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FROM THE PREFACE TO THE FIRST EDITION

This book is an outgrowth of the experience of the authors in
the teaching of elementary botany at the University of Wisconsin.
For the past three years the text, in successively revised form,
has been used in our first-year courses.

In its preparation, we have been guided by the view that the
subject of botany should be presented as a unit. The beginning
student is not interested in, and should not be burdened with,
distinctions between the artificially abstracted phases of the
subject—morphology, physiology, ecology, and the like—distinc-
tions which have their place in defining and limiting the scope of
more advanced and special courses. Especially should the study
of structure and that of function be intimately correlated in an
elementary course.

It is hardly necessary, in the present state of development of
the teaching of science, to point out that forms selected for study
should, whenever possible, be such as are already known to the
student, either because of their widespread occurrence in nature or
in cultivation, or because of their economic importance; or that
general conceptions should be illustrated by familiar facts. Par-
ticularly—in botany—should the beginning of the study be an
observation of everyday plants. Considerations such as these
have guided us in the choice of material to be used in an elementary
course. .

In a subject the teaching of which involves the introduction
of the student to many new concepts, the use of a new terminology
is unavoidable. However, the authors realize that each new term
imposes an additional burden upon the student and correspond-
ingly handicaps him in the mastery of the subject matter. We.
have attempted, therefore, to avoid technical terms except those
which were found indispensable to a clear presentation.

Only such facts and conceptions have been introduced as our
experience has shown can be successfully treated in the“éourse of
the beginning year. Necessarily the subject matter has been
arranged in what seems to the authors a logical order, on
assumption of a continuous year’s course. However, i
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vii FROM THE PREFACE TO THE FIRST EDITION

institutions, conditions necessitate the offering of a briefer elemen-
tary course in botany. We have tried to provide for the possibility
of such a course by so treating various topics that, within reason-
able limits, certain chapters and portions of chapters may be
omitted without destroying the continuity of the course or im-
pairing the utility of the later parts of the book.
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A TEXTBOOK OF GENERAL
BOTANY

CHAPTER 1

THE MAKE-UP OF A PLANT

1. A Plant and Its Parts. It is helpful to begin the study of
plants by a consideration of one which is familiar, and at the
same time large and easily handled. Such a plant is the sun-
flower (Fig. 1). The sunflower is not only a member of the group
of most complex plants (the seed plants); it is also one of the most
highly developed members of that group. One noticeable char-
acteristic of the sunflower plant is that it is made up of distinct
parts. These parts of which the plant is composed are called
organs. The organs that are present at almost any stage in the
development of the plant are leaves, stem, and roets. Certain other
organs may or may nhot be present; occasionally, for example
(especially in certain varieties of the sunflower), branches, which,
as will appear, can conveniently be classed with the stem; and
Slowers and fruits—organs whose study may better be left until
later.

In order to remain alive, to grow, and to reproduce—that is,
to give rise to new plants—the sunflower plant must do certain
work. The different kinds of work that a plant carries on are
spoken of as its functions. In order to understand a plant, it is
necessary to learn as much as possible about its structure—that
is, about the parts of which it is composed, their form and arrange-
ment; and also about its functions—the work that it does. It
is always true that, in a general way, a plant is so constituted as
to be able to perform its functions successfully; and so the struc-
ture of a plant can not be understood without a familiarity
with its functions, nor can its functions be understood without a
knowledge of its structure.

What has just been said of a plant as a whole applies also to
its separate organs. The work of a plant is in large measure

1



2 GENERAL BOTANY

divided between the organs of which it is composed. Each organ
is so constituted that it is fitted to carry on a certain function or
certain functions better than other organs of the plant can perform
them. There is a consider-
able degree of division of
labor between the organs,
each doing especially the
work for which its struc-
ture best fits it. It be-
comes necessary, therefore,
to study each separate
organ likewise from the
standpoints of structure
and of function.

2. Leaf of the Sunflower.
A leaf of the sunflower
(Fig. 2) is made up of two
parts: a slender stalk, or
petiole, and a broad blade.
A leaf blade held between
the eye and the light is
seen to be marked by
many light green lines
which are called wveins.
There is one large central
vein (midrib), from both
sides of which run smaller
branch veins; these branch
veins send off finer
branches, these in turn still
finer ones, and so on; the
smallest branches run to-
gether here and there, so
that the whole blade is
penetrated by a close net-
work of veins large and
small. The positions of the larger veins are marked by ridges
on the under surface of the blade. The parts of the leaf—petiole,
blade, and veins—have, to some extent, different functions; that
is, just as there is a division of labor between the organs that

Fia. 1. A sunflower plant.



THE MAKE-UP OF A PLANT 3

make up the plant, so there is a division of labor between the
parts of a single organ such as a leaf. Similarly, a stem or a
root is made up of different parts,
each doing its share of the work
of the organ as a whole.

3. Other Types of Leaves.
Although the more familiar and
larger plants are in general com-
posed of the same organs as is
the sunflower, these organs differ
greatly in form in different
plants. A leaf of the Indian corn
(Fig. 3) is long and slender, and
is divided, not into blade and
petiole as is the sunflower leaf,
but into blade and sheath. The
sheath, or basal part of the leaf,
is a clasping structure which
surrounds the stem for some
distance above the level at which
the leaf is really attached. There
is a difference also in the ar-
rangemenjc of the velns. Whereas Fic. 2. Leaf of a sunflower, showing
the conspicuous veins of the sun- the arrangement of veins.
flower leaf are much branched
and form a network, those of the corn leaf run approximately
parallel from the base to the apex of the blade. The appearance
of the vein systems in the two cases is very different; in reality
both leaves have branch veins, but the branch veins in the corn
leaf are very fine and not easily seen.”

4. Stems and Branches. Both sunflower and corn (Fig. 4) have
upright stems each consisting of nodes, or joints, at which the
leaves are borne, and infernodes (the portions of each stem be-
tween successive nodes). The stem of the corn is commonly
thought of as unbranched; there are, however, occasional branches
(suckers) which grow from near its base. The tassels and ears,
which bear flowers, are also branches, or systems of branches.
An important characteristic of the sunflower plant is in the fact
that older parts of the stem or branches gradually increase in
thickness as long as the plant is growing. The method of growth
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by which this secondary thickening takes place will be described
in Chapter V. The corn stem, on the other hand, has no such
means of secondary thickening.

5. Roots. The original (primary) root of a sunflower plant is a
direct continuation of the stem. Sooner or later this primary
root produces lateral
branches (secondary roots)
which may themselves
branch. Production of sec-
ondary roots results in a
rather widespread root sys-
tem in which the branches
are, for the most part, pro-
gressively smaller, the ul-
timate branches being very
slender. The roots of the
sunflower have a method
of secondary thickening
similar to that of stems
and branches.

The primary root of a
corn plant, like the pri-
mary root of a sunflower,
is a direct continuation of
the stem. It does not, at
least under ordinary con-
ditions, give rise to sec-

- / ondary roots. Often this
Fia. 3. Leaf of the corn, showing the sheath primary root dies ea‘rly' In
and a portion of the blade, and the arrange-
ment of veins.

such a case the root sys-
tem of the corn then con-
sists chiefly of roots which have grown, not from the primary
root as in the sunflower, but from the lower nodes of the stem.
Many of these adventitious roots (§ 31) arise at the underground
nodes; but others commonly grow from one or more of the above-
ground nodes of the corn stem. Some of the adventitious roots
that arise above ground extend downward into the soil, so serv-
ing as props to the stem; others remain too short to reach the
surface of the soil. The roots of the corn, like its stem, do not
undergo secondary thickening.
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6. Functions of Organs. Two important functions of a root
system are, in most cases, anchorage of the plant in the soil and
absorption from the soil of substances that are needed by the
plant. The substances so taken in
must be transported to the parts
of the plant above ground, so that
the conduction of absorbed sub-
stances is also a part of the work of
roots. The storage of reserve food,
too, is a function of many roots,
and this function is especially im-
portant in such thick roots as those
of the carrot, radish, and beet.
The chief functions of the stem,
and of the branches (if any), are
usually. the conduction of materials
from roots to leaves and from
leaves to roots, and the support
of the leaves, as well as of the
flowers, in a position favorable to
the performance of their work.
The leaves are, in the majority of
seed plants, the chief food-manu-
facturing organs; but some food is
made also in the green parts of
stem, branches, and flowers.

7. Adaptation. It was suggested
in § 1 that in general a plant and
its organs are so constituted that
they are able to perform their func-
tions successfully. It may be added
that these functions can be per-
formed most satisfactorily under
the conditions, such as those of
temperature, light, and moisture, Fic. 4. A corn plant.
to which the plant is ordinarily
exposed. These facts are summed up by saying that the plant
is adapted to its environment. Adaptation in this sense is widely
characteristic of living organisms, whether plants or animals.
Adaptation is never perfect; but if organisms were not fairly
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well adapted to their environment, obviously they would not
long survive; nor will they usually survive if the environment
is greatly altered. How the adaptation of organisms to their
environment has come about is one of the major biological prob-
lems. Something of what is known regarding this problem will
be discussed in Chapters XXXII and XXXIII.



CHAPTER 1II

THE STRUCTURE OF A CELL

8. Units of Structure. Every plant and every organ of a plant
is made up of small parts, each of which is a cell. Cells are the
units of structure of plants and animals, much as bricks or stones
may be the units of structure of the wall of a house. As we must
know the nature of bricks or of stones in order to understand the
strength and durability of the house which is built of them, so to
understand the nature of a
plant or of an animal we must
know something of the cells of
which it is composed. Some
very simple organisms consist
each of a single cell; but in
general any one of the larger
plants and animals is com-
posed, like the sunflower, of
many cells too small to be seen
with the naked eye.

