Malins have, shown that a single duct differentiates almost simultaneously 

throughout a long extent of trunk.  A leaf trace passing down into a young stem exerts a 

considerable correlative influence upon vessel differentiation below it. Alexandrov and Abessadze 

found that here are fewer vessels in a segment just below a leaf trace and that they appear earliest 

next the rays that delimit the trace. The vessel-forming stimulus clearly moves downward, thus 

suggesting the operation of a hormonal control. That auxin has a role in the initiation of the ring-

porous condition is suggested by the work of Wareing and Chowdhury has analyzed some of the 

factors responsible for the transformation of diffuse-porous to ring-porous structure in Gmelina.  

Continuity in differentiation of similar cells is also shown by the cork cambium or phellogen 

in old cortex or phloem. Here it arises as a series of almost simultaneous divisions which, as seen 

in transverse section, somewhat resemble those described for the Luffa strands, since they are 

connected to one another in a series and often follow a somewhat irregular course through the 

tissue in which they arise. They form a continuous sheet of meristematic cells, often in localized 

patches, which cut off elements from their outer faces. Their cells suberize later, thus sealing off 

the outside tissues. The origin of these phellogens is the more interesting because they have their 

beginning in tissues where the cells are mature and intermixed with dead or necrotic ones. Their 

origin after wounding is related to the operation of wound hormones. 

Differentiation during ontogeny 

Differentiation, like most problems of morphogenesis, must be studied not only as it is found 

in the structure of the mature plant but as it arises during development. The mature plant is 

obviously very different from the embryo and the seedling, but an important question, still far 

from settlement, is whether the changes that take place here are simply the result of increased 

size and the effects of environment or are internal modifications arising during development and 

becoming manifest in the progressive differentiation of the individual as its life cycle unfolds. It 

is obvious that environment is of great importance in determining the differences that arise, and 

most of the experimental work in morphogenesis is concerned with a manipulation of 

environmental factors. It is also clear that the specific response to an environment depends on the 

innate genetic constitution of the individual. What is not so evident, however, is whether this 

response always remains the same or changes as the organism grows older (Fig 2.7). 

There is a good deal of evidence that changes in the plant, independent of environmental 

conditions, do indeed occur as development proceeds. Juvenile stages are often very different 

from adult ones. That these are real and often irreversible differences is proved by the fact that 

they can be perpetuated by cuttings. Progressive changes in the shape and character of organs, 

especially leaves, at successive points along the stem have often been observed and by some 

biologists are attributed to advancing maturity or physiological aging the onset of actual 

senescence has been reported in some Cases. A considerable school of physiologists believe that 

the life history of a plant, particularly up to the time of flowering, consists of a series of 

successive phases, each the necessary precursor of the next but independent of the amount of 

growth attained. This concept has come in part from the idea of vernalization. In such phasic 
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development the major change is the onset of the reproductive period after one of purely 

vegetative development. 

 

Figure 2.7. Development of the embryo of Capsella bursa pastoris from the first division of 

the fertilized egg to the mature embryo 

This apparently begins by a physiological change, the "ripeness to flower," as Klebs called it. 

Only after this has begun do the floral primordia appear at the meristem. They may not be the 

first visible evidence of the onset of reproduction. Roberts and Struckmeyer have shown that the 

induction of the flowering phase is very early indicated by a number of anatomical changes. Root 

growth is much reduced, cambial activity almost ceases, and the vascular tissues tend rapidly to 

complete their full differentiation. In other words, the plant structures become mature. 

Reproduction is a sign of maturity, and these anatomical changes are evidence of a more general 

one that is about to take place. Many factors are involved here, either as causes or concomitants. 

There seems to be a major physiological change involved in this shift from vegetation to repro-

duction. An important problem in both physiology and morphogenesis is, to find what is 

involved in this shift. To solve it would throw light on one of the major formative processes in 

the plant. 
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Embryology and Juvenile Stages 

The science of embryology in the higher plants, in the sense in which it has been developed 

in animals, can hardly be said to exist. The early embryo is relatively inaccessible and is simple 

in structure. (Fig 2.8) The divisions immediately following fertilization have been studied for 

many plants by Soueges and Johansen and show differences in certain groups, but little as 

precise as the early stages in animal embryology is to be seen. Toward the micropylar end of the 

ovule the young radical begins to differentiate and forms an apical meristem at its tip. At the 

other pole, in gymnosperms and dicotyledons, arise the cotyledons, with the first bud between 

them. The monocotyledons have a somewhat, more complex structure here but it follows the 

same, general course. Especially important to students of morphogenesis is Wardlaw's book on 

Embryogenesis which discusses embryogeny throughout the plant kingdom, with particular 

emphasis on the factors that determine development. Maheshwari has written a general survey of 

angiosperm embryology, including a useful discussion of experimental embryo culture. 

 

Figure 2.8. Changes in leaf shape in cotton at five successive nodes above the cotyledons, in 

four varieties of cotton and an F1 

The ability to take embryos out of the ovule at a very early stage and grow them in culture 

has opened up a wide field of investigation which should be fruitful for morphogenesis. Several 

facts of significance, particularly for regeneration, have come from a study of plant embryos. In a 

number of cases the young embryo may spontaneously divide into several parts each of which 

apparently has the capacity to develop into a whole plant. Such cleavage polyembryony has been 

studied by Buchholz and others. In certain plants notably some members of the citrus family, 

embryos may arise not only through a sexual process but by budding from the tissues of the 

nucellus. Such nucellar embryos are important for genetics as well as for morphogenesis. Of 

particular interest, however, are those forms in which the early structures are markedly different 



Dr. Mandaloju Venkateshwarlu 

76 
 

from later ones and in which characteristic "juvenile" stages can be seen. This type of 

development has been termed heteroblastic by Goebel in contrast to the more gradual 

homoblastic type. The difference is particularly conspicuous in the character of the leaves, which 

in the seedling are often quite unlike those of the mature plant. 

The first pair of leaves in the Eucalyptus seedling, for example, is horizontally oriented and 

dorsiventral in structure though all later foliage is characteristically pendulous and bifacial. The 

juvenile leaves of Acacia are pinnately compound but the adult ones are reduced to phyllodes in 

pine; the seedling leaves are not in fascicles but are borne singly. The young plant of 

phyllocladus has needle-like leaves, common in most other conifers, but the adult plant bears 

phylloclads only. Seedlings of cacti have leaves but these are absent in adult plants. Many more 

such examples could be cited. There are some cases in which the internal structure is markedly 

different in young plant and adult, usually being simpler in character in the former. Thus in ferns 

which have a complex vascular system in the mature plant, the young sporeling possess a 

relatively simple protostele or siphonostele. Species with many-bundled leaf traces usually have 

only three in the seedling. Secondary tissues are also less complex in young plants. Schramm 

finds that juvenile leaves generally resemble adult shade leaves in structure. 

There are differences, particularly as to venation, between the early, deeply pinnatifid leaves 

of Lacunaria and the simple mature type. Robbelen finds that in chlorophyll-defective mutants 

the juvenile form of leaf is retained later than normally and has a relatively small meristem. 

Normal leaves are not produced until the meristem reaches a diameter of 80 to 90 µ. 

Schaffalitzky de Muckadell has reviewed the literature on juvenile stages. Juvenile traits often 

resemble those of plant types presumably ancestral for the stock in question. This seems evident 

in many of the examples cited. Most Leguminosae other than Acacia have leaves and not 

phyllodes, and most Myrtaceae other than Eucalyptus have dorsiventral leaves. These facts 

suggest that the seedling repeats or recapitulates ancestral traits, much as the animal embryo has 

been thought to do. There is much doubt in many cases, however, as to what the course of 

evolution actually has been and so much variation in early ontogeny in many plants that it is 

impossible to establish the doctrine of recapitulation as an invariably useful guide to phylogeny. 

Differentiation in relation to environment 

Most of the examples of differentiation thus far cited seem to be primarily the expression of a 

developmental pattern controlled by the genetic constitution of the individual. Obviously, such a 

constitution cannot operate except in an environment of some sort, for genes control specific 

differences in reaction to specific environmental factors. It is therefore to be expected that 

differentiation should be greatly influenced by the environment, both internal and external. The 

basis for differentiation itself is provided by the environment, for the most important contribution 

that the physical environment makes, morphogenetically, is to set up a gradient in the organism. 

This cannot be done unless the environment itself displays a gradient in direction or intensity. 

Fern prothallia, for example, grown in culture on a shaking machine, and thus exposed equally to 

gravity on all sides, or on a revolving table, and thus exposed equally to light on all sides are in a 
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homogeneous environment which has no gradients, no single direction of gravity or light. As a 

consequence, the organism produces an amorphous mass of tissue for it is without a polar axis, 

the basis for its differentiation. Such an axis must be induced, at least at the very start, by an 

asymmetrical environmental. 

Environment and External Differentiation: 

The most obvious relation between environment and differentiation is in the effect that 

external factors have on the form and character of plant organs. Most of the final part of this 

book will be concerned with morphogenetic effects of such factors. Light influences the 

differentiation of reproductive and other structures by its intensity, its wave length, and the 

duration of its photo period. The amount of available water is important in the induction of 

xenomorphic structures. Temperature, particularly in early development, seems to affect the rate 

of certain processes that are precursors to flowering. Chemical agents, notably growth 

substances, have a marked influence on differentiation of all sorts. The discussion of these 

problems must wait until later pages. 

There are a few conspicuous instances, however, where differentiation obviously is 

dependent on environmental factors which can best be described here. One is the general 

phenomenon of heterophylly, where two or more widely different types of leaves, usually 

without intermediate forms, may occur on the same plant. This difference is most commonly, 

though not always, associated with the plant's ability to live either submersed in water or rooted 

in the ground with its shoots in the air. This may be interpreted as a case of heteroblastic 

development in which the manifestations are reversible. It is related to the problems of juvenile 

stages and progressive development discussed in the preceding section. In many species of the 

pondweeds (Potamogeton) the floating leaves which rest on the surface of the water, are 

relatively broad and have a internal structure not unlike ordinary herebaceous foliage, whereas 

the leaves borne under water are long, narrow, and membranous, thus being adapted to live as 

submerged organs. 

Somewhat similar may be seen in various "amphibious" plants, such as the water butter cup 

(Ranunculus aquatilis) and the mermaid weed (Proserpinaca palustris). These species live in 

environments where part of the foliage grows in a iar and part is submersed under water. Under 

the formed condition, the leaves are relatively broad and well provided with stomata and inter 

cellular air chambers. In the latter they are much dissected and thinner. These effects of the 

environment on water buttercup were observed by Lamarck and played an important part in the 

development of his theory of evolution. The relation of differences between the "Water" and 

"land" forms in such plants to those between juvenile and adult stages has been discussed by 

various workers. Burns believes that the "water" form of proserpinaca is the juvenile stage, 

associated with unfavorable conditions, and the "land" forms the adult type and associated with 

flowering. He found that only the broad, entire leaves were formed in the flowering season and 

only the dissected ones in the winter. 
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 Philly is a necessary prerequisite for the ability of a plant to live in both aquatic and 

terrestrial habitats.   Pearsall and Handy have evidence that leaf variation in Potamogeton is due, 

at least in part; to chemical differences in the soil, and Gessner and Bauer relate it to rate of 

metabolism in the buds. McCallum though that in proserpinaca the water type of leaf arose 

primarily because of reduction in transpiration. H. Jones has made extensive studies of the 

differences in development of the primordial that produce the linear and the ovate leaves of 

Callitriche and the conditions under which these are formed. There are many instances where, 

instead of the permanent induction of structures at certain ontogenetic levels, there may be 

reversion to earlier stages under certain environmental conditions. This is especially frequent in 

those cases where juvenile stages are adapted to different environments than are the adult ones.   

A commonly cited example is that of campanula rotundifolia, which has rounded juvenile 

leaves adapted to weak light, although the mature leaves are linear. A mature plant grown in low 

illumination will often revert to the juvenile type of foliage. Seedlings, even in strong light, 

however, bear nothing but juvenile foliage. Often wounding will bring about such reversion, as 

in shoots growing from injured regions of certain pines, which for a time bear foliage like that of 

the seedling. With many perennials there is a partial return to the juvenile stage at the beginning 

of each growing season. 

Environment and Internal Differentiation 

Internal differentiation, also, may be greatly affected by environmental factors. It is 

important to recognize that changes that take place in this process are part of an underlying 

pattern of relationships among the cells and between them and the environment. This fact is 

made clear whenever such relationships are disturbed. If tissue like the cortex, for example, is 

exposed to the outside air by removal of the outer cell layer, structures tend to differentiate at the 

new surfaces which are characteristic for such a position. Thus, when Vochting sliced off a 

portion of kohlrabi tuber, the living cells at the new surface differentiated into a rather typical 

epidermis in which even stomata were formed. 

In roots of the Araceae and air roots of orchids where there is no cell division after an injury, 

parenchyma cells near newly exposed surface redifferentiate into thick-walled ones essentially 

like those of a normal hypodermis. Even more complex patterns may be reconstituted under the 

influence of a different environment. In the roots of Philodendron Glaziovii there is a row of 

brachysclereids a few cell layers below the surface. After the experimental removal of the outer 

tissues, a similar row of thick-walled cells differentiates at about the same distance below the 

new surface. In the air root of Monstera, the cells of the cortex normally remain undifferentiated 

for a considerable distance back from the tip. At this point, however, the four or five cell rows 

next the outside often form thick, lignified walls and develop into brachysclereids. This 

difference between these cells and their unlignified neighbors is not evident at the last cell 

division nor can it be traced through any cell lineage (Fig 2.9). 

It arises as these two types of cells become mature. The occurrence of lignifications is 

apparently related to the position of cells with reference to the surface of the root and thus 
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probably to such an environmental factor as an oxygen or water gradient. When a root of 

Monstera is wounded in such a manner that the parenchyma cells of the inner cortex are now 

exposed to a new, artificially produced surface, they become thick walled brachysclereids (Fig 

2.10). When Wardlaw isolated the central core of the shoot meristem by vertical incisions, he 

observed that the cylinder of vascular tissue regenerating inside the core developed at a constant 

distance from the new surface made by the cuts. 

 

Figure 2.9. Air root of Philodendron. Below arrow, normal hypodermal tissue pattrn, with 

layer of brachysclerieds. Above, regeneration of similar layer below wound 

In a few instances where the normal ontogeny may be completed under given environment, 

exceptionally favorable conditions will enable the plant to realize developmental potencies 

which it never would display otherwise. Thus, Bloch has shown that in Tradescantia fluminensis, 

which typically has bundle sheaths with only thin-walled cells, wounding may so stimulate 

differentiation that thick-walled sheath cells, similar to those in related species of Tradescantia, 

may be formed. Here the ontogenetic cycle has been extended beyond its normal course, either in 

reversion to a formed evolutionary level or toward the realization of developmental potencies not 

yet normally expressed by this species, though common in related ones. Often the whole 

histological pattern may be affected. In air roots of orchids growing freely, adventitious roots are 

produced on all sides; but the root is in contact with a support, these lateral roots are formed only 

next the support, presumably because of differences in moisture or other factors on the two sides. 

Anatomical differences are also evident in these two root sectors. 

Physiolocial differentiation 

All differentiation, of course, has its basis in the physiological activities of living substance, 

but it can usually be recognized most readily why these activities result in the production of 

visible differences in structure. It is such differences that have chiefly been considered in the 

preceding pages. Physiological differentiation itself, however, can often be demonstrated, and 

experiments in this field offer hope for the solution of many developmental problems. A few 
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typical examples will be discussed briefly here and others in later pages. The diversities in 

structure between root and shoot are doubtless the expressions of fundamental physiological 

differences. One of the most conspicuous of these is in vitamin synthesis. By culture methods it 

is possible to grow roots indefinitely from a bit of root tip. 

Such roots cultures must be provided with the necessary mineral salts and also with a source 

on carbohydrates (usually sucrose). These alone prove to be not enough to secure indefinite 

growth, and they must be supplemented by small amounts of certain vitamins, in most cases 

thiamin. It is clear, therefore that such roots are unable to synthesize this vitamin. Since thiamins 

are known to be present in the shoots of plants, this is evidently the region in which it is 

produced. In nature, roots must obtain their supply from the shoots. Just when this physiological 

differentiation first occurs is not known, but it is probably at the time when root and shoot are set 

a part in early embryology. It has been shown that root and shoot also differ in their ability to 

synthesize certain alkaloids. Tobacco shoots can be grafted onto tomato roots, and leaves and 

stems of such shoots are free from nicotine. It tomatoes shoots are grafted on tobacco roots; 

however, the tomato tissues contain large quantities of this alkaloid. 

It is there obvious that in such cases the capacity to synthesize nicotine is confined to the 

tobacco root and is not possessed by its leaves, as has commonly been assumed. Certain other 

alkaloids (as quinine) can be shown by such experiments to be synthesized in both roots and 

shoots. The fact that a substance occurs in a certain part of the plant is evidently no proof than it 

is formed there. This technique of reciprocal grafting provides a useful tool for the demonstration 

of physiological differentiation of this sort. Studies of geotropic reaction of typical roots and 

stems show that they are also different in their response to auxin, the growth of roots being 

exhibited by concentrations which stimulate growth of stems, a fact which plains the geotropic 

reactions characteristic of these two organs. They differ physiologically in other respects, for 

Collander has shown that certain cations may be differentially distributed between root and 

shoot, sodium and manganese being more abundant in the former and calcium, strontium, and 

lithium in the latter. Differences between vegetative and reproductive phases of the life cycle are 

sometimes physiological as well as structural.  

Many early workers noticed the difference between "blind" and "flowering" stems, the 

former when used as cuttings producing vegetative growth only and the latter, flowering shoots. 

This difference has now been shown to be related to the presence of some substance or 

substances which induce flowering. Torrey reports that three synthetic substances which inhibit 

root elongation have specific effects on the acceleration or retardation of the differentiation of 

xylem and of phloem. Physiological differentiation must evidently be important in sex 

determination, and chemical differences between the sexes have been found many several 

workers. By the Manoilov reaction, for example, staminate and pistillate plants of popular can be 

distinguished, as well as "plus" and minus" strains of Mucor. Stanfield described chemical 

differences between staminate and pistillate plants of Lychnis dioica. Aitchison found that in 
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several generate the sexes were unlike in oxidase activity, this being greater in some cases on 

males and in others in females. 

Hoxmeier, working with Cannabis and Spinacia, reports that the tissue fluids of staminate 

plants are more acid than those of pistillate ones. In Cannabis, Cheuvart observed differences 

between the sexes in chlorophyll content, especially in the rate at which this is reduced at the 

time of flowering. Reinders-Gouwentak and van der veen found that in popular the female 

catkins tended no stimulate wood formation on the stem below them whereas males did at 

suggesting a difference between the sexes here in the production of a growth substance. Regular 

changes in the physiological activity of the series of successive leaves on a plant, related to both 

position and age, have been observed by various workers. Dormer determined the dry weight per 

unit of length in successive internodes of vicia from the apex downward and found that during 

the unfolding of the ninth leaf there was a sudden change in the distribution of the dry-weight 

increment. The nutritional history of an internode thus seems to be a function of its position in 

the stem.  

The developing seedling has also been shown to change in its physiological character. 

Rietsma, Satina, and Blakeslee, by growing Datura embryos in tissue culture, have shown that 

the minimal sucrose requirement falls steadily from the earliest stages to the mature embryo. A 

notable example of physiological ontogeny has been reported by Wet more. In the developing 

fern sporeling the first leaves are two lobed. These are followed by three-lobed ones and finally 

by pinnate leaves in which an apical cell has appeared. Shoot apices from small fern sporelings, 

cultured in mineral nutrients and various concentrations of sucrose, grew into whole plants. 

Where the concentration was low, or two-lobed leaves were formed. Higher concentrations 

produced lobed ones and still higher, pinnate ones. 

The normal ontogenetic progression here thus seems to be related to an increasing supply of 

sucrose. Metabolic gradients are marked by various physiological differences, especially as to 

the rates of reactions. Prevot observed that respiration in the apical region of the root of several 

genera was greater than in the more distal regions. This is not always the case, however, in shoot 

meristems. Wardlaw has found that the nutritional status of the apical region in ferns has an 

important effect on the size and character of the leaves and stellar structure. Apices that normally 

produce large and complex leaves and an elaborate vascular system, if reduced in size by poor 

nutrition, will from "Juvenile" leaves and simpler stellar patterns. 

Differentiation without growth 

There are a number of instances among the fungi where development of the fruiting 

structures does not take place until the vegetative phase of the life cycle has ended and no more 

food is absorbed from the environment. Growth, in the broader sense of the term, is therefore 

completed before differentiation begins, and the latter process ca be studied without the 

complications that are usually involved when growth accompanies it. One of the most notable 

examples of this is furnished by the acrasiaceae, a family of the slim molds. The vegetative 

individual in these plants is a single amoeboid cell, or myxamoeba. These multiply profusely by 
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simple division and live chiefly on several species of bacteria. They can readily be grown in 

culture. After vegetative life has gone on for some time and when external conditions are 

favorable, a large number of these myxamoebae, in a group of form several thousand to about 

150,000, begin to move toward a center of aggregation, streaming in from all sides and piling up 

into a mass of cells, the pseudoplasmodium (Fig 2.10). 

 

Figure 2.10. Dictyostelium. Stages in aggregation of myxamoebae into a pseudoplasmodium 

This is a millimeter or two in length, is elongate in form, and somewhat resembles a small 

grub. It is surrounded by a thin sheet of slime. By the time that this aggregation begins, all 

vegetative growth has ceased, so that in the life cycle of these plants growth (in the sense of 

increase by assimilation) and differentiation are separate from each other in time. The process of 

aggregation seems to be controlled by the production of chemotactically active substance, 

acrasin. The timing and mechanism of this process have been discussed by Shaffer. As to what 

determines the origin of these centers of aggregation, however, there is some difference of 

opinion. Sussman believes that a few initiator cells appear in the population and attract their 

neighbors into a many celled aggregates. 

The process of aggregation seems to be controlled by the production of chemotactically 

active substance, acrasin. The timing and mechanism of this process have been discussed by 

Shaffer. As to what determines the origin of these centers of aggregation, however, there is some 

difference of opinion. Sussman believes that a few initiator cells appear in the population and 

attract their neighbors into a many celled aggregates. Wilson presents evidence that aggregation 

has its origin in a sexual process, two myxamoebae fusing early in aggregation and establishing a 

center. Other fusions occur later and are followed by meiosis. The zygotes can be distinguished 

by their greater size. In the pseudoplasmodium the myxamoebae do not fuse but each circulates 
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freely among its neighbors, and the whole mass moves over surface of the substratum by means 

that are not yet clearly understood. This body of separate cells, however, is not without some 

degree of differentiation. It is elongated in the direction of its movement, which is towards the 

light. The apical end is slightly pointed and lifted above the rest and is richer is acrasin than the 

other regions. 

It is the part of the mass that is sensitive to the stimulation of light and seems to serve as a 

direction center for the whole. A pseudoplasmodium from which the apex has been removed will 

stop its motion and settle down at once to form a fruiting body. Two groups of cells may be 

distinguished in the pseudoplasmodium. Those near the apex and destined to form the stalk of 

the sorocarp are somewhat larger than the ones in the posterior region, which will later form 

spores. The proportion between these two types is maintained by a regulatory process 

irrespective of the size of the whole mass. Some cell division continues in the 

pseudoplasmodium but the rate is different in its two regions. If the apical and the basal halves of 

the pseudoplasmodium are experimentally separated, each will form a sorocarp, but the one from 

the apical half produces the larger spores. 

Despite these evidences of the beginning of differentiation, cells in one group can be changed 

to resemble those of the other, and every cell apparently is totipotent. If a few cells are removed 

from the mass they are no longer subject to its organizing control, and if food is present, they 

will become vegetative cells again and proceed to multiply. That the pseudoplasmodial axis is 

polarized is shown not only by the difference in structure of its two ends but by their behavior. 

K. Raper performed a series of grafting experiments between plasmodia that could be 

distinguished by their color, one group having fed on red bacteria. The apex, if cut off and placed 

at the rear of another Plasmodium, will not fuse with this one but will start off by itself. It fuses 

with the apical end of a decapitated Plasmodium. If an apex is cut off and placed next the sides 

of an intact plasmodial mass it will attach itself there and finally draw off a considerable mass of 

cells and establish a separate Plasmodium. The tip of the mass sometimes splits, and in this case 

two are formed. 

If two happen to come together, they may fuse into a single one of double size. Them which 

in turn become stalk cells (Fig 2.13). As Bonner describes it, "The process is the reverse of a 

fountain; the cells pour up the outside to become trapped and solidified in the central core which 

is the stalk. In so doing the whole structure rises into the air until all the prestali cells have been 

used up. "This description applies to the species most commonly studied, Dictyostelium 

discoideum. In D. mucoroides and D. purpureum, however, the stalk begins to be formed during 

the brief migration of the pseudoplasmodium. About 10 percent of the myxamoebae take part in 

the formation of disk and stalk. The others, still moving freelyover one another, follow the 

growing tip of the stalk upward in a body and (in Dictyostelium) form a spherical mass of cells, 

the sorus, at its summit. Here each myxamoeba rounds up to make a dry spore and these spores 

are later carried away by air currents, each now capable of developing into a myxamoeba Wilson 

presents evidence that some mitotic division occurs before spores’ formation. 
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CHAPTER III 

POLARITY 

In plant development, growth does not proceed at random to the production of a formless 

mass of living stuff but is an orderly process that gives rise to specific three-dimensional forms 

of organ or body. The various correlations described in the preceding chapter are manifestations 

of this formative control, which knits the developing organism together so that growth in one 

region or dimension is related to growth in the others and the plant thus becomes and integrated 

individual. A notable feature of these bodily forms of plants (and animals) is the presence in 

them of an axis which establishes a longitudinal dimension for organ or organism. Along this 

axis, and symmetrically with reference to it, the lateral structures develop. The two ends or poles 

of the axis are usually different both as to structure and physiological activity. Thus, a typical 

vascular plant has a major axis with the root at one end and the shoot at the other and with lateral 

appendages leaves, branches, or lateral roots disposed symmetrically around it. Growth is usually 

more rapid parallel to the axis than at right angles to it, so that an elongate form results, though 

this is by no means always the case. Single organs such as leaves, flowers, and fruits also show 

axiate patterns as do the bodies of lower plants. 

These patterns appear very early in development as the result of differences in growth or in 

planes of cell division. This characteristic orientation of organisms, which is typically bipolar 

and axiate, is termed polarity. Polarity may manifest itself in many ways. These structures at the 

two ends of an axis are unlike, as in the case of root and shoot, "Stem end" and "blossom end" of 

fruits, and petiole and blade of leaves. In regeneration, the organs formed at one end are usually 

different from those formed at the other. Cells and tissues may show polar behavior in grafting 

experiments. The transportation of certain substances may take place in one direction along the 

axis but not in the other, thus manifesting polarity in physiological activity. Both in structure and 

in function there are gradients of all sorts. 

Individual cells show polar behavior in plane of division and in the different character of 

their two daughter cells. It is important at the beginning to understand exactly what is meant by 

the term polarity. Sometimes this is regarded as an innate quality of an organism which makes its 

parts line up in a given direction, like iron filings i in a magnetic field or opposite electrical 

charges at the two poles of an electrophoretic system. How far such polarizing factors operate in 

organisms we do not know. The term polarity as used most commonly, and certainly in the 

present discussion, implies much less than this and involves no assumption as to its causes. 

Polarity is simply the specific orientation of activity in space. It refers to the fact that a given 

biological event, such as the transfer of material through an organ or the plane in which a cell 

divides, is not a random process but tends to be oriented in a given direction. If this were not so, 

an organism would grow into a spherical mass of cells, like tissue in a shaken culture. 

This differential directiveness is responsible for organic form. What is the cause of it we do 

not know, but one often invokes it, although as an expression of ignorance, in attempting to 

account for a morphogenetic fact. Polar behavior is no more and no less mysterious than organic 
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formativeness but is merely the simplest manifestation of this, the tendency to develop a major 

axis with lateral ones subordinate to it. It is essential to realize, however, that polarity is not a 

trait that is originally and invariably present. There is good evidence that entirely 

undifferentiated cells, such as eggs in their early stages and other very simple ones, manifest no 

polarity at all. Within them, doubtless, there are polar molecules but these are arranged at 

random, like iron filings that are not in a magnetic field. Sooner or later a gradient is established 

in the cell which lines up these molecules in a specific orientation. This orientation originates in, 

asymmetric factors in the outer environment, such as gravity, light, or the influence of adjacent 

cells, or perhaps within the cell from gene action. 

As a result, the various phenomena of polarity make their appearance, but not until a gradient 

has first been set up once a cell or a group of cells have thus become polarized, they will usually 

proceed to develop into an axiate system which then produces an organic form without necessity 

for further environmental induction. The tendency toward polar orientation, which may be strong 

or weak or reversible and is differentially susceptible to outer influences, is the fundamental fact 

of polarity. It must be distinguished from the various factors of induction that call forth and make 

manifest this polar tendency to say that light induces polarity in the egg of Fucus is to describe a 

morphogenetic fact, but a different problem is to explain the character of the cell that makes it 

capable of a specific polarization 

An explanation - of polarity in physical and chemical terms is difficult but a beginning at this 

task has already been made. In most biological discussions today, however, the term polarity is 

primarily a descriptive one. Polarity is involved in many morphogenetic phenomena, and it will 

necessarily be referred to repeatedly in other chapters. Thus, symmetry is the orderly distribution 

of structures in relation to a polar axis. Polar differences are the simplest aspect of 

differentiation. Regeneration is in most cases a polar process. Form results from a pattern of 

polarities set up in the developing plant. Polarity may be regarded as the framework, so to speak, 

on which organic form is built. 

POLARITY AS EXPRESSED IN EXTERNAL STRUCTURE 

The most conspicuous expression of polarity is in external morphology. In higher 

plants the differences between root end and shoot end care determined very early, 

perhaps at the first division of the fertilized egg. This differentiation is not irreversible, however, 

for roots often appear on stems under favorable conditions and, less commonly, buds and shoots 

appear on roots. Polar behavior occurs in thallophytes and bryophytes, even in some very simple 

forms like those of many filamentous algae, though in such cases it is less sharply marked and 

more easily reversed than in vascular plants. Organisms without morphological polarity are rare. 