The word cell commonly
means a cavity or chamber
which may be quite empty.
But in speaking of the cells
that compose a living organ-
ism, the word is used in a
different sense. These units of

Fig. 5. The cellular structure of cork.

structure were first called cells
by Robert Hooke (1635-1703).
Hooke was interested in ex-

This, the first published illustration
showing a tissue composed of cells,
appeared in Hooke’s ¢ Micrographia”
in 1665. .

amining various objects with
the aid of the compound microscope, then a new toy, very crude as
compared with present-day instruments, which had recently been
introduced into England. Among other objects, as reported in
his “Micrographia’’ (1665), he examined a thin slice of cork and,
much to his surprise, found that it contained many little ‘“pores
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or cells” (Fig. 5). Years later it was recognized that cork, such
as Hooke had studied, is made up of the walls of dead cells, and
that the really living part of any cell is the liquid or jelly-like
substance within its walls. Indeed, as is now known, many cells
consist entirely of this liquid or semi-liquid substance and have
no walls at all. However, the name cell has persisted and is ap-
plied to all these units of living matter, whether or not they are
surrounded by walls. .o -

Although the mature cells present in a plant are alike in fun-
damental characteristics, they may differ greatly in size, form,
and function. The cells of any organ (such as a root, stem, or
leaf) are organized into fissues. A tissue may be composed of
cells all of which are much alike. However, the term {issue is
also often applied to groups of cells which differ in structure but
which codperate in the performance of a common function. Thus,
~=m 8 root or stem contains conduct-

~ ing tissues each composed of cells
of several different sorts as to size
and form. Just as every plant,
except some of the simpler ones,
is composed of organs, so these
organs are made up of tissues, and
the tissues in turn are composed
of cells.

9. Organization of a Cell. In
the study of the living cells of one
of the more complex plants, seri-
ous difficulty results from the fact
that an organ of such a plant is
usually of considerable thickness
and composed of numerous cells.
The microscope gives at best only
a confused idea of any of the in-
lividual cells in such an organ. For this reason the cells can often
se sefh more clearly in a leaf, because of its thinness, than in a
stem or root, and the thinner the leaf the more distinctly can the
structure of an individual cell be made out. A favorable leaf for
juch a stu@y of a mature cell is that of Elodea (Fig. 6), an aquatic
slant someétimes called the “water pest,” a native of North Amer-
ca which grows in sluggish streams and in ponds throughout the

o

Fig. 6. Elodea plants.
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continent, e::cept in the extreme northern portions. The plant has
a slender, branching, submerged stem varying in length, accord-
ing to the depth of the water in which it grows, from a few inches
to several feet. Slender roots growing from the stem anchor the
plant more or less firmly in the soil at the bottom of the water.
The many leaves are
small, narrow, and
pointed, and are usu-
ally borne in circles of
three, four, or more.

A leaf of Elodea is
only one cell in thick-
ness at its margin, and
for the greater part
two célls in thickness
elsewhere. Viewed
from above (Fig. 7),
the cells of several
rows near the margin
of the leaf appear nar-
row and rectangular.
At intervals, pointed
cells project from the
edge. Occupying the
greater part of the sur-
face of the leaf are a
larger number of rows Fic. 7. Portion of an Elodes leaf.
of wider and shorter
cells which, as will be seen later, are concerned largely in food-
manufacture. The cells of the lower layer are about half as wide as
those forming the upper layer. In the central portj
are several layers of narrow, elongated cells which te the
midrib. Although a cell appears rectangular or square
under the microscope (which shows only one plane), it
remembered that the cell has thickness as well, and is therefore
box-shaped.

The cells of the leaf (Fig. 8) are separated from one another,
as well as bounded above and below, by transparent,cell walls.
The wall between any two adjacent cells is compo’géd of sev-
eral layers, of which the middle one is the oldest; during the
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development of the cells the other layers were deposited succes-
sively on either side of this original layer through the activity of
the living matter adjoining the wall on either side.

All the material within a cell wall is referred to as protoplasm.
Protoplasm is never homogeneous; it consists of numerous sub-
stances differing in nature, which have a definite arrangement
within the cell. The whole structure made up by the protoplasm—

Cell Wall Plasma Membrane Intercellular Space

Vacuolar Membrane

Central Vacuole

Dense Cytoplasm Nucleolus Nutleus Chloroplast
Fig. 8. A living cell of a leaf of Elodea, as seen in optical section.

that is, the body of the cell exclusive of the wall—is sometimes
called the protoplast. The protoplasm is divided into cyfoplasm
and nucleus. Each of these two main divisions is in turn composed
of various different substances which are definitely arranged. The
arrangement of the substances that compose cytoplasm and nucleus
is the organization of the cell. Because dells, as well as plants and
animals which consist of many cells, have a definite organization,
a singlqj;?ﬁell living alone, or a many-celled plant or animal, is an
organism.

10. Structure of Cytoplasm. Just within the wall on all sides of
a mature cell, including top and bottom, is a thin layer of the
cytoplasm which appears relatively dense and often finely gran-
ular; this thin layer will be referred to as the dense cytoplasm.
Included in it are many ovoid, or at times somewhat flattened,
green bodies, the chloroplasts. These, which are also parts of the



THE STRUCTURE OF A CELL 1

dense cytoplasm, are the most conspicuous structures in most of
the cells of a leaf. In the central part of the cell, enclosed by the
layer of dense cytoplasm, is a large, transparent ceniral vacuole.
The cell sap which fills the central vacuole is a rather dilute solu-
tion of food substances, salts, and numerous other materials.
The very outermost film of the dense cytoplasm, next the cell
wall, is the plasma membrane; a similar film next the central
vacuole is the vacuolar membrane.

Under certain conditions the layer of dense cytoplasm with the
chloroplasts (but not including the plasma membrane) is in motion.
The movement is mainly one of rotation (Fig. 9), usually about

Fic. 9. Diagram showing the direction of rotation of the layer of dense
cytoplasm in a cell of an Elodea leaf.

the vertical axis of the cell. Commonly the movement is in the
same direction in all the cells of a leaf; but frequent exceptions to
this rule occur. Occasionally a cross strand of dense cytoplasm
cuts from one side to another through the central vacuole. The
dense cytoplasm is the active substance in this movement; the
chloroplasts are carried along by the current, much as pieces of
ice may be carried in a river. The cell wall is perforated by pores,
usually too minute to be seen with the highest powers of the
microscope. These pores offer means by which the protoplasts
of adjacent cells are either continuous or in contact with one
another.

The similarity in color and in transparency between most
parts of the cytoplasm, such as the dense cytoplasm and the
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vacuoles, makes it impossible to distinguish accurately the bound-
aries of these parts when a cell is alive. On account of these dif-
ficulties it is necessary, in order to study the finer details of struc-
ture, to subject a leaf to a rather lengthy series of processes. These
processes are, in brief: (a) killing and fixing the leaf in a poison
or combination of poisons so selected as to kill the cells at once
but to leave all parts of each cell in as nearly their original posi-
tions as possible; (b) hardening by means of alcohol; (c¢) cutting
into thin sections; and (d) staining of the sections. The stains
used in the last-named process are, with a few exceptions, aniline
dyes. Advantage is taken of the fact that protoplasmic substances
in general show an affinity for aniline dyes, and that different
parts of the protoplast have varying affinities for different dyes.
If, therefore, a section of a leaf is subjected to the successive action
of two or three properly selected dyes of different colors, various
parts of the cell may take on contrasting colors and thus stand
out distinctly one from another.

The appearance of a cell in an Elodea leaf treated as just de-
scribed (Fig. 10) is very different from that of a cell in a living

Vacuolar Membrane Central Vacuole Plasma Membrane
Chloroplast / / Dense Cytoplasm / Cell Wall
\ \
L A

4 Nucleolus

B A "*‘G" Nuclear Sap
Rl Chromatic Network

Nuclear Membrane

Nucleus

Fic. 10. Portion of a cell from a leaf of Elodea, after it has been
killed and stained. Highly magnified.

leaf. The dense cytoplasm is seen not to be so nearly homogeneous
as it appears to be in a living cell. Included in it are many clear
vacuoles, varying greatly in size and shape but all very small;
between these is a somewhat more deeply stained, often finely
granular substance. In addition to vacuoles, chloroplasts, and
minute granules, the dense cytoplasm includes bodies of varied
form, smaller than the chloroplasts, which may be deeply stained.
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These small cytoplasmic bodies (chondriosomes) are more readily
observable in a young than in a mature cell (see Fig. 15).

When the cell is living, each vacuole contains a transparent
liquid and is surrounded by a thin membrane; the granular sub-
stance between the vacuoles is also a liquid, but one of different
nature. The visible structure of the dense cytoplasm is therefore
that of an emulsion.

11. Structure of a Nucleus. A nucleus is an approximately
hemispherical, semi-transparent body, imbedded like the chlo-
roplasts in the layer of dense cytoplasm, and therefore close to
the cell wall. In a living cell the nucleus appears to be homo-
geneous, except that it includes one or more fairly large, rounded
refractive bodies, the nucleoli. The nucleus may be carried
along by the cytoplasmic current, as the chloroplasts are, but
more slowly. Consequently, at any moment it may lie at one
side, at the top, or at the bottom of the cell.

In a living cell the nucleus is barely distinguishable from the
dense cytoplasm in which it is imbedded. In a kilied and stained
cell the nucleus, because of the strong affinity of some of its parts
for dyes, is the most conspicuous portion. Staining demonstrates
also that the nucleus is not homogeneous in structure but is it-
self composed of parts differing in nature. It is bounded by a
nuclear membr(me,/a film similar to the plasma and vacuolar
membranes. © Within the nucleus is usually at least one large,
rounded, deeply stained nucleolus; some nuclei contain two or
several nucleoli. There is also a network composed of material
that is deeply stained but distinct from the nucleoli. Because
it stains readily, this will be spoken of as a chromatic network.
Its component strands vary in thickness; at the angles where
they meet are granules or knots of varying sizes. As will be seen
later (Chap. XII), the substances composing this network per-
form functions of very great significance. The chromatic network,
and the nucleolus or nucleoli, lie in a nuclear sap which is usually
unstained.