A few amoeboid forms have no axes in the vegetative stage but form polarized fruiting bodies. 

Algae like Pleurococcus are spherical and apparently a polar but may be induced to produce 

filaments, an expression of axiation. Forms like spirogyra, desmids, and diatoms have an axis of 

symmetry but its two poles seem to be alike. In most filamentous types, however, a rhizoidal 

pole and a thallus pole can be distinguished. 
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Figure 3.1. Polarity in willow shoots. Left, portion of a stem suspended in moist air in its 

normal position and producing roots and shoots. Right, a stem similarly grown except in an 

inverted position 

Experimentally, polarity can best be demonstrated through its expression in regeneration, and 

it is here that most of our information about it has been gathered. Polar regeneration has long 

been known and manipulated in the horticultural practices of vegetative reproduction. Vochting 

cut twigs of willow and kept them under moist conditions. Some he left in their normal, upright 

orientation and others were inverted. Regardless of orientation, however, roots tended to be 

regenerated more vigorously from the morphologically basal end and shoots from buds at the 

original apical end. This is the classical example of polarity. If such a shoot were cut into two or 

more parts transversely, each part regenerated roots and shoots in the same polar fashion. Even 

very short pieces of stem showed this polar character. 
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Figure 3.2. Polar character of regeneration in fern prothallia from which pieces have been 

removed by transverse cuts. An apical portion restores a single heart-shaped structure, but 

from a basal one a group of small prothallia is formed 

 

Vochting removed a ring of bark in the middle of a shoot and confirmed earlier observations 

that roots were formed above the ring and shoots below, just as if the stem had been cut in two. 

Form these and similar experiments he concluded that polarity was a fixed and irreversible 

characteristic of the plant axis and the probably the individual cells of which the axis was formed 

themselves possessed a polar character. Experiments like these have been carried out on many 

plants. A variety of results, often conflicting, have been reported and several theories to explain 

polarity proposed. Klebs, for example, found that roots would grow at the apical end of an 

inverted shoot, that water stimulated root formation at any point on the twig, and that removal on 

the bark could reverse polarity. He believed that environmental conditions rather than innate 

polarity determined the place where buds and roots develop on a stem. 

Vochting replied to these criticisms of the theory of polarity. The problem, however, is 

evidently not quite as simple as Vochting at first thought. Polar regeneration is also evident in 

the lower groups of the plant singdom. If fern prothallia are sliced transversely, regeneration 

from their cut surfaces is polar and is related to physiological gradients, especially of osmotic 

concentration. In isolated primary leaves of ferns, polarity is evident, but both the character and 

the polar distribution of regenerated structures are somewhat diverse form and fixed, presumably 

because of the higher level of organization and differentiation among them. It must have its origin 

very early in embryonic development. Vochting's conclusions, however, that ever cell is polarized 

has been challenged by those who point out that many cells theoretically may become completely 

embryonic again and ultimately produce an entire plant and thus can have no fixed polar 

character. Preffer and Klebs have emphasized the probability that the cells of the terminal growing 

points have no original polarity of their own, any more than does an egg cell. 

In older parts a more stable polarization results from the influence of conditions in the 

environment. Vochting's idea of the irreversibility of polarity in these higher plants has also been 

disputed. Many investigations concerned with these problems cannot be judged critically because 

of insufficient evidence, particularly as to anatomical facts. Polarity may be manifest in the 
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transverse axis as well as in the longitudinal one. This is evident structurally in the transversely 

polar gradient often associated with regeneration. Thus Goebel found that in half slices of the 

root of Dioscorea sinuate shoots grew out from the central part of the axis and roots from the 

margin directly opposite to this (Fig 3.3). Transverse polarity is also manifest in the flow of 

auxin in various tropisms. The subject has been discussed in detail by Borgstrom. 

 

Figure 3.3. Transverse polarity in Dioscorea of a tuber with regenerating shoots next the 

core and roots on the periphery 

Stem Cuttings 

In stem cuttings, polar regeneration of shoots and roots is clearly obvious in higher plants, 

but there are considerable differences between species. Polar behavior may be obscured in 

various ways, as by the tendency of monocotyledons of form roots at nodes and by the influence 

in many cases of the age of the cutting upon the formation of root primordial. The specific polar 

reactivity of tissues from which buds and roots originate must be taken into account, as well as 

the fact that a different complex of conditions may control each of the successive processes in 

the development of these structures, such as the formation of primordial, their growth, their final 

differentiation into roots and shoots, or the formation of callus which may give rise to either 

roots or shoots. Various modifications of polar behavior in regeneration from stem cuttings have 

been reported. Roots, for example, tend more characteristically to be limited to one pole in their 

growth than do shoots. Doposcheg-Uhlar observed this in Begonia, and Massart studied 30 

species of plants, some of which showed strongly polar resonly root polarity, and some only 

shoot polarity. 

Root polarity was related to the growth habit of the plant, for species with pendant branches 

rooted readily at their apical ends. Polar tendency is also expressed in the manner of callus 
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formation in cuttings, since in most cases callus tends to develop more vigorously at the basal 

pole than at the apical. From the basal callus, roots are usually formed, and shoot from the apical 

one. Simon noted certain anatomical differences between apical and basal calluses and made the 

observation that calluses from opposite poles may be made to fuse but not calluses from the same 

pole. Various investigators found that local differences in water or oxygen may affect root 

production and thus obscure the inherent polar tendency. Only plett who studied phenomena of 

internode polarity 410 species, has attempted to explain the variability in distribution of roots 

and shoots on the basis of the anatomy of the plant from which the cutting was taken. He found 

that shoots from axillary buds regenerate in a polar fashion, as do adventitious roots that arise 

endogenously. Adventitious buds growing from callus or superficial regions of the cortex, 

however, are generally distributed rather irregularly, facts which suggest that the inner layer of 

the stem have stronger polar tendencies than do cortex and callus tissues. 

Root Cuttings 

 

Figure 3.4. Polarity of regeneration in root of Taraxacum. A root segment produces shoots 

at the proximal end and roots at the distal end, whether the segment is normally oriented, 

horizontal, or inverted 

 

Cuttings of roots behave in polar fashion. Dandelion, chicory, and sea kale have been studied 

most frequently in this regard. Shoots are commonly regenerated at the basal or proximal pole 

(the end next the shoot) and roots from the apical (distal pole. This polarity is maintained even 

when the root cutting is grown in an invented position (Fig 3.4). Wiesner made the observation 
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often confirmed since, that in relatively short pieces of root, shoots regenerate at both ends. This 

was also seen by Neilson-Jones and, in stem cuttings by Fischnich. If the growing roots were 

continually trimmed by from the apical end, shoots finally appeared there. Czaja product roots at 

both ends by trimming off tissue from the basal end. Centrifugation toward the shoot pole results 

in bud formation at the root pole, as does enclosing the base in sealing wax. These results are 

now interpreted as due to the effect of auxin, which tends to move toward the root apex. 

A high concentration of it tends to produce roots and a low one, shoots. This has been shown 

clearly by Warmke and Warmke. Callus develops more vigorously at the proximal pole. As early 

as 1847 Trecul reported that, in root cuttings of Madura buds and roots showed polar distribution 

and were formed endogenously but that in Ailanthus, where the buds arose in the cortex, polarity 

was much less evident. This agrees with plett's findings in stem cutting arm emphasizes the more 

internse polar behavior of the inner tissues. 

Leaf Cuttings 

Leaves when treated as cuttings behave quite differently from stems and roots and show a 

somewhat different type of polar behavior, evidently related to the fact that they are organs of 

determinate growth. In most the cut end of the petiole Hagemann performance inversion 

experiments on various species. In certain cases he found that wound stimulus or water affects 

regeneration. In Achiemenes, shoots were thus obtained from the apical cut surface and roots 

from the base under certain conditions, but Hagemann concluded that, in general, polarity as 

expressed in the location of regenerating structures in leaves is determined by anatomical 

structure. Behre reports that regeneration in the leaves of Drosera is apolar. 

There has been much discussion as to whether, in the higher plants, polarity once established 

can be reversed. It has been the common experience of botanists and horticulturalist that cuttings 

in which the apical end is put into the soil will not do as well as those with normal orientation. 

Some inverted cuttings are found to take root, however, and may live thus for some time. Kny 

successfully grew cuttings of Hedera and Ampelopsis inverted for several years, and Graham, 

Hawkins, and Stewart did so with willow cuttings, which were still flourishing after 11 years the 

tips of weeping willows will often root at the apex if they are dipping into water. Such inverted 

structures, however, often show external malformation and anatomical distortion. 

Growth may become normal again if the cutting is restored to its upright orientation and can 

form roots at the morphologically basal end. Lundegardh found that apparent reversal of polar 

behavior in Coleus was only temporary. Several seems to be easier to accomplish in seedlings than 

in older plants. Castan cut off the epicotyls and the primary root from etiolated pea seedlings and 

inverted them. Roots then grew out from the originally apical end and shoots from the basal one 

(Fig 3.5). Raw felder confirmed this observation and believes that it is a real reversal. 

POLARITY AS EXPRESSED IN INTERNAL STRUCTURE 

Polar phenomena are manifest not only in external form but in internal structure. This is 

evident in many ways. 
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Embryonic Development 

In vascular plants the first manifestation of polar behavior is in the division of the fertilized 

egg. This in most case seems to be related to the polar character of the gametophyte. Wetter 

confirming earlier work of others finds that in ferns the planes of division in the young embryo 

are related to the axis of the prothallium and that the segment that will form the first leaf is 

always directed toward the growing point (notch), a fact also evident later in the orientation of 

the young leaf itself. This relationship persists regardless of the direction of the incident light. 

In isoetes, the first division of the fertilized egg is at right angles to the axis of the 

archegonium, and early embryo development is not affected by external factors. In seed plants 

the embryo has a definite orientation in the ovule, the tip of the young radical always being 

directed toward the micropyle and the plumular end toward the chalaza. This has its origin in the 

polar relation between embryo sac and ovule, since the archegonium, or egg apparatus, lies at the 

micropylar end of the sac. Even the group of four megaspores is polarized, and it is the one at the 

micropylar end that germinates into the female gametophyte. The planes of division of the 

proembryo are related to the axis of the ovule. In the young embryo as it develops at the end of 

the suspensors, the distinction between roots and shoot beings very early, with the first transverse 

divisions. The direction of the polar axis is evidently impressed upon the embryo, as upon the 

egg, by the axial organization of the embryo sac and ovule, and once established this polar 

behavior persists and is apparently irreversible. 

 

Figure 3.5. "Inversion of Polarity". Etiolated pea seedling with epicotyls decapitated, 

inverted, and placed in water. Roots now grow out from the epicotyls and a shoot from a 

cotyledonary bud 
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Tissue Reorganization 

Various histological changes occur in cuttings grown in an inverted position, as described by 

Vochting and other. Such plants are evidently abnormal in a number of respects. There is often a 

tendency in them to form swellings and tumors, particularly near the insertion of branches, which 

now tend to grow upward. The cause of these swellings may lie in the fact that the original 

tissues cannot function properly under the changed orientation and that considerable cellular 

rearrangement must be brought about in the new tissue formed after inversion. These tumors 

resemble anatomically the "Whorld" commonly found in wound wood and consist of 

parenchymatous. Sclerenchymatous and tracheidal elements. Vochting here has described the 

structure of such tumors in Salix fragilis and other species and believes them to be due to the 

innate polar tendency of individual cells. 

On such an interpretation, the tissues are thought to twist about (Fig 3.6) until finally those of the 

root and of the new shoot are connected by cells of the same polar orientation. There has been 

considerable controversy as to this hypothesis. Maule uses it to explain the behavior of cambium 

cells in wound wood. Neeff made an extensive series of studies of the changing orientation of 

cambial cells in decapitated stems, findings that these tend to turn until they become parallel to 

the newly regenerating axis instead of to the old one (Fig 3.7 and 3.8), and he explains this in 

terms of the inherent polar behavior of the cells, which tends to conform to that of the functional 

axis. Both Jaccard and Kuster, on the other hand, disagree with Vochtings explanation and 

attribute the changing orientation of the cells mainly to mechanical factors. Twisting whorls may 

also appear in normal callus where mechanical factors can hardly be operative. More intensive 

studies are needed of the conditions that cause change in direction of cell growth. 

 

Figure 3.6. Vessel polarity after budding. I, longitudinal anastomoses between vessels in 

normally oriented bud and stock. II, twisting of vessels when bud has been inserted upside 

down. At right, single vessel from the latter. 

Altered direction of sap flow, for example, might affect the direction of cambial cell growth 

in Neeff s experiments. Similar changes in cellular orientation have been reported by 

MacDaniels and Curtis in spiral ringing wounds in apple, by Janse in bark strips left across a 
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ringing wound in Acalypha and by tupper Carey in tissue bridges in Acer and Laburnum. 

Pressure, nutrients movements, and basipetal cambial activity have been suggested as causes. 

The results of Went with inverted cuttings of Tagetes indicate that the direction of auxin flow in 

them is ultimately reversed. It is clear that in some way histological changes are related to the 

new conditions under which an inverted cutting has to grow. 

The results of grafting provide a direct way of testing polar differences in tissues. Vochting 

used the swollen stem of kohlrabi for a series of such experiments. If the top of a stem is sliced 

off transversely and a V-shaped cut made in its upper surface and if the lower portion of another 

stem is sharpened to fit this cut and inserted firmly into it, the tissues of the two stems will knit 

together. If, however, a piece is sliced off from the lower part of a kohlrabi stem and it is the 

inverted, and the surface now uppermost cut as before, and if a sharpened upper piece is inserted 

into this cut, the tissues will not knit. Furthermore, rootlets will begin to grow out from the upper 

piece into the lower one, as if growing in a foreign substratum. Thus, a root pole will fuse with a 

shoot pole but two similar poles, when brought together, will not fuse. Vochting also found that a 

square bit of tissue cut out from a beet root and put directly back will knit in its former place but 

will not do so if turned through 180° before being replaced there. These facts can be explained 

by assuming that the tissues of the plant, even such relatively undifferentiated parenchymatous 

ones, have definitely polar behavior. 

 

 

Figure 3.7. Left, diagram showing direction of cambium cells in a normal shoot of Tilia, with a 

lateral root and lateral shoot growing from it. The cells are parallel to the particular axis of 

which they form a part. Right, change of direction of these cells when the main axis has been 

decapitated at both ends and the lateral axes are becoming the main ones. The direction of 

the cells in the original main axis has now turned to become parallel with the new ones 

 

Bloch, however, observed that tissues of the fruits of Lagenaria do not behave in this way 

but that plugs, cut and replaced, will knit in any orientation. Microscopic examination after a few 
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days showed normal cellular fusion. In horticultural practice it has long been recognized that 

buds must be placed in normal orientation on the stock if they are to knit well. Colquhoun 

removed buds and pieces of bark in Casuarina and reapplied them in an inverted position. 