12. Nature of a Living Cell. All the protoplasmic structures
that have been described, including those of both cytoplasm and
nucleus, together constitute a living cell. Living cells are dis-
tinguished from non-living forms of matter by certain activities
or processes that go on within them. It is not possible to define
living matter so sharply that we can say that certain parts of the
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protoplast are living and that other parts are non-living. So far
as is known at present, the processes that distinguish living mat-
ter from non-living matter are carried on within cells which are
organized in general much like those of an Elodea leaf. It is pos-
sible to say, also, that these processes which characterize living
things have their seat primarily in certain portions of each cell—
particularly in the dense cytoplasm including the plasma and
vacuolar membranes, in the chloroplasts, and in the chromatic
network of the nucleus. To this extent, the parts of the proto-
plast just mentioned are more living (or more actively living)
than such other parts of the cell as the wall, the cell sap, and the
nuclear sap.

SuMMARY

A mature cell, such as one in a leaf of Elodea, consists of the
following parts:
1. Wall:
Middle layer.
Later-formed layers.
Minute pores.
2. Protoplasm:
(a) Cytoplasm:
Dense cytoplasm:
Plasma membrane.
Small vacuoles, each with its membrane.
Intervacuolar substance.
Vacuolar membrane (next the central vacuole).
Chloroplasts.
Chondriosomes.
Central vacuole, containing cell sap.
(b) Nucleus:
Nuclear membrane.
Nucleolus (or nucleoli).
Chromatic network.
Nuclear sap.



CHAPTER III
HOW MATERIALS ENTER AND LEAVE A CELL

13. Elements and Chemical Compounds. The substances com-
posing a plant, while of very many different kinds and degrees
of complexity, are yet, like all substances, made up of molecules,
and their molecules are composed of relatively few chemical
elements. When a molecule of water is broken up into its con-
stituent parts, each component is an afom of an element. A mole-
cule of water is composed of two atoms of hydrogen and one atom
of oxygen. In this case two gases have united to form a chemical
compound that at ordinary temperatures is a liquid. The chemical
formula for water, H,0O, indicates the elements of which it is
composed and the proportion in which the atoms of those elements
are present. Water is one of the simpler chemical compounds,
and is of universal occurrence in living matter.

Among the compounds found in plants, while some such as
water are relatively simple, a great number are composed of
three or more elements each, and their molecular structure is
vastly more complex than that of water. Of the compounds that
are found in and manufactured by plants, many, which are char-
acterized by containing the element carbon, are spoken of as
organic in contrast to inorganic compounds. Inorganic compounds
occur in nature independently of the activities of living matter,
but many of them are absorbed and used by plants.

14. Diffusion. Before discussing the passage of substances into
and out of a living cell, it is necessary to consider diffusion, a
process that is very largely involved in such movements.

If ether is poured into an open vessel, the odor soon indicates
that the ether is becoming distributed through the air of the
room. Liquid ether is composed of a vast number of molecules
which are relatively close together and all in vigorous motion.
Because of their comparatively crowded condition the molecules
are constantly in collision, striking one against another and re-
bounding. At the free surface of the liquid opportunity is greatest
for the movement of the molecules. Hence many of them, when

15
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they reach this surface, fly off into the air. Having passed into
the air, they are still in motion and tend to distribute themselves
uniformly through the available space—that is, through the room.
The liquid ether thus rapidly becomes a gas. The change of ether
from a liquid to a gaseous state is a consequence of the tendency
of its molecules to become uniformly distributed throughout the
space available. The process of distribution which results from
this tendency is diffusion. A tendency to diffuse characterizes
all matter.

The space within the room into which the ether molecules pass
is filled with air, a mixture of rapidly moving molecules of gases,
those present in largest amounts being oxygen and nitrogen.
When molecules of ether pass into the air, they tend to diffuse
uniformly among the molecules of oxygen, nitrogen, and other
gases that may be present. The diffusion of each gas throughout
the space available is independent of the diffusion of each of the
other gases. The consequence is that all the gases within a limited
space, such as a room or a small container, will in time become
so distributed that a uniform mixture will result.

The same principle may hold when two or more liquids are
in contact. For example, if liquid ether and alcohol are brought
together in a dish, the alcohol diffuses throughout the ether, the
final result being a homogeneous mixture. Just as diffusion may
occur between gases or between liquids, so there may be diffusion
between gases and liquids. For example, if oxygen and water are
in contact, a certain proportion of oxygen diffuses into the water.
Howeyer, the water is just as truly diffused through the oxygen as
is the oxygen through the water.

Similarly, a solid substance may diffuse through a liquid. A
small amount of sugar or common salt in contact with a suffi-
cient amount of water disappears, so that neither by the naked
eye nor under the microscope can any evidence of the presence
of the solid be detected. The mixture is homogeneous in character.
If the solid is added bit by bit the result is similar, the mixture
remaining homogeneous throughout the operation. Finally, how-
ever, when enough of the solid is added, the process of mixing
appears to stop; some of the solid settles to the bottom, and the
mixture is no longer homogeneous.

Not all substances, when brought together, diffuse readily into
one another. Olive oil and water, for instance, when in contact



HOW MATERIALS ENTER AND LEAVE A CELL 17

diffuse into each other but very slightly; the two liquids remain
substantially separate. Whether or not substances will diffuse
into one another depends upon their respective natures.

When a solid or a gas diffuses into a liquid, the resultant homo-
geneous mixture is spoken of as a solution. The liquid is the
solvent, the substance diffusing into it the solute. 'When two liquids
are concerned in the process, one of which is water, the water is
commonly considered the solvent. It would be equally possible,
however, to consider the other liquid, for example alcohol, as the
solvent and the water as the solute.

Water possesses the property to a remarkable extent of dissolv-
ing other substances; in fact, a greater variety of substances are
dissolved by water than by any other known liquid. In living
cells the principal solvent is water; the solutions that occur in
plants are chiefly solutions of solids, liquids, and gases in water.

It is important to note that the diffusion of any solute through
water is independent of the diffusion of any other solutes present;
in a solution of sugar and common salt the diffusion of the sugar
is independent of that of.the salt. The capacity of different sub-
stances to dissolve in water is extremely variable. For example,
very large proportional amounts of sugar and salt will dissolve
in water; only slight amounts of iron and some other metals will
so dissolve. Some substances, like camphor, which are practically
insoluble in water, are readily soluble in some other liquids such
as alcohol or ether. The solubility of any substance in a liquid de-
pends, then, upon the nature both of the solvent and of the solute.
Surrounding conditions also influence solubility. For instance,
changes of temperature affect the solubility of a solute in water.
As a rule, solids become more soluble in water, and gases less
soluble, as the temperature is raised. The solubility of some sub-
stances in water increases rapidly with a rise in temperature,
while for other substances the increase is slow.

16. Osmosis. If two substances which tend to diffuse are
separated by a membrane through which both separated sub-
stances can readily pass, they will still diffuse despite the presence
of the membrane. Thus if water and a solution of sugar in water
are placed in the respective arms of a U-tube and are separated
by a partition of rather coarse cloth, the sugar will pass through
the cloth and diffuse in the water on the other side of the par-
tition; the water will pass through the partition in the opposite
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direction. In time there will be a homogeneous mixture of sugar
and water of equal concentration on both sides of the partition.
In this case the membrane is permeable to both sugar and water.

If the water and the solution of sugar are separated by a rubber
membrane, neither water nor sugar will dxﬁ'use through the mem-
brane. In this case
the membrane is im-
permeable to both
sugar and water.

If the water and
sugar solution are
separated by a mem-
brane of parchment
paper, the water will
pass more rapidly
: through the mem-
Solution | brane into the sugar
solution than sugar
will pass into the

A Membrane B water, and the liquid

Fie. 11. An apparatus illustrating osmosis. 4, at will rise in the arm
the beginning of the experiment; B, after standing of the tube con-
for a.'time. .One arm of the U-.tube cpnta.ining taining the sugar
pure ‘water is separated by a differentially per-

meable membrane from the other arm, containing solution (Fig. 11).

a sugar solution. Note in B the rise of the liquid Although the mem-
in the arm containing the sugar solution. brane is permeable

to both water and sugar molecules, it is permeable to them in
different degrees, sugar diffusing through it slowly and water more
rapidly. The membrane differentiates between the two substances.
In this case the membrane is differentially permeable to sugar and
water.

The same principle may be illustrated by the use of a thistle
tube (Fig. 12) over whose lower end parchment paper is fastened
tightly. A fairly concentrated solution of sugar is placed in the
lower end of the tube, which is immersed in water. Water will
diffuse through the differentially permeable membrane into the
sugar solution. Some of the sugar will diffuse very slowly through
the membrane into the water. Since the water diffuses more
rapidly than the sugar, the result will be a rise of the solution in
the tube.

m'lmlml 1
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If a differentially permeable membrane separates aqueous so-
lutions of two different substances (for example, a solution of

sugar and one of salt), ordinarily water
will at first diffuse chiefly from the
less concentrated to the more con-
centrated solution. Precisely what will
happen, however, depends upon the
nature of the membrane, the nature
of the rolvent, and the natures and
relative concentrations of the solutes.

The diffusion of a gas, a liquid, or a
dissolved substance through a mem-
brane is commonly called osmoszs. The
direction of the major osmotic move-
ment of any substance is determined
by the relative number of particles of
that substance present. In general,
the direction of movement is from the
side of the membrane where the pro-
portional number of particles of the
diffusing substance is higher to that
side on which the proportional number
is lower. A diffusing substance may
be moving in both directions through
a membrane, but more particles of that
substance are moving away from the
side where they are proportionally
more numerous than from the side
where they are less numerous. Unless
prevented, the movement will con-
tinue until equilibrium is established.