Observation of the anatomical structure showed that the cells of the cambium joined freely and 

continued to grow regardless of orientation. Wood fibers and vessels, however, show the 

characteristic turns and twists reported by vochting. This suggests that the cambial cells are 

unpolarized or in a condition of unstable polarity and that, as wood elements differentiate; 

polarity is gradually impressed upon them. Cells inversely oriented are now unable to unite, and 

the translocation of materials in them, tending in each to follow the original of flow, is seriously 

disturbed. 

 

Figure 3.8. Tangential sections through tissue of an axis like those in Figure 3.7. Left, 

Normal wood. Right, after decapitation, direction of cells changing to confirm to the axis of 

the lateral root, now the main one 

This gradual assumption of polarity is perhaps related to changes at the cell surface as the 

wall is formed or in the structure of the wall itself. Another manifestation of polar activity in 

histological characters, perhaps related to the basipetal tendency in the renewal of cambial 

activity or to the polar flow of auxin, may be observed in the reconstitution of severed vascular 

strands across the ground parenchyma of pith or cortex in herbaceous dicotyledons. This always 

begins at the basal end of a severed strand and proceeds downward toward the apical end of the 

cut bundle or to uninjured ones. 

Cell Polarity 

To test vochting's contention that polar behavior of a tissue is the result of the polarity of its 

individual cells is not easy. The fact that very small tissue pieces retain their original polarity and 

that inversely grafted tissues do not fuse supports vochting. Many other facts can also be cited. 

The two daughter cells following a division are often unlike. In these cases, each of the two types 

is found invariably on the same side, toward or away from the tip of the axis. Thus, in many 
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young roots the last division of the surface eels is unequal, the smaller daughter cell becoming a 

trichoblast and producing a root hair. This cell is always on the side toward the tip of the root. 

Before division the apical end of the mother cell is also more densely protoplasmic. In some cases 

(Phleum) the division is markedly unequal and polar. In others (Sporobolus) the two cells are more 

nearly equal and a root hair is not always formed (Fig 3.9).  

Here the polar behavior is much less marked. In the leaf epidermis of monocotyledons some 

cells divide unequally and the one toward the leaf tip becomes a stomatal mother cell. These 

facts suggest that the cells themselves have a polar orientation. The tendency of cells to divide in 

specific directions is at the bottom of all form determination, since it is concerned with the plane of 

division and thus the direction of growth. In the growth of elongate gourd fruits, for example, 

divisions are predominantly at right angles to the axis of the fruit, but in isodiametric ones they 

are at all angles. Whether polarity is a quality of the whole developing organ or simply of its 

component cells is still uncertain and organism. Various example of polarity in unequal cell 

division have been discussed and figured by bunning (Fig 3.10). 

 

Figure 3.9. Polarity in root-hair development. A, B, and C, successive stages, with root apex 

toward left. In Phleum, the last division is essentially equal, and the cell towards the apex 

does not always form a root hair 

Even when the cell does not divide, the difference between its two ends is often evident. That 

the cytoplasm is the seat of this polar difference is shown by the fact that, when vacuolated cells 

divide, the first indication of the plane of division, and thus of the polar axis, is the appearance of 

a cytoplasmic diaphragm in the position where the future partition wall will be formed. In such 

cells the direction of the axis may be related to gradients in hormone concentration, oxygen, of 

other factors. This polar difference may be visible in the contents of the cell, for in Enteromorpha, 

in Isoetes, and other plants the chromatophore is almost always on the side of the cell away from 
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the base of the thallus, or plant body. The distribution of chloroplasts in higher plants is also 

sometimes polar. 

The wall itself may show polar behavior, a fact which is of particular importance in 

producing differences in cell shape. Most cells are nearly isodiametric at the beginning, and if 

one at maturity is much longer than wide, this is the result of more rapid growth in length. Such 

differential growth, in turn, presumably comes from differences in the fine structure of the wall, 

which itself is ultimately dependent on factors in the cytoplasm. Wilson has shown that in the 

wall of the large cells of the alga Valonia there are two systems of orientation of cellulose fibrils 

which converge to two poles at the ends of the cell. The complex and remarkable shapes of many 

cells, both in simple organisms and within the tissues of larger ones, are probably due to a 

complex pattern of wall polarities that determine growth in a number of directions. 

 

Figure 3.10. Various types of unequal polar cell divisions: I, in pollen grain; II, in 

differentiation of root hairs in certain monocotyledons; II, in differentiation of stomata in 

monocotyledons; IV, in leaf cells of Sphagnum; V, in formation of sclereids in Monstera 
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How this is brought about is a morphogenetic problem at a different level from most of those 

here discussed, and its solution may provide suggestions for an approach to other problems of 

form. It is sometimes possible to demonstrate the polarity of single cells experimentally even 

though their contents are homogeneous and both ends appear to be alike. This can be done by 

isolating cells and observing the structures that regenerate from them. Miehe accomplished this 

in the filamentous alga Cladopora. Here polar organization is present but not conspicuous. At the 

basal end is a rhizoid which attaches to the substratum, and the rest of the filament or the thallus, 

a single row of cells, is undifferentiated. 

Miehe plasmolyzed the cells of a filament just enough to pull them away from the walls and 

break whatever connections there may have been with other cells, but without killing them. The 

plant was then deplasmolyzed. Each cell, now as effectively isolated as though it had actually 

been removed, began to enlarge, broke out of its wall, and proceeded to regenerate a new 

filament. The significant fact is that from the basal end of each cell a new rhizoid was formed 

and from the apical end, a new thallus. The polar character of the cells, otherwise impossible to 

demonstrate, could thus be established. These experiments were repeated and extended by Czaja 

(Fig 3.11). 

 

Figure 3.11. Polarity in a single cell. A cell isolated from a filament of Cladophora, 

regenerating a thallus from its apical end and a rhizoid from basal one 

 

Borowikow succeeded in reversing the polarity of Cladophora cells by centrifugation, 

showing again the close relation between the distribution of material in the cytoplasm and the 

polarity of the cell. In some filamentous algae, the plants organization may disintegrate under 

certain circumstances and the individual cells thus become freed from their correlative inhibition. 

In Griffithsia, for example, Tobler observed such cells in culture and found that, when they 

began to regenerate, rhizoids grew from the basal end (distinguishable by its shape) and shoots 
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from the apical one. Schechter centrifuged similar ones and found that their polarity could be 

altered by this means and that shoots always appeared at the centrifugal pole. 

PHYSIOLOGICAL MANIFESTATIONS OF POLARITY 

Differences in the external or internal structure of the plant body are almost invariably 

accompanied by physiological differences, though the latter are usually more difficult to 

demonstrate. Among these are the unidirectional flow commonly shown by auxin and often by 

other substances; the differences in bioelectric potential which can be demonstrated between 

different parts of the plant; and the many examples of physiological gradients in the plant body 

in pH, rate of respiration, osmotic concentration, auxin concentration, and others. These are 

doubtless related to visible morphological polarities but the character of the relationship is 

obscure.  

Whether such physiological polarities control the morphological ones or whether both are 

determined by more deeply seated morphogenetic factors in the living material, which are 

physiological only in the broadest sense, is not known. Electrical polarities are found in many 

organs and in the plant body as a whole. Unfortunately, any discussion of the significance of 

electrical potentials in relation to morphological polarity and polar regeneration must remain for 

the present rather hypothetical because of the uncertainties which still exist as to the nature and 

origin of the potential differences themselves The phenomena of organic polarities have so many 

similarities to electrical ones that it is tempting to explain the former entirely in terms of the 

latter, but there is insufficient evidence as yet for such a simple solution of the problem. 

Physiological gradients of various kinds, particularly metabolic ones, and their significance 

have been extensively discussed by Child such gradients are along the major axes of the 

organism, and indeed their existence is thought by some to establish these axes and to be a major 

factor in the origin of polarity. Child believed that they arise early in development as the result of 

some unilateral difference in the environment and that, once established, they persist. He points 

out that they often can be obliterated or redirected by external differentials and infers that they 

are of great importance in determining patterns of development. The inherent properties of 

protoplasm, unable alone to control development, produce their morphogenetic effects through 

specific reactions to such axial gradients. Prat has reviewed the relations between physiological 

and histological gradients. 

Gradients in respiratory activity such as have so often been described in animal axes are 

found in plants. Ball and Boell, however, have shown that in some plants the rate of respiration 

at the meristematic tip is less rapid than in the zone immediately behind this Hurd-Karrer found 

that in corn stalks the minimal concentration of solutes is in the basal internodes and increases 

upward, a gradient reported by others for leaves at different levels in a tree. In plant exudates 

there is a concentration gradient with the highest values near the apex the proportion of ash to 

dry weight in herbaceous plants was shown by Edgecombe to increase toward the tip of the 

plant. Many other examples might be cited. These gradients are often related to translocation of 

solutes and food and thus to localized and differential growth. Hicks found that nitrogen tends to 
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move toward the morphological tip of a stem and carbohydrates toward the base, even in 

inverted shoots, so that a gradient in C/N ratio results in the stem. She believes that this may be 

responsible for the phenomena of polarity, but this may be a parallelism rather than a causal 

relation. 

 

 

Figure 3.12. Polarity in Dictyostelium. If an apical piece of a pseudoplasmodium is placed in 

close contact with the apical end of another, coalescence takes place. If it is placed next the 

basal end, either of the same plasmodium or another, there is no coalescence, and the 

terminal piece moves off independently 

 

The unidirectional flow of nutrients to particular "centers- of attraction" in shoots, roots, 

leaves, and other structures has been emphasized by Goebel as of particular importance in 

regeneration and other phenomena of development. What causes the establishment of such 

centers and thus directs the location of growth is a question closely related to that of polarity. 

Simon has suggested that the polar character of regeneration in leaves is related to the basipetal 

movement of carbohydrates. How much the director of flow in the phloem is due to polar 

behavior in the strict sense and how much to other factors is not clear, but Schumacher has 

shown a polar flow of fluoresce in there, basipetal in the petiole and in various directions in the 

stem. It seems clear that in most vegetative stems the flow of nutrients in the phloem is 

predominantly basal. Sax removed a ring of bark in a young tree and then replaced it in an 

inverted position. Under these conditions phloem transport is markedly checked and the tree is 

much reduced in growth. 
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This effect is not permanent, however, because the new bark regenerated at the seam permits 

phloem transport upward. The clearest case of physiological polarity and the one most 

thoroughly studied is that of the flow of auxin In the Avena coleoptile it has been shown that 

auxin normally is produced at the tip and moves toward its base. If the coleoptile is cut off, 

decapitated, and auxin applied at the morphological apex it will move toward the other end, 

whether the coleoptile is normally. oriented or inverted. If auxin is applied to the 

morphologically basal end, however, it will not move toward the tip even if the coleoptile is 

inverted and the auxin is placed at the end now uppermost. Auxin flow here is therefore strictly 

polar. The cause of this polarity is not clear, for there is no histological difference with which it 

is correlated. It seems to be characteristic of auxin transport generally, for this substance, 

commonly produced in buds, moves downward from them but not upward. 

Jacobs and others t however, report that auxin may sometimes move acropetally, especially in 

weak-concentrations. Went has shown that the auxin flow continues to be morphologically 

basipetal in inverted cuttings of marigold but that. after a time, presumably following the 

production pf new and reoriented vascular bundles, the flow is reversed and auxin now moves 

downward toward the new root system. He suggested that auxin polarity is electrical in character, 

but this idea has encountered some difficulties. 

The significance of auxin polarity for many problems of plant development is great since this 

substance is so intimately related to both stimulation and inhibition of growth and to so many 

specific growth reactions, such as the initiation of shoots and roots. It is tempting to explain all 

structural polarity in the plant as due to this polar flow of auxin, but here again it may be that 

both are the result of some more deeply seated factor. No satisfactory solution of the problem has 

yet been found. It is surely a remarkable fact that a simple, relatively undifferentiated 

parenchyma cell of the oat coleoptile will allow auxin to pass through it in only one direction. An 

understanding of the mechanisms involved in this polar flow would doubtless contribute to the 

solution of many problems in physiology and development. 

POLARITY AND DEVELOPMENTAL PATTERN 

The chief significance, of polarity for students of morphogenesis lies in the fact that it is the 

simplest expression of the general phenomenon of organic pattern. These patterns, which are 

exhibited in such profusion in the bodies of animals and plants, are each built around a polar axis 

which provides, so to speak, the theme or foundation upon which the whole develops. This, of 

course, is by no means the only expression of polarity in the plant. In a tree, for example, not 

only the main trunk but the many branches growing out from it may each have a polar axis of its 

own. The frequency and size of these branches and the angles which they make with the trunk 

produce the characteristic pattern of the tree's crown, one which is almost as specific as the 

pattern of its leaf. The character of this crown is due to the dominance of certain buds or 

branches over others and thus to a controlled localization of growth and a balance between the 

various axes of the tree. 
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This, in turn, seems to be governed by a specific polar pattern of auxin distribution. It seems 

probable that the form and development of a leaf, which involve a pattern of major and minor 

vein polarities, have a similar basis. In such cases as these, organic form appears to be the 

expression of a series of interrelated polar axes. Such a condition probably occurs also in forms 

in which the organic pattern is related to the polarity of individual cells. This is well shown in the 

development of shoots that grow by a large apical cell. Here the growth and differentiation of the 

axis are clearly associated with a precise series of divisions in various planes, both of the apical 

cell and of those cut off from it. This pattern of diverse cell polarities is less easy to trace in other 

meristematic regions but is evidently operating there as well. In such a structure as the growing 

primordium of a young ovary, cell divisions are very abundant but occur in every direction, as 

though the planes of division were at random.  

That such divisions are all part of a definite organic pattern, however, is shown by the fact 

that the structure in which they occur shows a regular and progressive development toward its 

specific form. Each plane of division, presumably determined by the orientation of the 

cytoplasm, is related to the complex pattern of diverse polarities of which it forms a part. The 

polar phenomena of coenocytes and other evidence support the contention that the basic fact in 

polarity is the orientation and polar behavior of the cytoplasm. Where this is confined within cell 

walls, more complex and stable patterns may be produced, but the fundamental problem 

everywhere seems to be the development of polar patterns in the whole cytoplasmic body of the 

organism, whether this is cut up into cells or not. Polar patterns are not confined to organisms 

that have developed in the ordinary way by growth from a reproductive unit such as a spore or 

egg but are found in what are essentially organic communities. 

Thus, in certain slime molds such as Dictyostelium the vegetative individual is a tiny 

myxamoeba. At the end of vegetative growth some thousands of these become aggregated into a 

pseudoplasmodium where each retains its individuality. This colonial structure shows a polar 

organization, for the terminal portion of it can be grafted to the decapitated apex of another 

pseudoplasmodium, though not to the base. The tip is evidently the dominant region, for if 

grafted to the side of a pseudoplasmodium it will withdraw from it a group of individuals and 

start out as a new unit. The sorocarp that ultimately develops has a vertical polar axis and, in 

some species, lateral axes as well. Polarity in organisms like these appears to be a property not of 

the individual cells but of the aggregate that they form. 