16. Significance of Osmosis. A cell
such as one of the Elodea leaf is an
osmotic apparatus shut off from the

L J
Fic. 12. An apparatus to il-
lustrate osmosis. A, a thistle
tube whose lower end is closed
by the differentially perme-
able membrane B. The lower
end (C) of the tube contains
a concentrated sugar solu-
tion. The vessel D contains
water.

outside world, and largely from adjoining cells, by a cell wall and a
plasma membrane. Both are differentially permeable, but the wall
permits the ready passage of many more substances than does the
plasma membrane. In consequence, it is the plasma membrane
which chiefly determines what substances shall enter or leave the
cell. 'When substances entering the cell have once passed the wall
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and the plasma membrane, their further movement within the cell
is regulated by a variety of other membranes. If substances are to
reach the central vacuole they must pass the vacuolar membrane,
which is itself differentially permeable. In a general way, whether
or not a particular substance is to enter or leave a cell depends
upon the relative concentration of that substance in the central
vacuole and in the liquid outside the cell. The transfer of sub-
stances between cytoplasm and nucleus is regulated by the nu-
clear membrane, which is also differentially permeable.

Under ordinary conditions the solutes in the cell sap are more
concentrated than are those in the liquid surrounding the proto-
plast. In consequence, water passes by osmosis into the cell.

F1a. 13. A cell showing plasmolysis resulting from immersion in
a strong solution of common salt.

Contintied movement of water into the protoplast results in a
pressure within the vacuoles. This pressure is sufficient to distend
the protoplast as far as the elasticity of the wall will permit. The
pressure thus developed within the cell is called furgor and the
cell is said to be turgid. A cell may be more or less turgid accord-
ing to the amount of pressure within.

If the concentration of the solutes in the liquid outside the
protoplast is greater than the concentration of those in the cell
sap, water will be withdrawn from the protoplast by osmosis. A
sufficiently extensive withdrawal of water from the protoplast
reduces the pressure to such a degree that the protoplast is partially
or entirely withdrawn from the wall and becomes more or less
rounded. In this state of contraction the cell is said to be plas-
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molyzed. 'The process of becoming plasmolyzed is plasmolysis.
Plasmolysis may be illustrated by placing a living leaf of Elodes
in a rather strong solution of cane sugar or of common salt (Fig. 13).
Prolonged plasmolysis is usually fatal to a cell. If, however, a
leaf in whose cells plasmolysis has not proceeded too far is removed
from the sugar or salt solution and placed in approximately pure
water, water will diffuse inward an the cells will return to their
former turgid condition.

The absorption of substances concerned in the nutrition of a
plant depends largely upon osmosis, since all substances that enter
or leave any living cell must be either liquid or dissolved and must
be capable of diffusing through the plasma membrane. Water and
a vast number of dissolved substances with which the activities
of a cell are concerned diffuse into or out of the cell independ-
ently of one another. Water and dissolved substances may enter
or leave a cell al the same time at very different rates, some of
them passing inward and others outward. The structure and
composition of living membranes are important in determining
what substances shall enter or leave a cell. While a plant is alive
the permeability of any living membrane, such as a plasma mem-
brane, may vary greatly from time to time; the variations de-
pending upon numecrous conditions internal and external to the
cell, including age, temperature, and light. At one time a mem-
brane may be readily permeable to a particular substance; at
another, relatively impermeable to the same substance. It is true
also that there are great differences in permeability between the
plasma membranes of different cells, the differences often being
extremely great in this respect between cells of the same plant.

Osmosis plays an important part in the transport of water and
dissolved substances from cell to cell and from organ to organ, in
the absorption of gases from the atmosphere by the cells of leaves
and of other organs, and in the absorption of water and of other
substances in solution from the soil by the cells of roots. The
turgidity of cells is important in maintaining the rigidity of cer-
tain parts of plants, such as leaves, young stems, and young
roots. The form, and especially the position, of non-woody plants
and parts of plants depend largely on the turgidity of their cells. A
loss of turgidity by the cells of such plants results in their wilting.

17. Imbibition. Osmosis explains in large part how water and
dissolved substances enter the living protoplast. Another process.
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which plays a part in the passage of liquids and dissolved sub-
stances into the cell walls and thence into the protoplast, is tmbi-
bition. A familiar illustration of imbibition is the soaking up of
water by dry gelatine or wood. The absorbed water is drawn into
the spaces between the particles that make up the gelatine, or into
similar spaces in the walls of the cells that make up the wood.
The water eventually becomes so arranged about the particles of
such a substance that it forms films which crowd the particles of
the imbibing substance apart and this substance swells. The
extent to which the particles can be forced apart by the water
depends upon the cohesion between the particles of the imbibing
substance. In the case of gelatine, its particles may become so
widely separated by the water that the mixture becomes a liquid.
In the case of wood the limit of the separation of its particles is
soon reached. Water is imbibed readily by the walls of living
cells, except those of certain tissues which are impregnated with
fat-like substances. In a cell of the Elodea leaf, the process of
imbibition brings water and dissolved substances into contact
with the plasma membrane. It is then possible for these substances
to enter the protoplast either by osmosis or by imbibition, since
the plasma membrane is capable of imbibing water and some dis-
solved substances. The differential permeability of the plasma
membrane is thus determined in part by the readiness with which
it imbibes certain dissolved substances and by its inability to
imbibe others. Imbibition and osmosis are closely related proc-
esses; osmogsis is made possible by the imbibing powers of the
cell wall and of the plasma membrane. Some plant cells, especially
those of certain desert plants, contain substances of a mucilaginous
nature. These substances, located in the vacuoles, in the dense
cytoplasm, or in both, by their power of imbibition increase the
water-absorbing and water-holding capacity of the cells contain-
ing them, to such an extent that the cells resist long periods of
drought.

18. Suction Tension. The processes of osmosis and imbibition
just discussed, together with other processes which may play a
minor réle, result in a tendency on the part of every healthy proto-
plast to draw in water, leading to the production of a suction
tension. This suction tension is important not only in the activ-
ities of a living cell but also, as will appear in later chapters, in
the transfer of water and dissolved substances throughout a plant.
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SUMMARY

Chemical compounds found in plants are composed of relatively
few elements. The inorganic compounds are relatively simple; the
organic compounds are more complex.

Diffusion results from the tendeacy of molecules to become
equally distributed, as illustrated by the mixing of two gases, of
a gas and a liquid, of two liquids, or of a solid and a liquid, to
form a homogeneous mixture. The mixture of a gas and a liquid,
of a solid and a liquid, or of two liquids is a solution. The liquid
involved in a solution is the solvent, the other substance the solute.
If two liquids are concerned one of which is water, the water is
commonly considered the solvent. Solutions occurring in plants
are chiefly of solids, liquids, and gases in water. Solutes in water
diffuse independently of one another, but the process is affected
by the nature of the solute. Temperature affects solubility, solids
as a rule becoming more soluble, gases less soluble, as the tem-
perature rises.

Osmosis is diffusion through a membrane. The rate of osmosis
varies with the nature of the membrane, of the solvent, and of the
solute, with the concentration of the solute, and with the tem-
perature. Permeable membranes allow both solvent and solute
to diffuse with little hindrance; impermeable membranes are
permeable neither to solvent nor to solute. A differentially per-
meable membrane is permeable to both solvent and solute but to
different degrees.

A living cell is enclosed by a cell wall and a plasma membrane,
both of which are differentially permeable. Because of its lesser
permeability to solutes, the plasma membrane chiefly determines
what substances shall leave or enter the cell by osmosis. Since
solutes are ordinarily more concentrated within a protoplast than
in the liquid outside the cell, water passes into the protoplast by
osmosis and develops a pressure (turgor), causing the cell to be-
come turgid. If the conditions just mentioned are reversed, water
is withdrawn and the protoplast is plasmolyzed.

The structure and composition of living membranes are im-
portant in determining what substances shall enter or leave a
cell. The permeability of living membranes varies from time to
time, depending upon conditions within and without the ~ell
such as age, temperature, and light.
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Osmosis is important in the transport of water and dissolved
substances within the plant and in the absorption of substances
in solution from the soil by roots. The form of a non-woody plant
is maintained largely by the turgidity of its cells.

Imbibition plays an important part in the absorption by cell
walls of water and dissolved substances, bringing these substances
into contact with the plasma membrane through which they may
pass by imbibition and osmosis. The protoplasts of some plants
contain substances which imbibe and hold large quantities of
water, enabling them to endure periods of drought.

Every healthy protoplast possesses a suction tension, resulting
from its tendency to take up water by osmosis and imbibition.
Suction tension is a factor not only in the absorption of water, but
also in the transfer of water and dissolved substances.



CHAPTER 1V
ROOTS

19. Regions of a Root. The roots of a sunflower are represent-
ative of the type of roots normally growing in soil. Their structure
is particularly suited for the performance of their principal func-
tions: anchorage, the intake of water and of other materials, and
the conduction of these to the stem. Since little or no food material
is stored in the root system of the common sunflower, there are
no prominently thickened portions except for the enlarged primary
root. -From this arise many smaller secondary roots, which in
turn are branched and rebranched. These smaller roots, extending
downward and outward, hold the plant firmly in place and provide
a large absorbing area.

The extreme tip of a root (Fig. 14) is covered by a root cap. A
root as a whole, exclusive of the root cap, may be thought of as
divided into four general regions which merge gradually one into
the other. These regions are, beginning back of the cap: the form-
ative or embryonic region, in which cell division takes place; the
region of elongation, in which the cells grow, chiefly in length; the
region of maturation, in which the various cells take on the char-
acteristics distinctive of particular tissues; and the mature region,
in which cells have become definitely differentiated, structurally
and functionally. In consequence of the continued growth and
maturation of cells formed in the embryonic region, as well as of
cells formed by occasional divisions in the region of elongation, the
length of the root is steadily increased and the root tip is pushed
farther and farther into the soil.

20. Root Cap. The cells of the root cap, like those in other parts
of a root, are formed by divisions in the embryonic region. Be-
ginning at this region and progressing forward through the cap
there are, successively, a short region of elongation, one of matu-
ration, and, at the extreme tip and outer sides of the cap, a mature
region. Since the cells in these three regions go through the same
course of development, though in an abbreviated form, as do the
cells in the corresponding regions of the main body of the root,

25
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their history need not be followed in detail. The continued elonga-
tion and maturation of cells does not, however, add to the volume

‘. of the mature portion
of the cap, since the
middle layers of the
walls between the out-
H H[ ... ermost cells in the ma-
ture portion are con-
stantly dissolving
~._.. away and the cells are
sloughing off as the
elongating root forces
the cap through the
soil. The root cap
serves to protect the
embryonic region from
possible injury as the
root tip is pushed for-
ward.
21. Embryonic Re-
gion. The embryonic
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that embryonic cells are different in appearance from mature
cells. Since nuclear and cell division (Chap. XII) are likely to be
going on in many of the cells in the embryonic region, it is neces-
sary to select for the present comparison a resting cell—that is,
one whose nucleus and cyto- Cell Wall

plasm are not in process of
division. §

In the first place, the wall of |1"
an emoryonic cell (Fig. 15) is |
very thin as compared with
that of & mature cell. Second, |
the embryonic cell contains no
central vacuole. The space
within the wall is occupied by
a nucleus and dense cytoplasm,
the latter containing many
minute vacuoles and being sim-
ilar to the substance of the
peripheral layer in a mature
cell. Third, thc embryonic
cell contains no chloroplasts.
Among the small darkly
stained bodies (chondriosomes)
in the dense cytoplasm, how-  Nucleus Cytoplasm
ever, are some which may Fic. 15. An embryonic cell from a root
develop into larger structures tip of an onion.
(leucoplasts) that in certain important respects resemble chloro-
plasts. Fourth, the nucleus is large in proportion to the size of
the cell and lies in its central part. The nucleus of an embryonic
cell, like that of a mature cell, is surrounded by a nuclear mem-
brane and contains a nuecleolus or nucleoli, a chromatic network,
and nuclear sap.

The continued division of cells in the embryonic region would
result, if nothing occurred to prevent, in a steady increase in
number of embryonic cells and in the size of the embryonic re-
gion. No such increase occurs because the cells which come
to lie in the anterior and posterior portions of the embryonic
region cease to divide and begin to enlarge. These cells thus be-
come constituents of the two regions of elongation—those, re-
spectively, in the root cap and in the body of the root. The

Chondriosomes
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volume of the embryonic region, therefore, remains approximately
constant.

22. Region of Elongation. The cells which lie posterior to the
embryonic region constitute the part of the body of the root that
has been referred to as the region of elongation (Fig. 14). The
cells in this region are enlarging,
chiefly in length. As a cell enlarges,
the amount of each of its component
substances doubtless increases; but
the largest factor in its enlargement
is an increase in water content. Most
of the additional water is taken into
certain of the minute vacuoles that
are scattered throughout the cyto-
plasm. The result is a great increase
in size of these particular vacuoles
(Fig. 16); the majority of the vac-
uoles, however, remain small. Now
and then two or more of the enlarging
vacuoles come into contact and coa-
lesce. Gradually, therefore, the num-
ber of conspicuous vacuoles in the
cell becomes smaller, and finally, in
the cells of many tissues, all the grow-
ing vacuoles unite into a single large
central vacuole. The coalescence of
vacuoles results in pushing the rest
Fia. 16. Stages in the devel- of the cytoplasm to the outer part of

opment of an embryonic cell the ce]], This relatively thin layer

to the mature condition. . o R

just inside the wall is what was re-
ferred to in the description of the mature cell (§ 10) as the “dense
cytoplasm.” Since the numerous vacuoles that remain minute
are included in it, the dense cytoplasm still has an emulsion-like
structure. The nucleus remains imbedded in the dense cyto-
plasm, and is therefore finally located near the cell wall.

It might be expected, since the enlargement of a cell is due
largely to the absorption of water by certain vacuoles, that it
would expand equally in all dimensions. This is not generally the
case; for most of the enlarging cells of a root undergo a greater
increase in length than in either lateral dimension.

-
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All the cells of the embryonic region are substantially alike;
but as they begin to enlarge differences appear. Certain groups of
cells which are to constitute the respective tissues in the mature
part of the root now begin to differ in size and shape. The majority
of the cells in the axial portion of the region of elongation grow to
many times their original length. The cells outside this central re-
gion grow to but three or four times their original length. Thus,
even in the region of elongation it is evident that the mature re-
gion of the root will include a differentiated central portion (the
stele) and a surrounding zone of different nature (the cortex).

23. Region of Maturation. The differences in size and shape
first evident in the region of elongation become more apparent
as the fully enlarged cells take on their mature characteristics
(Fig. 14). In general, the walls of maturing cells become thicker by
the fprmation of new layers of wall material. The original thin
wall separating two adjoining embryonic cells, somewhat modi-
fied in thickness and in chemical composition, remains as the
middle layer of the mature wall. As will appear, the cells of
various tissues differ materially in the amount of thickening that
their walls undergo and in the manner of deposition of the addi-
tional wall layers.

24. Mature Region. The mature portion of a root (Fig. 14)
consists of three parts, concentrically arranged: stele, cortex, and
epidermis. The innermost of these parts, the stele, is a solid cylin-
der. External to the stele and surrounding it is the cortex, several
cells in thickness. The cortex, in turn, is ensheathed by the epider-
mis which is but one cell in thickness.

The cells of the young stele do not all mature into the same type
of tissue. A cross section of a sunflower root cut at the posterior
portion of the region of maturation (Fig. 17) shows that four
(or more) groups of cells toward the periphery of the stele develop
especially thick walls, constituting a tissue known as the primary
zylem. Later the cells inward from these first-matured groups of
primary xylem also mature into elements of primary xylem which
are of larger diameter. When maturation is complete, the primary
xylem often constitutes a mass that fills the entire central portion
of the stele. Projecting outward from the central mass, as seen in
cross section, are four or more radiating arms. These are sectional
views of as many longitudinal ridges—the first-matured groups
of primary xylem. The outer portions of these ridges are composed
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Fira. 17. Cross section of a sunflower root (diagrammatic) at a level
at which cambial activity has not yet begun.
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of elongated cells with pointed ends (tracheids,
Fig. 18, A). During maturation the cell walls
of young tracheids are thickened by the addi-
tion of new layers. In some tracheids the new
layers are deposited upon a limited portion of
the inner surface of the wall in the form of a
spiral band that runs the whole length of the
cell; in other tracheids the internal thickening
takes the form of a series of rings which en-
circle the cell transversely. Cytoplasm and
nuclei disappear from the tracheids after the
formation of these additional wall layers. Ma-
ture tracheids, therefore, consist of cell walls
only, and each is the result of the maturation
of a single embryonic cell.

Many of the cells inward from those that
become tracheids mature into vessels (Fig.
18, B). A vessel is an element resulting from
the maturation of a vertical row consisting of
a variable number of embryonic cells joined
end to end. After the increase in length which
these cells undergo in the region of elongation,
their maturation begins with a great increase
in the diameter of each cell of the row (Fig.
19, B). After this enlargement is completed,
additional layers of wall material are deposited
on the lateral walls of the cells. In the first
vessels to mature, the additional wall material
is laid down in transverse rings or in a con-
tinuous spiral. The thickened walls of later-
matured vessels often contain many thin areas
(pits) in which the material of the later-formed
layers was not deposited. After the thickening
of the lateral walls the cross walls between
adjoining cells of the vertical row disappear,
except for the outer margin of each cross wall.
Finally the protoplasts disappear (Fig. 19, D).
Hence a vessel is a tube formed from a row of
originally separate cells; it differs in this re-
spect from a tracheid, which is at all stages a

cheid with spirally
thickened wall. B,
portion of a vessel
with spirally thick-
ened wall.
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single cell. Tracheids and vessels are not functionless when mature,
even though they lack protoplasts: as will appear in a later chapter,
water passing through the root to the stem moves chiefly through
these dead elements.

In the angles between the radiating ridges of primary xylem are
groups of cells that mature into primary phloem. The alternate

D

Fic. 19. Stages in the development of a vessel from a row of
originally separate cells.

distribution of xylem and phloem groups in the peripheral portion
of the stele is characteristic of young roots in general. The sieve
tubes (Fig.” 20) are the most conspicuous elements of the phloem.
Each sieve tube is formed by the maturation of a vertical row of
embryonic cells. It is called a “sieve tube” because the walls
between adjacent cells in the row are perforated by groups of
pores which, though small, are much larger than the minute pores
referred to in § 10. In a lengthwise section a mature sieve tube
appears as a series of elongated cells arranged end to end, with
strands of cytoplasm extending through the pores. Manufactured
foods, and possibly other materials, are moved through sieve tubes.
Interspersed among the sieve tubes are other thin-walled cells
whose walls do not develop pores; these cells, which may be long
or short, contain cytoplasm and nuclei, whereas the nuclei of the
sieve tubes sooner or later disappear. In the roots of some plants,
"-though not of the sunflower, a narrow, elongated companion cell
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lies beside each sieve cell—that is,
beside each segment of a sieve
tube.

Lying between the primary xy-
lem and the primary phloem are
many thin-walled cells. Thes:,
like the slightly elongated, usually
thin-walled cells found elsewhere
in roct and stem, are parenchyma-
tous cells. A tissue composed of
such cells is a parenchyma. Sur-
rounding the phloem and xylem,
and appearing as a ring in cross
section, is a sheath of parenchym-
atous tissue, the pericycle. It is
in this outermost region of the
stele that secondary roots origi-
nate.