Three Aspects of Polarity 

Polarity is evidently a complex phenomenon which is intimately related to the whole process 

of development. It may be broken down, for purposes of more detailed examination, into several 

different aspects or elements which may possibly involve different physiological or 

developmental processes. First, one may recognize the oriented behavior, of living substance, as 

distinct from axiation, or bipolarity. This is evident in the differential growth of cells and tissues, 

where one dimension increases more rapidly than the others; in the controlled plane of cell 

division, in which the cytoplasm, as evident especially in vacuolated cells, sets up a pattern 
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oriented in a definite direction; and in coenocytes and plasmodia where growth, movement, or 

direction of nuclear spindles is similarly oriented. The fundamental basis of this behavior is not 

known.  

There may be involved the orientation of micelles or other submicroscopic units, the par 

crystalline properties of cytoplasm, the orientation of molecules at cell surfaces or interfaces, or 

the nature of the fine structure of the cell wall. It is reasonable to suggest that some sort of 

cytoplasm anisotropy is concerned in this oriented behavior. Here is evidently a major problem 

for the student of the ultimate structure of protoplasm, a problem intimately related to the whole 

question of directed growth and thus of organic form. Whatever the basis of oriented behavior 

may be, in some cases it can evidently be changed in direction readily by environmental factors, 

but in others, when once established, it becomes firmly fixed. A second aspect or element of 

polarity is axiation. The oriented behavior of living material most commonly, though not 

invariably, is expressed in cellular systems which develop symmetrically in relation to an axis or 

plane of symmetry parallel to the direction. 

Most cells and most multi cellular structures possess an axis. Such structures as the cells and 

filaments of unattached filamentous algae may show no evident difference between the two ends 

of the axis, either in cell or filament, but they are clearly axiate. The problem of the symmetrical 

growth of a living system about this axis, so characteristic, of almost all organic development, is 

an essential part of the general problem of pattern. Experimental attack upon this phenomenon of 

symmetry is promising, for its character can often be changed by modifying the environment. 

The third aspect of polarity is polar difference, the appearance of dissimilarity between the two 

ends of the axis. This is regarded by many as the essential characteristic of all polarity and is 

present in the great majority of organic axes. 

In not a few cases, as we have seen, cytoplasm may show oriented, behavior, or an axis of 

symmetry may develop, without any demonstrable evidence of difference between the two ends 

of the system. Only where polar differences occur, however, with the resulting morphological- 

and physiological gradients from one end of the axis to the other, can there develop the complex 

patterns characteristic of most living organisms: The relation between these three aspects of 

polarity involves the problem of the origin of polarity itself. If they can be shown to form a 

progressive series, in phylogeny or ontogeny, this would indicate that polarity may increase in 

complexity. In free-floating algal filaments (as in Spirogyra) there is no evidence that the two 

poles are unlike. In filamentous forms like Cladophora, however, where one end is attached to 

the substratum, each individual cell displays a polar character in its regeneration. 

Here, and in many other cases where environmental factors are different at the two ends of 

the axis (as in the Fucus egg), it appears that this difference sets up an axial gradient in a system 

originally unpolarized, which results in the polar difference. Child and his school regard all 

polarity as having its origin in such environmentally induced gradients, which determine both the 

direction of the axis and the difference between its poles. On the other hand, since instances of 

similar poles are rare, it may be held that the two ends of every axis are fundamentally unlike 
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and that in cases where they seem alike the difference is merely masked and difficult to 

demonstrate. 

If this view is correct, polarity may be due to something quite different from a gradient and 

may be comparable to, and perhaps result from, an inherent polar tendency, presumably 

electrical in character. Whatever its origin, the direction of this bipolar axis is often continually 

changing but under definite control, and upon this fact depends the orderly development of 

organic patterns. Thus, in a three-faced apical cell the polar axis must shift 120° between 

successive divisions. In more complex meristems the planes of cell division are equally orderly, 

though less evidently so. How such a system of changing polarities is controlled so that growth 

in one direction is precisely related to that in another is a part of the same problem of orderly 

development which the student of morphogenesis so often meets. The ease with which polarity 

may be reversed in the simplest plants suggests that even in more complex ones it is not 

irrevocably fixed by genetic factors. Like any trait with a genetic basis, polarity is not a specific 

characteristic but a specific reaction to a specific environment. 

The environmental factor may be external, such as the direction of light, or internal, like the 

correlation between the axis of the young embryo and that of the archegonia, but unless there is 

an environment to which the organism can orient itself, the phenomena of polarity will rarely 

appear. Sometimes this environmental reaction is determined early and is later irreversible, as in 

cases where polarity becomes firmly fixed in the fertilized egg. In other instances, polar behavior 

is subject to induction through environmental factors at all stages. Many cases of polarity are like 

this. Sometimes this polar plasticity persists indefinitely, as in Caulerpa. Other cases, like the 

egg of Fucus, it lasts only till the polar axis is determined and then remains unchanged, 

regardless of the environment. 

What is present in all living stuff seems to be a persistent tendency for the establishment of 

polar behavior. This, indeed, is an essential preliminary for the development of a formed and 

organized system. The study of polarity has thus far raised more problems than it has solved. 

Most of these, however, are of a sort more amenable to analysis and experimental attack than are 

many others in organic development. Especially through subjecting each of the various aspects 

of polarity separately to experiment, aspects which may perhaps involve distinct developmental 

processes, is there hope of progress. 

 

 

 

 

 

 

 



Dr. Mandaloju Venkateshwarlu 

104 
 

Chapter IV 

SYMMETRY 

The presence of an axis, so generally characteristic of the form of body or organ in animals 

and plants, is manifest not so much as an actual material structure but as an axis of symmetry, a 

geometrical core or plane around which or on the two sides of which the structures are 

symmetrically disposed. One of the most obvious manifestations of organic pattern in living 

things is this symmetrical arrangement of their parts. Symmetry is evident in both external form 

and internal structure. Lateral roots arise from a primary root in two, three, four, or more equally 

spaced rows. Leaves are symmetrically disposed around the stem in a phyllotactic spiral. Floral 

diagrams, both transverse and longitudinal, also provide good examples of axial symmetry, 

though here the axis is usually much shortened. Symmetry is equally conspicuous in internal 

structure. The cross section of almost any vertical plant axis shows symmetrical arrangement of 

its tissues, both primary and secondary. 

Even single cells, especially when they possess a considerable internal diversity like those of 

Spirogyra, are symmetrical. In horizontal organs the simple radial type of symmetry 

characteristic of vertical axes is replaced by a dorsiventral one where the two halves on either 

side of a vertical plane of symmetry are alike. Many prostrate stems and most leaves are 

examples of such dorsiventrality. Sometimes; one type of symmetry may be changed to the other 

by modifying the orientation of the structure to light or gravity. In other cases, the pattern of 

symmetry is inherited and cannot be influenced by environmental factors. Many structures are in 

themselves asymmetric. In leaves of Begonia and elm, for example, the portions on either side of 

the midrib are usually quite unlike; and there are marked internal asymmetries, as when two 

daughter cells are dissimilar. In most cases of this sort, however, the asymmetry proves to be part 

of a larger and more complex pattern which is symmetrical.  

Symmetry is often more conspicuous in embryonic structures or meristematic regions than at 

maturity/ and some of its most remarkable expressions are in soft and watery structures which 

seem to be a direct expression of protoplasmic configuration. Even though protoplasm is 

seemingly an amorphous and semi liquid material, these structures that it builds are far from 

formless, and the beautiful symmetries that they display seem clearly to be manifestations of the 

fundamentally symmetrical character of living stuff itself. Organic symmetry presents a basic 

problem for students of morphogenesis. 

Inorganic and organic symmetries 

There are many examples of symmetry among inorganic objects. These often resemble the 

symmetries of living things, but there are certain fundamental differences between them. What 

the relation between these two types may be and whether organic symmetries have their origin in 

those of the inorganic world are problems that have long been discussed but are still far from 

solution. The arrangement of iron filings around the two poles of a magnet is a familiar example 

of symmetry, as are the lines of force in an electrostatic field. The least-surface configurations 

shown by liquids and especially by liquid film systems provide beautiful examples of symmetry. 
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The resemblance of such systems to multicellular structures in plants and animals, particularly 

the more minute ones, has been observed by many biologists and is discussed at length by 

D'Arcy 

Thompson who has analyzed the various forms possible in a film system. The molecular 

forces that operate here, however, are probably not important in determining the symmetry of 

large organic bodies. Much is now known, from X-ray studies and other sources, of the actual 

structure of molecules, and these are found to display symmetries, often very complex and 

specific ones. Whether such molecular forms have any relation to the bodily forms of plants and 

animals is a problem which has aroused much speculation but on which little evidence is 

available. Harrison has discussed some of the possibilities here. Crystals provide the most 

familiar and remarkable examples of symmetry in the inorganic world. 

Their very specific forms are the reflection of the forms and relationships of the molecules 

that compose them. The study of crystal symmetry is a complex science in itself and has intimate 

relationship to geometry, chemistry, and mineralogy. Crystals possess axes and planes of 

symmetry, as do organic structures, but crystalline symmetry is a much more formalized and 

rigid phenomenon than organic. Many biologists have endeavored to find a relation between 

crystals and organisms in their form and symmetry, but this search, in general, has been a rather 

fruitless one. Organic symmetries can be described in the same geometrical language that we use 

for crystals, but whether there is any fundamental similarity between the two is uncertain. 

For a discussion of this problem the reader is referred to the work of Haeckel and others. 

Although much symmetry in cells and minute multicellular structures resemble those in 

inorganic systems under the control of surface forces, organic symmetries are conspicuous in 

much larger bodies where these forces are not operative. Organic bodies are semi liquid systems 

which are subject to continual loss and replacement of material, as is shown by tagged isotopes 

and in other ways, and in this respect are unlike crystalline structures, which are usually fixed 

and static. This semi liquid character is also reflected in the almost universal presence of curved 

lines and surfaces in organic bodies as compared with the systems of straight lines and planes 

which distinguish molecular and crystalline forms. 

This is what makes possible the infinite number of similar planes of symmetry around an 

organic axis instead of the limited number of two, three, four, and six found in crystals. Aside 

from these differences from the inorganic, the symmetries shown by living plant structures also 

possess two distinctive features of their own which provide the key to an understanding of their 

nature. First, they are often expressed in multiple parts. A typical plant body consists of an 

indeterminate series of repeated, essentially similar parts, laterally dispersed along a continuous 

axis. These are leaves, branches, and lateral roots in higher plants and analogous repetitive 

structures in lower ones. The most conspicuous examples of organic symmetry are found in the 

relations of these repeated structures to the axis from which they arise. 

This is a type of symmetry unlike that found in most inorganic systems. Second, many plant 

axes, particularly those of the aerial portions of the plant, have either a spiral twist or a spiral 
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arrangement of their parts. This complicates the expression of symmetry and, in the case of 

phyllotaxy, has given rise to a great deal of speculation. Spirality seems to be a characteristic 

feature of protoplasmic behavior in many cases. The course of streaming is often spiral in a cell 

and thus may be reflected in the structure of the cell itself, as in the familiar cases of Chara and 

Nitella. Cell growth may be spiral, as has been shown by Castle in the hyphae of Phycormyces, 

and there are many other examples. These two traits multiple parts and spiraled make the 

symmetry of plant parts radically different, at least in external expression, from the symmetries 

of the inorganic world. 

Radial symmetry 

In this type there is an axis of rotation around which symmetry is uniform. There may be one 

or two evenly spaced longitudinal planes of symmetry, as in stems with distichous and with 

opposite-leaf arrangements or these may be almost infinite in number in stems with spiral 

symmetry. Radial symmetry is present in vertically elongated axes such as those of the main 

stem and primary root and in many flowers and fruit). It is therefore much commoner in plants 

than in animals, since most of the latter show dorsiventrality, and it is regarded by many as the 

most primitive type of symmetry, at least in vascular plants, since their first axes were 

presumably vertical. 

In Lower Plants 

Individual cells often show radial symmetry regardless of their orientation, as in Spirogyra 

and Chara. Many plant bodies in the thallophytes have this type of symmetry, a familiar example 

of which is the "mushroom" form of sporophore in the fleshy fungi. Many red algae have radial 

thalli, as do some brown algae. Most true mosses also are radial. 

In Roots 

Almost all roots are radially symmetrical. This symmetry is shown in the straight and evenly 

spaced rows of lateral roots and in the characteristically radial primary vascular structures, in 

which arms of xylem typically alternate with bundles of phloem in a star-shaped pattern, with 

lateral roots arising opposite the xylem arms. In two respects the expression of symmetry in the 

root is different from that in the stem. Roots, even horizontally growing ones, ctre usually strictly 

radial and (save for a few cases such as air roots of orchids) show no dorsiventrality, regardless 

of their orientation, whereas horizontal stems commonly do show this. Roots also have very little 

twisting or spirality in their internal or external structures, such as most stems display. These two 

differences emphasize again the fundamental diversity in developmental behavior of root and 

stem which is evident in many other respects. Whether these differences are inherent or are due 

to the radical differences in the environment in which roots and stems usually develop is an 

interesting morphogenetic problem. 

In Shoots 

The symmetry of shoots, and particularly that shown by the arrangement of leaves 

(phyllotaxy), has attracted more attention than any other aspect of the problem of organic 

symmetry. The external symmetry of an upright stem is typically radial and often very regularly 
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so. In be simplest cases, as in certain mosses such as fontinalis, this is related to the activity of a 

three-sided apical cell, the segments cut off from its three sides giving rise the three rows of 

leaves. In higher plants, however, leaf arrangement is not related to meristematic structure. In 

stems with opposite leaves, at successive nodes the leaf pairs rotate through 90°. This decussate 

phyllotaxy thus shows four rows of leaves along the stem. More frequently, phyllotaxy shows a 

spiral character. Sometimes this is manifest, even in opposite - leaved types, by a twisting of the 

whole axis so that members of successive pairs are little more than 90°apart. Spirality more 

commonly expresses itself, however, in the arrangement of so dispersed that a line connecting 

the points of attachment of successive ones follows a regular spiral course around the stem. 

The fact of this spiral and the various types in which it is manifest have for many years 

attracted the interest of botanists and mathematicians. Many of the discussions and speculations 

that have centered about the phyllotactic spiral are of no great significance of morphogenesis. 

Some are highly theoretical or even almost mystical. The developmental origin of the various 

types of phyllotaxy, however, is an important morphogenetic problem, and knowledge of the 

factors involved may contribute to an understanding of the origin of organic form. Spiral 

phyllotaxy is not an example of symmetry in the strict sense since planes of symmetry, in the 

crystallographic meaning of the term, are absent. The leaves do have regular positions along the 

axis, however, with reference to each other, and these, under proper analysis, can be expressed in 

terms of geometrical symmetry. The spiral formed by the points of attachment of successive 

leaves the genetic or development spiral represent the order in which the leaf primordial are 

formed in the bud. 

 

Figure 4.1. Diagram showing 3/8 phyllotaxy 

 

Their positions in the spiral are not indefinite but commonly fall into a few precise 

categories, the relations of which have long excited the interest of morphologists. Simplest of all 

is the distichous, or truly alternate, arrangement, with successive leaves 180° apart around the 
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stem. To pass from a leaf to one directly above it involves one circuit of the axis and two leaves, 

a condition which may be expressed by the fraction 1/3. In other types this spiral passes once 

around the axis but every third leaf is over one below it, a condition that may be represented by 

the fraction 1/3. Commoner than either of these is a spiral where in passing from a leaf to one 

above it two circuits of the axis are made and the fifth leaf is reached, the 2/5 type. Frequently 

observed in stems is a 3/8 phyllotaxy (Fig 4.1) and less commonly that of 5/13. In cones and 

other compact axes more complex phyllotaxies of 8/21, 13/34, and 21/55 may be found. The 

series is thus ½, 1/3, 2/5, 3/8, 5/13, 8/21, 13/34, 21/55, 34/89, and so on. 