Immediately outside the peri-
cycle is a single layer of cells, the
endodermzs, which is the inner-
most region of the cortex. KEarly
in the maturation of endodermal
cells (in many plants), the middle
part of each radial wall becomes
thickened. Further deposition of
wall material may result in a uni-
form thickening of the radial walls.
In some plants, including some
kinds of sunflower, there follows,
in turn, a thickening of the tan-
gential walls at the inner faces of
the cells. The remaining portion
of the relatively thick cortex is
made up for the most part of
rounded parenchymatous cells.

The surface layer of cells in
the embryonic region of a root
matures into a tissue, one cell in
thickness, known as the epider-

Fia. 20. A, lengthwise section of a
sieve tube segment and its com-
panion cell, from the secondary
phloem of a root of the squash. B,
the end wall of a sieve tube seg-
ment, showing a group of pores.
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mis. In the posterior part of the region of elongation, many of
the epidermal cells develop long tubular projections from their
outer sides. These projections, the root hairs, elongate to many
times the diameter of the epidermal cells and thus increase very

Stele

F1c. 21. Cross section of the stele and endodermis, and of a portion of the
cortex of a corn root.

greatly the absorptive surface of the root. It is largely through
the root hairs that water is absorbed from the soil, together with
some other materials, chiefly mineral salts, which are dissolved in
the soil water. This water passes from the root hairs through the
cortex to the tracheids and vessels, whence it rises into the stem
and is distributed throughout the plant. The length of the portion
of a root on which root hairs persist extends back from the region
of elongation for a variable distance, depending upon the species
and upon the environment of the root. The number of root hairs
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developed depends largely also upon the medium in which the root
is growing. After they have ceased to function, either the root
hairs remain in a shriveled condition or the epidermal layer with
the root hairs is sloughed off. New hairs are formed only in the
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Fic. 22. Cross section of the central portion of a root (diagrammatic) at a level
at which cambial activity is beginning.

elongating region of the root. Therefore, as the root penetrates
farther into the soil its absorbing portion (that bearing root hairs)
comes to be more remote-from the stem.

26. Secondary Thickening. All the tissues thus far considered
were formed by the maturation of cells produced by cell divisions
in the embryonic region or, less frequently, in the region of elon-
gation, Tissues produced by the maturing of such early-formed
cells dare termed primary tissues in distinction to secondary tissues
which originate in a different manner.
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Seed plants are divided into gymnosperms, s‘fmong which are the
pine, larch, and spruce; dicotyledons, including many trees, shrubs,
and the majority of other seed plants; and monocotyledons, of
which corn, wheat, and the lilies are examples. One respect in
which monocotyledons differ from gymnosperms and dicotyledons

Primary Phloem Parenchyma Primary Xylem

Secondary Phloem ] ] Secondary Xylem

Cortical Parenchyma J ,), s Endodermis Pericycle

Fi1e. 23. Diagram of the central portion of a root after the formation of a cons
tinuous zone of ¢ambium outside the xylem.

is that monocotyledons produce no secondary tissues in their
roots, whereas the roots of gymnosperms and dicotyledons usually
form secondary tissues.

The sunflower is a dicotyledon whose roots increase in thickness
by the formation of secondary tissues. The production of secondary
tissues in a sunflower root results from the activity of an embryonic
tissue known as the cambium. First to function as cambium are
certain cells lying just within each phloem group and outside the
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central mass of xylem (Fig. 22). In a root with four phloem groups,
therefore, four cambium regions appear. The cambial cells, al-
though they have enlarged and changed more or less in structure,
have nevertheless retained their embryonic character. Each one
divides tangentialiy (that is, in a plane at right angles to the
radius of the root) into two daughter cells. Further tangential
divisions increase the diameter of each strip of cambial tissue. As
tangential division continues, the cells that come to lie toward the
inner face of each cambial strip begin to enlarge, chiefly in a radial
direction; then they ma-
ture gradually into sec-
ondary rylem. Repeti- ool
tion of this history
results in the continued
formation of additional gt
secondary xylem ele- .
ments between the outer %
face of the xylem mass {34
and the inner face of ~*
the cambium. Occa- N5
sional cells on the outer *¥
face of the cambium Y} {2
mature into secondary
phloem elements, which
lie, therefore, between
the carabium and the
inner face of a primary
phloem group. AN 1 (R TN (X ()%
Shortly after cambial Fig. 24. Small portion of a cross section of a
activity begins between  root of Ficus (the rubber plant), showing the
the primary xylem and i(;rl?;tll;); é)}fesz(;(:;lgial;yn ‘phloem and secondary
the primary phloem
groups, some of the pericyclic cells just outside each ridge of
primary xylem also begin to function as cambium. The cambium
now forms a continuous sheath which completely surrounds the
primary xylem (Fig. 23). In consequence of the method of their
formation, the secondary xylem and the secondary phloem con-
stitute two concentric cylinders that lie, respectively, within and
without the cambium (Fig. 24). The cylinders of secondary xy-
lem and secondary phloem are not continuous, because, at occa-

/Medullary Ray
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sional narrow regions in the cambium, cells are formed which
remain thin-walled instead of developing into secondary xylem
and secondary phloem. Such parenchymatous cells constitute
strips (medullary rays) which run radially through secondary xy-
lem and secondary phloem.

26. Secondary Tissues. The secondary xylem is variously
organized in different plants. The roots of some plants contain a
large proportion of water-conducting elements. In such roots
these elements may consist of tracheids only, as in the pine; of
vessels only, as in the willow; or, as in the oak, of both tracheids
and vessels. In the roots of other plants the greater portion of
the secondary xylem is composed of elements other than tracheids
or vessels. Such elements, not primarily concerned in conduction,
may be thick-walled (mechanical) elements which contribute to
the efficiency of the root as an organ that anchors and supports
the stem; or they may be parenchymatous cells which store reserve
foods.

While they are very young the elements of secondary xylem and
secondary phloem are arranged in definite radial rows in conse-
quence of the method of their formation by repeated tangential
divisions of the cambial cells. In such plants as the pine, whose
secondary elements do not enlarge greatly during maturation,
this radial arrangement persists. On the other hand, in many
roots, such as those of the sunflower, vessels enlarge greatly while
other elements of the secondary xylem remain small; consequently,
in the mature secondary xylem the various elements are irregularly
disposed, although some indication still remains of the original
radial arrangement.

27. Annual Rings. In the roots of trees and shrubs, which live
for several or many years, the formation of new secondary xylem
and phloem continues from year to year. However, the xylem
elements formed at the beginning of each season of growth com-
monly differ greatly from those formed later in the season. In the
willow, for example, the vessels matured early in the spring are
large and relatively thin-walled. As the season advances the suc-
cessively formetl vessels do not develop to so large a size, but
their walls become thicker. The vessels produced toward the close
of the growing season are smallest and thickest-walled of all. In
late summer or early fall the formation of vessels by the cambium
ceases. When, in the following spring, the cambium again begins
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to form new secondary xylem, the first
vessels: matured are large and thin-
walled. Consequently, a cross section
of the root shows a sharp line of
demarcation between the small-celled,
thick-walled xylem of the preceding
summer and the large-celled, thin-
walled xylem of the spring. This is
the explanation of the occurrence of
concentric annual rings (Fig. 25),
which are so conspicuous in the cut
ends of roots of many trees and shrubs.

There are similar, though less
sharply marked, differences between
secondary phloem elements formed at
the beginning, and those formed to-
ward the end, of the growing season.
Any annual ring of phloem does not,
however, long remain intact, since the
constantly enlarging cylinder of xylem
and phloem within crushes it against
the encircling tissues.

28. Cork Cambium. In the roots
of many plants which form secondary
xylem and phloem there are pericyclic
cells that have retained the power of
division. The tangential division of
these cells results in the establishment
of another cylindrical sheet of cam-
bium (cork cambium, Fig. 26) which,
instead of phloem and xylem, produces
cork cells on its outer face and paren-
chymatous cells on its inner face. The
walls of cork cells become impregnated
with a fat-like substance; conse-

quently the layer of cork so formeufz .

g’g{ Kifr4
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Root Hair

Root Cap.

Fie. 25. Diagram of a root in lengthwise section, showing the relations of
the annual rings of xylem and phloem. X?, xylem (primary and secondary)
formed during the first year. X?, X3, xylem formed during the second and
third years. P!, phloem formed during the first year. P3, P3, phloem formed

during the second and third years.
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deep within the root—that is, just inside the endodermis—is im-
permeable to water and to dissolved food substances. As a result,
the cortical and epidermal cells outside the cork layer die and are

Cortex Endodermis  Corl Cambium eventually sloughed off.
Thus, excepting for
some plants whose roots
form a cork cambium in
their cortex, the mature
portions of a root are
derived entirely from
the stele.

The cork cambium
just described ordina-
rily forms new cork cells
: ] for a few years only

TETE S oS e TSRE0aT0s  and then becomes inac-
S Sondoesl L7 tive. It does not follow,
v however, that no more

cork is formed in the
Paremgumf;i Pericycle root; for additional cork
Jfrom Cork Cambium cambium layers are suc-

F1c. 26. A, cork cambium being differentiated ively developed i
in the pericycle of a root of the grape; adapted cessively developed 1n
from Bonnier and Sablon. B, cork cambium, parenchymatous cells of

and secondary tissues formed by its activity, pericycle and phloem

from a root of the rubber plant. . ..

inward from the original
cork cambium, and therefore, no matter how old the root becomes,
new cork cells are continuously formed.

29. Secondary Roots. It has already been said that branch or
secondary roots may arise from a primary root. The development
of such a secondary root begins with the division of certain peri- .
cyclic cells of the primary root adjacent to the group of tracheids
in one ridge of primary xylem. As a result of these and of suc-
cessive similar divisions, a small lens-shaped mass of embryonic
tissue is formed. The outermost cells of this mass develop into
a root cap; the innermost cells form the embryonic region of the
secondary root. The secondary root grows through the cortex of
the primary root to the surface (Fig. 27) and then pushes through
the soil precisely as did the parent root. In penetrating the cortex
of the primary root a young secondary root does not necessarily
push aside the cortical cells; it may secrete substances that render
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the materials of these cells soluble, the secondary root then grow-
ing into the cavity formed by their dissolution. Early in the
development of a secondary root, the cells in the anterior and
posterior portions of its embryonic region begin to undergo the
processes of clongation and maturation already described. The
various tissues matured in the secondary root are continuous with
corresponding tissues of the parent root. Hence water and dis-

Fie. 27. Cross section of part of a primary root of the sunfiower, showing
the origin of a secondary root from the pericycle and its growth through
the cortex of the primary root.

solved mineral salts can pass through the xylem of the secondary
root to the xylem of the primary root and thence into the stem.
Conversely, manufactured foods entering the phloem of the pri-
mary root may pass into the phloem of secondary roots. In plants
whose primary roots undergo secondary thickening, each second-
ary root also may develop a cambium. Secondary phloem and
secondary xylem, like primary phloem and primary xylem, are
continuous from secondary root to primary root.

Since the development of secondary roots begins adjacent to the
groups of tracheids in the ridges of primary xylem, secondary roots
are formed in more or less definite rows, the number of rows usu-
ally corresponding to the number of ridges. For example, in the
sunflower 3, 4, or 5 rows of secondary roots are formed at some
distance back from the tip of the primary root, in its recently
matured portion. Secondary roots usually begin to develop be-
fore the cambium has become a complete cylinder; if they develop
after it has become continuous, the secondary roots originate in
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the cambium rather than in the pericycle. Secondary roots so

formed are not in regular vertical rows.
A secondary root, in the same manner as a primary root, may
produce branch roots. The repeated formation of new branch
; roots, together with the growth in length

s = ~ of roots already formed, results in a con-
7 \_ tinuous extension of the root system

through the soil. The increase in num-

ber of roots, each bearing root hairs,

. increases the absorptive surface of the

17

root system; the heightened water-absorp-
. tion meets the growing need of the plant
H~_for water which results from the contin-~
uous enlargement of the aérial portion of
the plant.

30. Types of Root Systems. It is a
familiar fact that the aérial portion of a
plant of a given species usually assumes
a characteristic form. The root system of
a plant of any species likewise commonly
takes on a typical form. Some plants,
including the corn and the pine, have
relatively shallow root systems in pro-
portion to the height of the stem; other
plants, as the dandelion and the alfalfa,
have comparatively deep root systems.
It is to be remembered, however, that
= 2 environmental conditions, especially the
nature of the soil and the amount of
moisture in the soil, profoundly affect
both the shape and the extent to which
a root system develops. For example,
two-months-old alfalfa plants grown in a
prairie region of the Missouri Valley had
Fia. 28. The tap root sys- roots extending but a foot and a half be-

tem of alfalfa.  After Jow the surface of the soil; whereas plants

Weaver. from the same lot of seed and of the same
age grown in more arid grasslands to the west developed roots
extending to a depth of five feet. )

Structurally, two main types of root systems are recognized:
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tap root (Fig. 28) and fibrous root systems (Fig. 29). In a system of
the former type, the primary root grows much more rapidly than
any of the branch roots; the primary root then constitutes a central
axis from which small branch roots arise. Sometimes, as in the
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F1g. 29. The fibrous root system of corn. After Weaver.

pine, the primary root (a tap root) may die early. In such a case
a secondary root takes on the appearance of a tap root. The tap
roots of many plants attain a diameter approximately equal to
that of the stem. This diameter is relatively small in plants that
live but a year or less, but some trees, hickories for example, form
thick, woody tap roots of large diameter and extending many
feet downward. In some plants the diameter of the tap root may
exceed by several times that of the stem. The great diameter of
such a root is due chiefly to the formation of parenchymatous cells
by the cambium; the cambium adding many such cells to the sec-
ondary phloem, as in the parsnip, or to the secondary xylem, as
in the carrot and the radish. The economic importance of many
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plants with fleshy tap roots results from the storage of large
amounts of reserve starch in such parenchymatous cells.

A fibrous root system has no central axis. Instead, many of the
secondary roots, and the primary root if it persists, grow to ap-
proximately the same length and diameter. Such a root system
may be composed of rel-
atively slender roots, as
in the sunflower; or, if
secondary thickening is
long continued, various
members of the root sys-
tem may attain to alarge
diameter, as in most fa-
miliar trees. In the
fibrous root systems of
some plants, such as the
dahlia (Fig. 30), some of
the secondary roots be-
come much swollen and
enlarged for a part of their length and filled with food or water.
The enlarged diameter of such a root is not usually the result of
extensive secondary thickening, but is due rather to the enlarge-
ment of parenchymatous cells in the cortex or pith. Fibrous sys-
tems with such enlarged secondary roots are often termed fascicled
root systems.

31. Adventitious Roots. Secondary roots may develop directly
from stems and leaves much as they regularly develop from primary
roots. Roots arising directly on stems and leaves are adventitious
roots. Most plants with trailing or horizontal underground stems,
such as the iris, most grasses, many ferns, and various vines, reg-
ularly produce numerous adventitious roots on their stems. Some
plants with erect stems, like the corn, also regularly form adventi-
tious roots.

Adventitious roots may supplement the work of primary and
branch roots in absorbing water and food materials from the soil.
In some plants, such as the corn and certain other cereal grains,
the primary root and its branches may entirely disappear, all
intake of water then being through the fibrous system of adventi-
tious roots. Adventitious roots may function also as supports that
help to hold erect the stem or its branches. Instances of this sort

FI1G. 3U. Fascicled roots ot the dahha.
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are seen in the corn (Fig. 4), whose “prop roots”’ grow downward
from the lower nodes of the stem into the soil; or in the banyan
tree of India (Fig. 31), whose adventitious roots grow directly
downward from horizontal branches to the soil. Some climbing
plants, including the English ivy, develop many short adventitious

Fic. 31. A banyan tree, with many vertical adventitious roots. After Baillon.

roots along their internodes that aid the plants in clinging to their
supports.

Many plants that do not regularly form adventitious roots
do so under special conditions. When the tip of a raspberry stem
bends over and touches the ground, the terminal portion in con-
tact with the soil forms adventitious roots. Stems and branches of
other plants, including the rose, geranium, and Coleus (Fig. 32),
ordinarily form adventitious roots only when a stem or branch has
been severed from the root system and placed in damp soil.

The common practice of propagating plants by cutting a stem
or branch into segments is based upon the ability of such pieces
(cuttings) to form adventitious roots when placed under appropri-
ate conditions. This practice makes it possible to obtain a large
number of new individuals of some species, such as the potato,
that rarely form seeds. Propagation by cuttings also has the great
advantage that it almost always results in the production of
new plants precisely like the parent. In this way some especially
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desirable strawberry, raspberry, or rose plant which, because of
its hybrid nature, will not breed true by means of seeds, may be
indefinitely multiplied.

32. Environment of Roots: The Soil. The soil is of importance
to a plant in three main respects: it affords a dense medium in

Fig. 32. Adventitious roots of Coleus, formed from the
stem of a cutting placed in the soil.

which the plant is firmly anchored and supported; it is the source
of a supply of water; and from it the plant takes in certain sub-
stances essential to its growth and development. The soil also
provides a protective environment, during periods unfavorable for
growth, for roots and other underground structures.
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Although soils are exceedingly variable, most of them con-
tain rock particles, humus, water, substances dissolved in water,
air, and microorganisms. The particles which constitute the
bulk of the soil have been formed chiefly from rocks by various
disintegrating agencies such as glacial movements, frost, rain and
running water, gases of the air, and winds. Some simple plants,
including blue-green algae and lichens, by their gradual penetra-
tion of rocks aid in the process of disintegration. Such plants
obtain needed mineral substances from the dissolved portions of
the rocks upon which they grow. After the death of these plants
their decaying bodies together with the mineral substances they
have absorbed are returned to the soil. Further organic sub-
stances are added by the decay of the bodies of other and larger
plants which may follow, and by the decay of animal bodies and
of animal excreta. Thus organic matter accumulates in the soil.
Through the agency of minute organisms the organic matter is
constantly undergoing change, in the course of which it is trans-
formed into simpler compounds. When the organic matter reaches
a certain stage of decomposition it is called humus.

Humus, by separating the soil particles, increases the space
which may be occupied by air; the physical texture of the soil is
thus made more favorable to the growth of plants. Humus readily
absorbs and holds water, so increasing the water-holding capacity
of the soil. Although humus may remain in the soil for some time,
it is finally completely decomposed into simpler compounds.
While present it is the seat of an abundant and flourishing growth
of minute organisms, many of which are of great importance to the
nutrition of green plants. Certain animals, such as rodents, in-
sects, and earthworms, also modify the physical condition of the
soil.

Rock particles in the soil vary greatly in size. Soil materials
may be classified on the basis of the size of their included rock
particles as coarse gravel, fine gravel, coarse sand, fine sand, silt,
fine silt, and clay. Clay, the commonest soil material, is found to
some extent in soils of all classes. The smallest clay particles are
too fine to be seen with a microscope. Although the small size and
irregular shape of these particles enable many of them to fit
together closely, nevertheless a considerable amount of space,
occupied by air and water, is left between them. Sand, composed
of larger particles, plays an important part in keeping the soil
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open, but soils with a too high content of sand are infertile. The
water-holding capacity of sandy soils is low; clays and silts hold
water tenaciously. Soils containing both sand and clay are
loams. Silt forms a considerable portion of loams. Loams may
also contain humus, which is intermingled with the rock par-
ticles, and which further adds to the water-holding capacity
of the soil. Soil particles may be held together by the films of
water about them, or by substances such as clay which act as
cements.