Each obviously represents the fraction of the circumference of the axis, or the angle, 

traversed by the spiral in passing from one leaf to the next. The number in both numerator and 

denominator of each fraction is the sum of those in the two preceding fractions. This particular 

series is known as the Fibonacci series. The higher fractions become more and more uniform and 

approach as a limit the decimal fraction 0.38197, or the angle 137° 30'28", the so-called "ideal" 

angle. It has been shown by Wright that if successive leaves were formed at just this angular 

distance around the stem from each other no leaf would ever be directly over any below it. The 

advantage sometimes suggested for this arrangement, that it would distribute the leaves most 

evenly to the light and thus be most efficient in preventing shading, is open to many objections. 

The fraction 0.38197 is of interest in another connection, for it designates the "golden mean," 

or sectio aurea, the distance from the end of a line at which, if the line is cut there, the smaller 

fraction of the line is to the larger as the larger is to the whole. Thus 0.88197: 0.61803 = 

0.61803: 1.0. The golden mean has long been known and has received much attention from 

artists and mathematicians, and its significance in the geometry of symmetry may be 

considerable, but its biological importance seems negligible- One should also remember that 

there are other series of fractions which converge to the same limit. This analysis of the genetic 

spiral assumes that, as it twists around the stem, a given leaf position on it is directly over one 

below, after passing 3, 5, 8, 13, etc., leaves on the spiral. Thus there should be vertical rows of 

leaves, relatively few in the simpler phyllotaxies but more numerous in the complex ones. These 

have been called orthostichies and mark the end points of each successive fraction into which the 

genetic spiral is divided. 

Their presence is essential if the mathematical analysis of this spiral, going back to the work 

of Schimper and Braun and elaborated by so many botanists since then, is to mean very much. 

The existence of these orthostichies, however, has been challenged by more recent students of 

phyllotaxy, who have approached its problems not by an analysis of mature structures but by a 

more truly morphogenetic investigation of the way in which the leaves originate. The best place 

to study leaf arrangement, they maintain, is in the bud or at the apical meristem. Church, one of 

the pioneers in this method of attack, discovered that in the arrangement of primordia as seen in a 

cross section of the bud there are no orthostichies at all, for no leaf primordium arises directly 

over one below. 
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Thus, doubt was cast on all the early conclusions based on the assumption that the genetic 

spiral could be divided into repeated portions. But other relationships are more important than 

this. A study of leaf primordia packed into the bud, or of other cases such as pine cones and 

sunflower heads where there are a great many structures spirally arranged but crowded together, 

shows the existence of another series of spirals, resembling the genetic one in certain respects but 

reached in a different fashion. If one looks at the cross section of a bud, or the face view of a 

sunflower head in fruit, or the base of a pine cone, he will notice that the units are not packed 

uniformly together like the pores of a honeycomb. Instead, the various structures leaves, 

primordia, fruits, or scales form two sets of spiral curves, starting in the center and moving to the 

circumference, one going to the right (clockwise) and other to the left (counterclockwise). 

The effect is something like that of a spinning pin wheel, or rather of two spinning in 

opposite directions. The inner members of each spiral are progressively smaller since they were 

formed later; we are looking down, in effect, on the top of a growing system, even though 

growth may have stopped. These spirals are logarithmic ones, since the radial distance to each 

successive unit on them increases geometrically and not arithmetically. The spirals are termed 

parastichies, or sometimes contact parastichies since each unit is usually somewhat flattened 

against its inner and outer neighbors in the spiral, a fact which makes the spiral easy to trace. The 

spirals intersect each other at an angle which is near to 90°. 

In a bud or meristematic tip that will give rise to a shoot with a relatively low phyllotactic 

fraction (2/5 % or 3/8%), the units are fewer than in large structures like a cone. In a cross section 

of such a bud (Fig. 4.2) it is possible to distinguish by the relative sizes of the leaf primordia the 

order in which they were produced. The genetic spiral can thus be traced, compact and almost 

two-dimensional here although later it will be pulled out like a telescope when the shoot 

elongates. In a bud like this one can confirm the observation of Church that orthostichies do not 

exist. Were they here, they would appear as radial rows made by every fifth, or eighth, or 

thirteenth primordium. These are not to be seen. Furthermore, if one carefully studies the angular 

divergence between successive primordial, he finds (in the great majority of cases) that it is close 

to the "ideal" Fibonacci angle of 137.5° which the series of phyllotactic fractions approaches as a 

limit. The number of clockwise and of counterclockwise parastichies in a given axis is not the 

same. 

In different types, however, their relative numbers are fixed and specific. These also fall into a 

characteristic series. Thus, in the bud section shown in figure 4.3. One can count five parastichies 

turning to the left and eight to the right. In simpler forms there may be three in one direction and 

five in the other. In more complex cases, such as many pine cones, there are 8 of one and 13 of 

the other, or 13 of one and 21 of the other. Some systems have 21 and 34. Most sunflower heads 

show 34 spirals in one direction and 55 in the other. Arranging these pairs of numbers in the 

form of fractions, as was done with the genetic spiral, one obtains the series 2/3, 3/5, 5/8, 8/13, 

13/34, 34/55, 55/89, and so on, though the higher fractions are rate. The numbers in numerators 
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and denominators form a series, as in the genetic spiral, but here the denominator of one fraction 

forms the numerator of the next one instead of the next but one.  

 

 

Figure 4.2. Gross section of apical bud of Pinus pinea showing absence of orthostichies. The 

primordial, numbered in succession, are separated by the Fibonacci angle. Five 

counterclockwise parastichies and 8 clockwise ones are evident 

 

The fraction which this series approaches as a limit is 0.61803, the larger one of the two 

which is separated by the golden mean. This fraction is thus the difference between 1.0 and 

0.38197, the limit approach by the other series. The two spiral systems are evidently related but just 

how they are is a nice mathematical problem. It is no wonder, as D'Arcy Thompson says, that these 

various relationships have long appealed to mystics and to those who seek to square the circle or 

penetrate the secrets of the Great Pyramid. Parastichies are present in shoots around which leaves 

are borne in a phyllotactic spiral, but because they are pulled out so far length wise, they are much 

less conspicuous than when many structures are packed together. In elongate shoots orthostichies, 

though absent in buds, can usually be demonstrated. The tensions resulting from elongation 

apparently operate to straighten out the spirals and, in many cases, to bring the insertion of a leaf 

almost directly over one that is three or five or eight leaves below.  
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Figure 4.3. Two loliar helicles, the members of one connected by dots and of the other by 

dashes, seen as through the surface of the stem were removed and spread out 

 

Not much of a twist is needed to accomplish this and to produce an orthostiechy. One should 

recognize, however, that such are secondary rather than primary phenomena of symmetry. The 

problems of phyllotaxy were already involved enough when a French botanist, Lucien Plantefol 

added a further complexity. His theory has been extensively developed by others, particularly in 

his own country. It is based on a study of the insertion of the leaf traces on the stem. Plantefol 

does not regard the genetic spiral as significant, traces two (sometimes more) foliar helices 

connecting the leaf bases parallel spirals that wind up the stem, and he usually represents these 

helices as projected on a plane where their relationships can more easily be seen they originate in 

the traces of the two cotyledons, and the series remain distinct as they pass up into the bud. Here 

they terminate in a generative center of embryonic tissue just below the tip of the meristem  

In this the new primordia are differentiated. The position of each is determined, he believes, 

by stimulation from the foliar helices below, the relations being harmonized by an "organizer." 

Lance found in a number of cases a zone of abundant mitose somewhat below the apex of the 

meristematic dome but few at the very tip. Crockett finds some evidence of the same thing in 

Nicotiana. Loiseau cut off the tip of the meristem in Impatiens and observed that in many 

instances this resulted in changing the number of helices. This he believes was due to a 
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disturbance of the generative center. Popham, on the other hand, in a census of mitoses at the 

apex of Chrysanthemum, found no evidence of a generative center nor of its necessary corollary, 

a region of few mitoses at the very tip. Newman made the same observation in living material. 

The problem has been discussed by Wardlaw, who concludes that, although there are various 

complexities in the shoot meristem, there is little good evidence from this source in support of 

Plantefol's theory. Although this theory has received strong support from a number of French 

botanists, objections have been raised against it in other quarters. What are chosen as foliar 

helices are evidently one of the parastichies or spiral rows of leaf traces to be seen along the axis, 

but which of these is the true helix in any instance seems difficult to determine. The leaves on a 

helix must have some vascular connection with each other, according to the theory, but in most 

stems at least two different parastichies could be chosen which would fulfill this requirement. A 

figure in one of Dr. Esau's papers though it was not drawn to clarify the problems of phyllotaxy, 

makes these relationships evident (Fig. 4.4). 

This is a diagram of the primary vascular system of Linum. The genetic spiral is shown, with 

the leaves numbered along it. In the series 25-33-41, the bundle is continuous with a branch that 

passes laterally to the next in the series, and there are eight of these helices around the stem. In 

the series 28-33-38, the right-hand lateral of one is continuous with the left-hand lateral of the 

next, and there are five helices. Members of the series 30-33-L36 have no direct vascular 

connection with one another but are in a definite row. Which of these spirals should be chosen as 

the foliar helix? One might determine the true one, perhaps, by tracing the system back to the 

cotyledonary node. Camefort as presented a full account of Plantefol's and has endeavored to 

concile it with the classical concepts of phyllotaxy and modem experimental studies. The 

solution of these problems of leaf arrangement is evidently to be light near the apical growing 

point where the leaf primordial actually originate, for their relations here will determine those 

between mature leaves on the elongated stem. 

This emphasis on the study of primordial is a return to the point of view of Schwendener, 

who believed that mechanical contact and pressure exerted by the primordial on one another 

accounted for their distribution, and especially of Hormeister, who proposed the general rule that 

a new primordium arises the largest space available to it. This conclusion is generally accepted, 

but the development basis for it is not clear. The essential morphogentic problem beneath all this 

is what determines the origin of a particular primordium at a particular place and time.The 

problem of what determines the phyllotactic series is open to experimental attack, and much 

work has been done on it by various people, among them Wardlaw, Ball, and especially the 

Snows. They have been able to modify phyllotaxy operatively in a number of ways. Thus, in 

Epilobium hirsutum, a species in which the leaf arrangement is decussate (opposite), the Snows 

split the apex diagonally found that the two regenerating shoots had spiral phyllotaxy. 
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Figure 4.4. Diagram of the primary vascular strands in the stem of Linum perenne. The 

numbers from 21 (above) to 49 (below) mark the positions of leaves in the generative spiral, 

indicated by a thin line. The bundles are shown by heavy lines for those on the nearer 

surface and by dotted ones for those behind. Various helices, in Plantefol's terminology, 

may be distinguished, such as 30-33-36, 28-33-38, and 25-33-41. There seems no certain way 

to determine which are the "true" ones 

 

They were also able to change the phyllotaxy in the same way by applying axing to the shoot 

apex. There may be a rather delicate balance between decussate and spiral phyllotaxy in this 

plant, for in the group to which it belongs (and even in a single plant of this species) both types 

may occur. In other plants the direction of the phyllotactic spiral may be reversed in regenerating 

shoots after splitting the apex. What determines the location of a given primordium is the basic 

problem here, and as to this there are two major hypotheses. One, first proposed by Schoute, 

assumes that the presence of a primordiur tends to inhibit the development of another one near it, 
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presumably the sort of inhibition by which one bud checks the growth of anoth through the 

agency of auxin. This is the same problem studied recently by Biinning, who has evidence that 

each stoma produces a substance that prevents the development of another stoma close to it, thus 

accounting for the regular spacing of these structures.  

Such a hypothesis is in harmony with physiological theory, but some experimental results 

seem to be opposed to it. For example, the Snows removed the youngest actual primordium in an 

apex of Lupinus and after 14 days determined the positions of the next three successive 

primordium that had appeared since this was done. In every case these later ones occupied the 

places in which they normally would have appeared, indicating that their positions in the series 

had not been affected by removal of a primordium and any inhibitory influence from it. That the 

primordia develop independently of either stimulatory or inhibitory influences from neighboring 

ones is also shown by an experiment of Wardlaw's in which he isolated by retrial cuts the areas 

presumably to be occupied by the next primordia in the series, thus effectively isolating them 

from physiological contact with primordia already formed. He found that these areas developed 

primordia normally.  

Other factors than chemical ones may here be involved. Wardlaw finds that each primordium 

tends to produce a region of tangential tensile stress around it but that this is absent in the area 

where new primordia are to arise. He suggests that a primordium will develop where tensile 

stress is at a minimum, and been able to modify phyllotaxy operatively in a number of ways. 

Thus in Epilobium hirsutum, a species in which the leaf arrangement is decussate (opposite), the 

Snows split the apex diagonally and found that the two regenerating shoots had spiral 

phyllotaxy. They were also able to change the phyllotaxy in the same way by applying auxin to 

the shoot apex. There may be a rather delicate balance between decussate and spiral phyllotaxy 

in this plant, for in the group to which it belongs (and even in a single plant of this species) both 

types may occur. In other plants the direction of the phyllotactic spiral may be reversed in 

regenerating shoots after splitting the apex.  

What determines the location of a given primordium is the basic problem here, and as to this 

there are two major hypotheses. One, first proposed by Schoute assumes that the presence of a 

primordium tends to inhibit the development of another one near it, presumably the sort of 

inhibition by which one bud checks the growth of another through the agency of auxin. This is 

the same problem studied recently by Biinning, who has evidence that each stoma produces a 

substance that prevents the development of another stoma close to it, thus accounting for the 

regular spacing of these structures. Such a hypothesis is in harmony with physiological theory, 

but some experimental results seem to be opposed to it. For example, the Snows re moved the 

youngest actual primordium in an apex of Lupinus and after 14 days determined the positions of 

the next three successive primordia that had appeared since this was done. 

In every case these later ones occupied the places in which they normally would have 

appeared, indicating that their positions in the series had not been affected by removal of a 

primordium and any inhibitory influence from it. That the primordia develop independently of 
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either stimulatory or inhibitory influences from neighboring ones is also shown by an experiment 

of Wardlaw's in which he isolated by racial cuts the areas presumably to be occupied by the next 

primordia in the series, thus effectively isolating them from physiological contact with primordia 

already formed. He found that these areas developed primordia normally. Other factors than 

chemical ones may here be involved. Wardlaw finds that each primordium tends to produce a 

region of tangential tensile stress around it but that this is absent in the area where new primordia 

are to arise. He suggests that a primordium will develop where tensile stress is at a minimum. 

The second hypothesis assumes that a primordium will not develop unless there is sufficient 

available free space for it.  

This is related to the ideas of Schwendener and Hofmeister and really comes down to the 

problem of the most efficient filling of the space on the surface of the meristem. It has been 

supported, in essence, by van Iterson, and in recent years the Snows have brought forward. 

evidence in its favor. Among other experiments they isolated by two radial cuts the larger part, 

but not the whole, of the area presumptively to be occupied by the next-but-one leaf primordium. 

In such a case none develops between the cuts, although this region grows and continues 

otherwise to be normal. They explain this result as due to the fact that the area now available was 

too small for a primordium to be formed. These two hypotheses, though stressing different 

factors, are not diametrically opposed to each other. What is to be explained is the even 

distribution of primordia, equidistant from each other (in origin) and regularly arranged. This is 

the same problem posed by the distribution of multiple structures.  

Something regulates the differentiation of each of these structures in such a way that each 

occupies an area of its own and, that these individual areas; are of about the same size. In the 

case of leaf primordia, the situation is complicated by the fact that these arise, on a curved 

surface and in a progressive series in time. Although mechanical and chemical factors are 

doubtless involved in the distribution of primordia, as in all morphogenetic processes, it is 

perhaps too simple an explanation to regard the determination of each as due to crowding by its 

neighbors, to the presence of the "first available space," or to inhibition by other primordia. It 

seems more logical to regard the problem of the distribution of primordia at the growing point as 

another instance of a self-regulating biological pattern which may have its roots in genetic 

factors, the fine structure of protoplasm, or whatever else may be responsible for organic form. 

On either hypothesis mentioned above, if primordia are to arise in a spiral around the axis 

each should be as far as possible from its immediate neighbors, those coming just before and just 

after it in origin. In opposite leaves each is placed as far away as possible, 180°. In spiral 

phyllotaxy this cannot be done. If primordium B, let us say, originates at an angle from A of 

137.5° (the golden-mean fraction of the circumference), and if the next one, C, is placed at the 

same distance farther on (thus incidentally dividing the remainder of the circumference by the 

same ideal proportion), B is equidistant from A and C, and this is the maximum possible distance 

at which successive members can be placed from each other. 
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If the distance A-B and B-C is less or greater than this ideal angle, C will not arise in the 

middle of the largest space available, as Hofmeister's postulate requires. What this means is that 

only if successive primordia are separated by this ideal angle will they fill the available space 

evenly and with the greatest economy. This is the property of golden-mean spacing that makes it 

significant in problems of this sort. Richards has worked out some of the implications of this fact 

and has returned to methods of mathematical analysis in approaching the problem of the 

development of the primordial at the meristem. He emphasizes the importance of the plastochron 

ratio, the ratio of the radial distances from the center of the meristem to two consecutives 

primordial. Where this distance increases considerably in each plastochron, both the genetic 

spiral and the spirals of the parastichies will open out rapidly. 

 

Figure 4.5. Diagram showing a spiral succession of points, each separated from the next by 

the Fibonacci angle, or about 137.5°. Parastichies can be recognized by intersections of 

approximately 90° between them. At the center there are five counterclockwise ones and 

eight clockwise. The counterclockwise series soon shift from 5 to 13, and later the clockwise 

ones from 8 to 21 

 

The meristem itself under these conditions will tend to be relatively steep, the primordial few 

and the parastichy numbers low. On the contrary, when the radial distance increases but little 

from one primordium to the next, the primordial are packed closely, the meristem is likely to be 

flatter (as in a cone or flat head), the primordia will be more numerous, and the parastichy 

fractions will have higher numbers. Richards calls attention to the fact that the parastichies at a 
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growing point are not limited to the two conspicuous "contact" ones emphasized by Church but 

that there may be a series of others though these are not obvious since they do not intersect each 

other at right angles. An advantage of this concept is that it makes clear how the parastichies 

shift from one pair of numbers to another, a problem that has troubled students of phyllotaxy. 

Richards (Fig 4.5) has constructed a diagram of a rather large meristem, something like a 

sunflower head, showing a series of primordial positions numbered along the genetic spiral in 

which each diverges from the last by the Fibonacci angle of 137.5°. In such a system one can 

readily trace parastichies. Near the center there are five counterclockwise ones crossing eight 

clockwise, the % arrangement, which intersect at approximately right angles. To trace this series 

very far out becomes difficult since the angles of intersection diverge increasingly from 90°. As 

one moves out, therefore, the system seems to change and the five counterclockwise spirals shift 

to thirteen, giving the 8/13 arrangements of spirals that now have more nearly right-angled 

intersections. Still farther out the eight clockwise spirals are less easy to trace, and 21 others 

become more conspicuous, now making the arrangement and restoring the steeper intersections. 

 

Figure 4.6. Diagram of distribution of primordial at the shoot apex, each diverging from its 

predecessor by the Fibonacci angle. As the primordial increase in size, the recognizable 

contact parastichies shift from 5+8 near the center to 8+13 farther out 

 

Thus, in the more complex systems with large, flat meristems and little difference in radial 

distance between successive primordia, the parastichies, at least those that are conspicuous and 

easy to trace, may be seen to shift to progressively higher numbers. This does not happen in 

ordinary shoots where the meristem is steeper and the primordia are fewer and larger and 
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increase rapidly in size at each plastochron but it may sometimes be seen even in such cases (Fig 

4.6). These changes involve no biological mystery, as Church was inclined to believe they do, 

but are simply the result of the unique properties of the Fibonacci angle. Barthelmess has pointed 

out that the scheme proposed by Richards is essentially a two-dimensional one, whereas the 

meristematic region has three dimensions, a fact that must be taken into account. There are 

various other complications presented by an analysis of phyllotactic patterns. Bilhuber and 

others, for example, find that the situation in many of the cacti is often different, from that in 

most families. These plants are essentially leafless and have angled stems so that in the apical 

regions one actually finds what look like orthostichies, which are related to the development of 

the angled pattern. Bijugate spirals occur in some groups, where a % pair of parastichies, for 

example, becomes split into a 6/10. 

Here primordia occur in opposite pairs but the plane of each pair is not at right angles to the 

previous one. This produces two parallel spirals for a discussion of other recondite aspects of 

spiral phyllotaxy the reader is referred to the work of Church, Hirmer, Richards, the Snows, 

another who-have gone deeply into these problems. Of some morphogenetic interest is the 

direction of the genetic spiral itself. Observers generally agree that leaf positions around the stem 

are as likely to be in a clockwise as in a counterclockwise spiral. Beal studying cones of Norway 

spruce, found 224 cases of the former and 243 of the latter. Allard examined 23,507 tobacco 

plants and found that the two types were almost exactly equal. Direction of porality was not 

inherited. How the direction is determined for a given plant is not known, but it is probably in 

some critical early cell division. This neutrality of the phyllotactic spiral is unlike the behavior of 

climbing plants, in almost all of which a given species climbs in either a clockwise or a 

counterclockwise manner exclusively. 

The difference in direction of the phyllotactic spiral, however, sometimes alters from one 

part of the plant to another in conformity to a general pattern of symmetry, much as in the case 

of floral structures In shoot growth of Citrus, for example, Schroeder reports that there are 

successive "flushes" with a dormant period between them and that a regular alternation occurs 

between right and left spirality in successive shoots. Secondary shoots have spirality opposite 

from their parent one. Thorns develop to the leaf of the petiole in left-handed shoots and to the 

right in right-handed ones. The direction of spirality in axillary shoots of Vicia also takes place 

in a precise and alternating order which depends on their position spirality. Spiral phyllotaxy 

involves a number of problems as to the spacing and relative position of leaves which are not 

present in decussate (opposite-leaved) phyllotaxy. In the latter type the two primordia at a node 

are as far apart as they can be, and the position of each successive pair is at right angles to the 

pairs above and below. 

This more nearly fulfills the requirements for efficient spacing and maximum divergence 

than does the spiral arrangement. One therefore wonders why the latter is so much more 

common, particularly since the cotyledons and sometimes the first foliage leaves are opposite. 

The transformation of an opposite of a spiral phyllotaxy involves a radical rearrangement of the 
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meristematic region. This seems to be an expression of an inherent tendency toward spirality 

which is evident in so many places in the structure and activity of plants and their parts. This 

inherent spirality, imposed on systems of different sizes and forms may, from the mere 

geometrical necessities of the case, result in the various systems of spiral phyllotaxy that we 

have been discussing. Physiological factors doubtless have an important role here-auxin, 

mechanical pressure, genetic determination of growth, and others but the underlying spirality 

seems to be a phenomenon fundamental to all organisms. This may appear to be an 

oversimplification of a problem that has involved more diverse hypotheses than almost any other 

in plant morphology. 

If it proves possible, however, thus to get at the heart of this mass of facts and pick out one 

that underlies them all, we shall have come closer to an understanding of one aspect, at least, of 

the phenomenon of organic symmetry. Spirality seems to be deeply seated in living stuff. It is 

evident in the spiral movements (mutations) seen in the growth of roots and shoots, particularly 

when this is speeded up by time-lapse photography. Tendrils coil spirally. Protoplasm streams in 

a spiral course. Molecules of DNA are spiral. Spiral threads (cytonemata) occur in cytoplasm. 

Spiral grain has been found almost invariably in tree trunks. In protoxylem the wall markings are 

in spirals, save in the earliest cells, and there are spiral markings in many other xylem cells. 

Whether these are all due to the same basic cause may perhaps be doubted, but one can find 

spirality almost everywhere in the plant body. The simplest place to study it is in the cell itself 

and especially in the cell wall. Much now is known about the submicroscopic structure of this 

wall and of the system of microfibrils that compose it. 

The sporangiophore of the fungus Phycomyces is favorable material for this sort of work 

since, as it elongates, it twists spirally, as can be shown by following the course of marks placed 

on the cell surface. Spirality here seems to have its basis in the minute structure of the wall. 

Heyn believes that it is due to the fact that the chitin molecules which form the framework of the 

cell take up positions at angles of 13.5 or 27° from the long axis of the organ, these angles 

resulting from the character of the chitin molecule. Denham observed that in the cotton hair, at 

least, the spiral markings and striations on the wall coincide with the spiral path of the streaming 

nucleus and cytoplasm. Preston compares the growth of this cell to the pulling out of a flat, spiral 

spring which rotates as it extends, and he has suggested an explanation for this in mechanical 

terms but Castle thinks that this does not determine the structure of the growing wall, though it 

may produce a spiral layering where the wall is not elongating. He points out that not only the 

structure of the wall but its elastic properties must be taken into account and believes that, 

although the growth of the wall is helical, its course is not absolutely fixed by its structure, since 

the angle of spiral growth can be reversed by a change of temperature. 

Frey-Wyssling calls attention to the fact that in certain polypeptide chains the divergence 

angles between the amino acid residues show the same regularities as are found in the Schimper-

Braun phyllotactic spiral and suggests that the same geometric cause the necessity for most 

efficient packing may underlie both. Green studied the growth of the long cells of Nitella which 



Dr. Mandaloju Venkateshwarlu 

120 
 

had been marked, and found that these marks, as well as the two natural striations in the cell, 

showed a uniform dextral twist. Its regularity is maintained by growth processes evenly 

distributed through the whole cell and presumably resulting from changes in the fine structure of 

the cell wall. The spiral grain found in the wood of many trees is another manifestation of. 

spirality. This may be very conspicuous in some cases and seems to be most common in trees 

growing in exposed situations or under unfavorable conditions. The spiral may be right-handed 

or left-handed.  

This subject has been reviewed by Champion. Preston, using the data of Misra, attempted to 

relate spiral grain to the spiral growth of single cambium initials and assumes that these twist or 

roll spirally. This would involve some slipping of cells past each other. From what is known of 

intercellular relationships, it is rather unlikely that such a change occurs. The essential fact in 

most cases of spiral grain is that vertical files of cells become tilted slightly to the right or to the 

left and that this results in a spiral course for the cells of the wood. Some slipping of the cells 

may be involved, but this might be accomplished by localized intrusive growth such as has been 

shown to take place at the tips of the cambial initials. The tilt seems to be related to a change in 

cell polarity. Neeff found that when a new polar axis was established the cambial cells gradually 

changed their direction until this became parallel to the new axis.  

That there may be a spiral polarity in the trunk itself is suggested by the work of Misra who 

reports that where there is eccentricity in the woody axis the position of maximum thickness in 

any eccentric ring follows a spiral course along the length of the axis. There is also a relation 

between this eccentricity and spiral grain, for the degree of both decreases upward in the trunk, 

and the direction of the spiral eccentricity (left or right) is the same as that of the spiral grain in 

any given axis. Priestley distinguishes between true spiral grain, characteristic of hardwoods and 

resulting from a twist in the primary cambium cylinder, and tilted grain, characteristic of 

softwoods where the grain is always straight in the wood of the first year. 

In Flowers and Inflorescences 

Angiosperm flowers are apparently to be regarded, in an evolutionary sense, as shortened 

axes; and their parts, particularly the calyx and corolla, often show evidence of the same sort of 

spiral symmetry that exists between leaves. This can rarely be shown by the actual insertion of 

the parts, since they are at essentially the same level and might be regarded as a whorl, but is 

evident in the-relation of their expanded portions to one another, particularly as visible in the 

bud. In flowers of dicotyledons there are usually in each circle five parts or a multiple of five. A 

very common relationship here ( in  the calyx, for example) is that two of the sepals have both 

edges outside the others, two have both edges inside, and one has one edge outside and one 

inside. This quincuncial arrangement can be interpreted through developmental evidence as a 2/5 

spiral, since the parts appear in the same order as leaves in 2/5 phyllotaxy. 

Various modifications of this are found, but the typical dicotyledonous flower may be 

regarded in its symmetry as representing a 2/5 spiral. The flower of monocotyledons, on the 

other hand, has its parts typically in threes and may be regarded as a % spiral in symmetry. The 
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problem of flower symmetry, particularly as expressed in transverse diagrams, has been the 

object of long study by floral morphologists and forms the basis of an extensive early literature. 

For students of morphogenesis the symmetry displayed by inflorescences provides a notable 

example of the orderly control of growth relationships. Matzke has described a particularly fine 

example of such symmetry in Stellaria aquatic (Fig 4.7). Here the inflorescence is a cyme, and 

the first flower terminates the main axis. Just below this flower arise two buds in the axils of 

opposite bracts, and from these buds’ shoots arise, each of which is likewise terminated by a 

flower. Below each of these flowers, in turn, two shoots again arise, and so on. The flower in this 

species shows quincuncial arrangement of the sepals.  

These sepals may show a clockwise spiral or a counterclockwise one. As an observer looks 

down on a diagram of such an inflorescence, it is evident that, of the two flowers below the first, 

one is clockwise and the other counterclockwise and that this holds for each succeeding pair. 

This relationship is not a random one, for the two types’ show a regular order as toe progresses 

to successively later pairs so that the symmetry of each flower is predictable. Furthermore, the 

relative position in each flower of the "odd" sepal also changes with complete regularity. In one 

member of a given pair of flowers it has rotated 72° in a clockwise direction from the single 

flower next them, and in the other, 72° counterclockwise. The particular edge of the sepal which 

is inside also has a definite and predictable position. The whole inflorescence is thus a complex 

pattern of symmetries, each successive floral meristem fitting precisely into its place in this 

pattern. The factors that determine the symmetry of each flower are therefore not purely local 

ones but operate as members of a much larger system. Such a system, with its parts so widely 

separated and so easy of observation, offers a particularly good opportunity for the experimental 

study of symmetry. 

Bilateral symmetry 

This is a relatively rare type in which there are two planes of symmetry, so that front and 

back, and right and left sides, are similar. A bilaterally symmetrical organ resembles a radial one 

that has been compressed equally on two opposite sides. This type occurs chiefly in vertically 

oriented structures in which, from one cause or another, one of the dimensions is smaller. Thus 

the stems of certain cacti such as Opuntia are bilaterally symmetrical, as are the still further 

flattened phyllocladus of Muehlenbeckia and Phyllocladus. These have doubtless arisen from 

radial types. The leaves of Iris and similar plants are essentially bilateral but have probably come 

from dorsiventral structures. All plants, such as the grasses and some other monocotyledons, 

which are truly distichous (the leaves arising only on two opposite sides of the stem) may be 

regarded as bilaterally symmetrical.  
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Figure 4.7. A complex instance of symmetry. Diagram of an inflorescence of Stellaria 

aquatic, with the diagrams of its various flowers. In the center is the terminal flower. At its 

right and left are the two which arise just below it, and belo each of these, in turn, are two 

others. Note the precise relationship between the plan of each flower and that of adjacent 

ones, particularly as to the "odd" sepal 

 

So may the flowers of the mustard family, Cruciferae, since two of the six stamens, directly 

opposite each other, are short and the other four long. A few of the simpler bryophytes have 

distichous leaves or leaf-like structures, as in Schizostegia, and are thus bilateral, as is the 
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pinnate plant body of the coenocytic alga Bryopsis. The thallus of some of the larger algae, 

notably forms like Fucus and Laminaria, is flattened and shows this type of symmetry. In a few 

cases, as in some of the algae, a transition from radial to bilateral symmetry may be seen, and in 

Schizostegia the apex is radial. Doubtless in many instances one type could be induced from the 

other experimentally. Certain abnormal structures, such as many fasciated stems, are bilaterally 

symmetrical. 

Dorsiventral symmetry 

In this type there is only one plane of symmetry, which extends vertically through one 

dimension of the structure. The two sides are alike but the front and back (or top and bottom) are 

not, thus distinguishing it from bilateral symmetry. It is characteristic of structures growing 

under an environment which is asymmetrical, as in the case of horizontal ones, of those exposed 

to light on one side only, and of those growing attached to some substratum. Among plants, 

creeping stems, rhizomes, most leaves, many thalli, a wide variety of flowers, and, in general, 

those structures which are not vertically oriented often show dorsiventral symmetry. 

Dorsiventrality in plants is manifest in external form, in internal structure, and in physiological 

behavior. Single cells and coenocytes may show such symmetry (Fig 4.8).  

 

Figure 4.8. Diagram of a horizontally grown branch of maple, showing anisophylly. The 

vertically oriented pair of leaves (VU, VL) differ greatly in size but are symmetrical, hi the 

horizontally oriented pair (HL, HR) the lower half of each leaf is larger than the upper 

 

Dorsiventrality may be genetically determined and thus appear under various environments, 

or it may be directly induced by environmental factors. Thus, a dorsiventral structure may 

sometimes become radial, and vice versa. In some cases, the plant body may actually alternate 
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between radial and dorsiventral symmetry, as in Mnium undulatum and Cladonia verticillaris. 

Cases of dorsiventrality which are most obvious and easy to study are those in structures that are 

typically horizontal, either because they are weak and rest on the ground or because they are 

plagiotropic and tend to grow in a horizontal position. 

In Thalli 

Among lower plants many thalli are dorsiventral. The coenocytic plant body of the alga 

Caulerpa is typically horizontal and on its lower surface bears "rootlets" and on. its upper 

surface, "leaves." The familiar heart-shaped prothallus of a fern is similarly dorsiventral, bearing 

sex organs and rhizoids on its lower surface only. This type of symmetry is characteristic of the 

plant body of many liverworts, both of the thalloid and the leafy types the factors which induce it 

in such plants have been studied by various workers fitting studied especially the gemmae of 

liverworts. These are roundish, notched plates of cells the dorsiventral orientation of which is 

determined by the balance between light, gravity, and stimuli from the substrate, acting on 

preformed meristems in the notch. Fern prothallia exposed to an environment without gradients 

lose their symmetry as well as their polarity. 

In Roots 

Dorsiventrality is much less evident in roots than in stems. Indeed, horizontally growing 

subterranean roots show little or no change from radial symmetry either externally or internally. 

A few forms, such as Isoetes, have roots that are not radial. In a number of orchids, the air roots 

are dorsiventral in symmetry this is especially conspicuous where the root is in contact with a 

substrate. 

In Shoots 

Horizontally growing stems and branches are often conspicuously dorsiventral. Notable 

examples of this are found among the conifers- where the lateral shoots tend to branch in a single 

plane and thus form flat sprays (amphitrophy). This form may become so firmly fixed that it 

persists even in cuttings. In some species of Lycopodium and especially Selaginella, these 

flattened branch systems look almost like much dissected compound leaves. Indeed, there is 

evidence that the large pinnately compound leaves of ferns may have evolved from such branch 

systems. In many horizontal shoots the leaves are usually horizontal in orientation and confined 

to the two sides. This may result from torsion of the petioles which are actually inserted on the 

stem in a spiral or decussate fashion or, more rarely, from an actual modification of the 

phyllotaxy.  

Aside from this tendency to form flattened systems of leaves and branches, the dorsiventral 

character of shoots is also conspicuous in the dissimilarity of the leaves borne on the two sides. 

Such differences, to which Wiesner gave the term anisophylly are common in many plants and 

have been much discussed. Experiment shows that in many cases if shoots which would 

normally be vertical are held   in a horizontal   position as   they grow from winter buds, they 

become anisophyllous. In horizontal branches twisted through 180° before their buds open, the 

new shoots show reversed anisophylly, the lower leaves (originally on the upper side) now 
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becoming the larger. Anisophylly of this sort is present in certain species of Lycopodium (such 

as the common ground pine, L. complanatum), where the creeping rootstock is radially 

symmetrical but the ultimate branches flattened and dorsiventral (though they are radial if grown 

in darkness (Fig 4.9). 

 

Figure 4.9. Dorsiventral shoot of Lycopodium. At right is a branch grown in the dark, which 

is radially symmetrical 

 

These branches have four rows of leaves, one on the upper side, one much smaller on the 

lower, and two lateral ones, the lateral leaves being the largest. Transitions from radial to 

dorsiventral symmetry are common, and the differences between the two are clearly due to 

environmental factors. In conifers such as Thuja the ultimate branches are dorsiventral and 

anisophyllous and much resemble those of Lycopodium (all tending to grow horizontally). There 

are other plants in which the occurrence of anisophylly seems, much less directly dependent 

upon environmental factors and occurs throughout the plant. This "habitual" anisophylly, as 

Goebel calls it, is probably to be interpreted as a genetic tendency to develop in this way under 

such a wide range of environments that it has become essentially an inherited trait. In many 

foliose liverworts, for example, the axis has three rows of leaves, two of them lateral and the 

third, the much-reduced amphigastria, borne on the underside. 

Most species of Selaginella have four rows of leaves: two lateral and relatively large and the 

other two on the upper surface between these and somewhat smaller. Among some families of 

angiosperms this same genetic or habitual anisophylly occurs. Thus, in Pellionia (Urticaceae), in 

Centradenia (Melastomaceae) (Fig 4.10), and in Columnea (Gesneriaceae) one member of each 

pair is a large typical foliage leaf but the other, directly opposite it, is a small bract-like structure. 

These differences are apparently unrelated to environmental conditions. It is noteworthy, 

however, that this anisophylly is most extreme in horizontal shoots of such plants and is much 

reduced in those which grow more nearly vertically. On flattened plagiotropic shoot systems 
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there are often changes in the pattern of symmetry that are more complex than anisophylly. In 

such shoots, for example, many leaves are asymmetric, but in a regular and predictable fashion 

(Fig 4.11) thus in horizontal branches of elm and linden, the inner half of the leaf, directed 

toward the apex of the shoot, is larger than the outer, and its blade often reaches farther down the 

midrib. In the beech, on the other hand, it is the outer part of the leaf which is the larger. 

 

Figure 4.10. Anisophylly in Centradenia. Leaves are opposite but one member of each pair is 

much larger than the other. Only the larger ones have axillary shoot 

 

 

Figure 4.11. Anisophylly in Goldfussia. Diagram of shoot from above. The leaves are 

opposite but the pairs are somewhat displaced. One member of each pair is larger than the 

other, and one side of each leaf is larger than the other side. In the axillary shoot, position 

with reference to the symmetry of the whole determines leaf size 
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Many cases of leaf asymmetry, notably the conspicuous examples in species, of Begonia, are 

related to the position of the leaf on the stem, although here the stem is often short and 

inconspicuous. Somewhat similar expressions of apparent asymmetry are evident in the branch 

pattern, of plagiotropic shoots. In some cases, the branches which arise on lateral shoots are 

larger on the inside, toward the apex of the shoot, as in flat stems of Thuja. More commonly 

those on the outside, away from the axis, are larger, a phenomenon which Wiesner has called 

exotrophy and which he explains as due to nutritional causes. Leaves on the outside of lateral 

shoots are often larger than those on the inside, a special type of anisophylly. All such structures, 

which in a strict sense are asymmetric, are really complex patterns of symmetry induced when a 

fundamentally radial system becomes dorsiventral.  

What the factors are whether nutritional, hormonal, or other which determine these 

differences is not known. This is evidently the point where the relatively simple phenomenon of 

symmetry merges into the more complex one of organic pattern in general. In flat, dorsiventral 

shoots, which are essentially structures in two dimensions only, there is an excellent opportunity 

to analyze the problem of pattern in one of its simplest expressions. The external dorsiventrality 

of stems is often accompanied by dorsiventrality of internal structure. Where the stem is 

flattened, the vascular cylinder is likely to be so as well. Sometimes the symmetry changes do 

not involve the whole cylinder. In the horizontal rhizome of Pteridium, for example, the outer 

ring of bundles is essentially circular in section, but the group of medullary bundles tends to be 

flattened dorsiventrally. In Selaginella the few bundles which form the vascular system also tend 

to be flattened in the same way. 

This flattening may even persist in those orthotropous shoots which have become radially 

symmetrical externally. Examples of internal asymmetry in the stems of seed plants are found in 

the horizontally growing branches of woody plants. Here the branch itself is not flattened but its, 

internal structure is excentric, the pith occupying a position some distance above the geometrical 

center of the branch in gymnosperms and below it in angiosperms. The nearer the branch 

approaches a vertical orientation, the less this excentricity is. There has been much discussion of 

the factors responsible for this internal dorsiventrality the problem is far from a simple one and 

seems to be involved with the specific pattern of branching characteristic of the plant. 

In Leaves 

All leaves are typically dorsiventral structures, but those of pteridophytes and seed plants are 

most characteristically so. A leaf, to perform its usual functions satisfactorily, must be relatively 

broad and thin and oriented with its major surface at right angles to incident light. 

Dorsiventrality of leaves is especially evident in their histological structure. The stomata and 

spongy tissue tend to be confined to the lower part of the leaf, with the palisade layer and a 

continuous epidermis on the upper. Some vertically oriented leaves such as those of Iris are 

equifacial and show no dorsiventrality, either external or internal. 

Others, such as those of certain rushes, may actually be tubular and essentially radial in their 

symmetry. The dorsiventrality of leaves in the higher vascular plants, however, is inherent in 
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something more fundamental than the orientation of the blade. The vascular supply for each leaf 

is a segment, or group of segments, of the primary vascular ring with phloem outside and xylem 

inside. When this passes outward into the leaf as the leaf trace and finally becomes the vein 

system, the phloem therefore tends to be on the lower surface and the xylem on the upper, a 

characteristic dorsiventral orientation from the first. Even the leaf primordia become dorsiventral 

very early. There is evidence, however, that this is the result of induction from the meristematic 

apex, for if a region where a primordium is to form is isolated from the apex by an incision, the 

structure that emerges may be radially symmetrical 

In Flowers 

Floral structure provides many examples of dorsiventrality. The presumably primitive types 

of flowers are radially symmetrical or actinomorphic (regular). In many families, however, such 

as the papilionaceous legumes, the figworts, the orchids, and others, especially those in which 

the flowers are borne laterally on an inflorescence, this radial symmetry has become dorsiventral 

and the flower is said to be zygomorphic The pea flower, with its standard, two wings and keel is 

a familiar example, and the median plane of symmetry here is especially well marked. Flowers 

of this sort provide many of the notable adaptations for insect pollination. In most cases 

zygomorphy is evident from the beginning of development and is unaffected by the relation of 

the flower to gravity or other environmental factors. 

In other cases (such as Epilobium, Friesia, and Digitalis), if the flower develops in a vertical 

orientation or on a clinostat, it becomes radial, indicating that dorsiventrality here is directly 

affected by gravity (Fig. 4-12). In cases of peloria the flower of a species which is normally 

zygomorphic (as in Linaria or Digitalis) may become racially symmetrical. Most zygomorphic 

flowers are geotropic and will assume a definite position with relation to gravity. In some cases, 

certain flowers of an inflorescence are dorsiventral and others radial. This is true of the ray 

florets of Compositae and of certain Umbelliferae, where that part of the corolla directed toward 

the outside of the head is much larger than that directed toward its center. In such cases the entire 

inflorescence shows a radial symmetry. 

    

Figure 4.12. Flower of Asphodelus. Below, under normal conditions. Above, after developing 

on a clinostat 
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Here, again, the whole pattern is symmetrical though certain of its elements are by themselves 

asymmetric. The situation may be still more complex. In some Compositae there are as many as 

five types of fruits, as to size and shape, formed on the head but showing symmetrical distribution. 

Most inflorescences are radially symmetrical, but some are definitely dorsiventral. A familiar 

example of this is the heliotrope and their ally, where the flower cluster is one sided and constitutes 

a scorpioid cyme. The vetches and some other legumes are fewer extreme cases, and there are 

many others. The flowers of such dorsiventral inflorescences may themselves be radially 

symmetrical. 

Physiological Dorsiventrality 

Dorsiventrality is manifest in physiological activity as well as in structure, though usually not 

so obviously. Plagiotropic roots, shoots, and other organs assume this position presumably 

because of specific distribution of growth substances in the growing tip such that the pull of 

gravity is counteracted and growth maintains either a horizontal course or one at a given angle to 

a vertical axis. In cases where the first division of a cell sets apart two different daughter cells, as 

in the first division of the egg of Fucus, there is clearly a physiological difference between the 

upper and lower halves. Indeed, the differentiation of root and shoot in the embryonic axis, with 

the radical differences in activity of these two poles, may be looked upon as an example of 

physiological (and morphological) dorsiventrality. 

In leaves of certain water plants, externally alike on both surfaces, Arenshas presented 

evidence that the physiological activities at the two surfaces are unlike, materials from the 

environment entering through the lower surface and waste products (chiefly carbon dioxide) 

being given off from the upper. What the mechanism of such physiological dorsiventrality may 

be is not known, but bioelectrical differences are perhaps involved. 
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