33. Functions of Roots. The functions of roots that have been
already noted are: absorption of water and dissolved substances
from the soil, anchorage
and support of the stem,
and storage of reserve
foods. The roots of plants
growing in unusual situa-
tions may function in still
other ways. For example,
the roots of many sub-
merged water plants, as
well as those of many
swamp plants, are provided
with large intercellular
spaces which store the gases
(chiefly carbon dioxide and
oxygen) that are taken in

F1e. 33. Aérial roots of an orchid. After by the plant or are given
- Kerner. off by its cells. The roots
of certain tropical plants that grow on rocks in swiftly running
streams are flattened and blade-like and their cortical cells con-
tain numerous chloroplasts. These roots function like leaves in
the manufacture of foods.
Other plants, including some tropical orchids (Fig. 33), grow-
- ing high above the soil on stems and branches of other plants,
bear roots many of which are exposed to the air. Each such
agrial root usually has a spongy outer cell layer which holds
and absorbs rain that falls or dew that condenses on its surface.
Although the aérial roots may never penetrate the soil, they
perform much the same absorptive functions as roots growing in
the soil.
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SUMMARY

A root is divided into the following general regions: root cap,
embryonic region, region of elongation, region of maturation, and
mature region. The mature region consists of stele, cortex, and
epidermis. The stele is composed of xylem (including tracheids
and vessels), phloem (including sieve tubes), pericycle, and paren-
chyma. The cortex includes endodermis, parenchyma, and some-
times mechanical tissue. The epidermis is a single superficial layer
of c.is, many of which develop tubular projections (root hairs).

All the tissues thus far mentioned are primary since they result
from the maturation of cells of the embryonic region. Some roots
develop primary tissues only. Others develop secondary tissues as
a result of cambial activity. The functioning of the cambium re-
sults in a formation of secondary phloem and secondary xylem,
both interrupted by medullary rays. The secondary xylem pro-
duced in a single year’s growth constitutes an annual ring. Cork
cells ar:d parenchyma formed by cork cambium are also secondary
tissues.

Secondary roots developed from a primary root always have a
deep-seated origin and arise in the pericycle. As they grow through
the cortex they become differentiated into the parts characteristic
of a primary root. Secondary roots developing directly from stems
or leaves are adventitious roots.

The root system of a plant may be derived wholly from the
primary root, or in part from the primary root and in part adventi-
tiously, or wholly adventitiously. According to its external ap-
pearance it is a tap root system or a fibrous root system. Fibrous
systems with enlarged secondary roots are fascicled root systems.

The functions of roots ordinarily include absorption of water
and dissolved substances, anchorage and support of the stem, and
storage of manufactured foods. Various special types of roots
perform other functions,
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STEMS

34. Regions of a Stem. As in the case of a root, the growing end
of a stem includes an embryonic region, a region of elongation, a
region of maturation, and a mature region. There are, however,
certain differences. First, a stem has no structure corresponding
to a root cap. Second, the transition from embryonic to mature
region is not continuous in a stem as it is in a root, but is interrupted

Fig. 34. Lengthwise section of the apex of the stem of a honeysuckle.

at intervals by the nodes, in which the processes of maturation lag.
This lagging is especially noticeable in certain of the grasses, por-
tions of whose nodes remain embryonic even after the internodal
tissues are mature.

In the embryonic region at the apex of a stem (Fig. 34) and of
each branch many of the cells are dividing. In this region the cells
are all essentially alike. Along the sides of the embryonic region are
small dome-shaped or spoon-shaped superficial outgrowths, each

50
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composed of embryonic cells. These outgrowths (leaf primordia)
are the beginnings of young leaves. The level at which one or more
_leaves are being formed is a node; the embryonic region of the stem
is therefore beginning to be differentiated into nodes and inter-

nodes, but the inter-
nodes are as yet so
short that successive
nodes appear to adjoin
cne another (Fig. 35).
As already noted, the
enlargement and mat-
uration of cells that
follow are generally
slower in the nodal
than in the internodal
portions of the stem.
In an actively grow-
ing stein elongation
usually begins in the
third or fourth inter-
node from the stem’s
apex. The cells of such
an internode are grow-
ing chiefly, though not
exclusively, in length.
Here, certain groups of
cells which are to con-
stitute the respective
tissues in the mature
part of the stem are
becoming differenti-
ated in size and shape.
Among the earliest
cells to become differ-
entiated in an elon-
gating internode are

Immature Leaf

Fi1e. 35. Diagram of the apical portion of a
honeysuckle stem.

those immediately beneath the epidermis. These cells enlarge
somewhat and then deposit additional layers of wall material at
their angles and on their outer and inner tangential walls. Such
localized thickening of the walls results in the formation of a
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mechanical tissue of considerable rigidity, whose chief function is
to help hold the stem erect until other tissues are mature. After
the stem is mature this mechanical tissue, though persistent, is of
gninor importance in the support of the stem. ,

In an elongating internode, at some distance inward from the
surface of the stem, strands of cells are differentiated that extend
vertically, and parallel with one another, through the internode.
These strands, composed chiefly of elongated cells, will eventually
mature into vascular bundles. They may therefore be spoken of
as provascular strands. In gymnosperms and in most dicotyledons
the provascular strands, as seen in cross section, constitute an
interrupted ring. In most monocotyledons the provascular strands
are numerous and scattered, although they also run vertically
through each internode.

36. Primary Tissues of Dicotyledonous Internodes. Since the
difference just noted is correlated with certain other differences
between gymnosperms and dicotyledons on the one hand and
monocotyledons on the other, it will be necessary to consider
these two types of stems, separately. The sunflower may be
taken as typifying the usual arrangement of tissues in a dicoty-
ledonous stem. The cells of the central part of the sunflower
stem mature into large parenchymatous cells, the vertical length
of each of which is about double its thickness. These parenchym-
atous cells constitute the pith (Fig. 36).

Just outside the pith is the region in which lie provascular
strands. Beginning at the inner face of each provascular strand
and progressing outward, the cells mature into primary xylem.
Simultaneously, the cells constituting the outer portion of each
strand mature, progressively from the outer face inward, into
primary phloem. The portions of the strand maturing into xylem
and phloem eventually approximate but never meet, because a
narrow strip in the center of the strand remains embryonic and
may later function as a cambium. A mature vascular bundle,
therefore, consists of three main parts: the xylem on the inner
side toward the pith, the phloem on the outer side, and the cam-
bium between xylem and phloem. This side-by-side arrangement
of phloem and xylem in vascular bundles is characteristic of the
structure of stems, in contrast to the alternate arrangement
of separate xylem and phloem bundles which characterizes the
primary tissues of roots.
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The most conspicuous elements in the primary xylem are ves-
sels, comparable in every way with the vessels of roots. Primary
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Fi1c. 36. Portion of a cross section of a sunflower stem.

phloem in stems, like that in roots, contains sieve tubes which are
usually accompanied by companion cells.

The vascular bundles are separated from one another by radial
strands of parenchymatous cells—the medullary rays. Surrounding
the cylinder of bundles is a rather poorly delimited pericycle. Just
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outside the phloem portion of each vascular bundle the pericycle
consists of long needle-shaped cells whose walls, during maturation,
are toughened and stiffened by substances with which they be-
come impregnated. Since this change in the pericyclic cells does
not take place until the internode is well along toward maturity,
the mechanical tissue thus formed helps to hold erect only the
mature portions of the stem. The pericyclic cells adjacent to the
medullary rays are parenchymatous and scarcely distinguishable
Mechanical Tissue, Phloem from ray and cortical
/ Parench \ / ~Cambium. cells. The pericycle

oF constitutes the outer-
most portion of the stele.
A relatively thin cor-

{ tex surrounds the stele.
In the sunflower the
inner portion of the cor-
tex consists of large,
loosely arranged paren-
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chymatous cells. An
innermost endodermal
layer is not differenti-
ated. Stems and
branches of some dicot-
yledons, especially cer-

v tain horizontal under-

Cortex  Vascular Pith ground branches like

Epidermis Bundle those of the potato,

F1e. 37. Portion of alengthwise sectionof asun- hgve an endodermis
~ flower stem.

similar in structure to

that of a root. As already mentioned, cells in the outer portion
of the cortex with greatly thickened tangential walls constitute a
mechanical tissue. These cells also contain many chloroplasts and
manufacture a limited amount of food. All the cells of the cortex
are elongated in the direction of the length of the stem (Fig. 37).
The cortex is bounded on its outer face by an epidermis. The
epidermis is a single layer of slightly flattened, vertically elongated
cells. Their outer walls are thickened and impregnated with a
waxy substance (cutin), which makes the walls almost imper-
meable to water. Comparatively little water is lost, therefore,
from the surface of a sunflower stem. Here and there an embryonic
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epidermal cell matures into a long, pointed hair. Certain other
epidermal cells develop into. hairs, each composed of a row of
several cells, the terminal cell being pointed. Stomata (which
can be more satisfactorily studied in the leaf) also occur sparingly
on the stem.

36. Structure of a Dicotyledonous Node. A very young node of
a sunflower stem is a homogeneous mass of embryonic cells.
One of the first changes as the node develops is the appearance of
numerous wrovascular strands whose ends are continuous with
the provascular strands of adjacent internodes. Although these
strands are parallel, as has been seen, throughout each internode,
they are laterally united with one another at various points in
each node. In the mature stem, therefore, most of the vascular
bundles of any internode are continuous with those of the inter-
nodes above and below; but in the nodes there are cross connections
between the bundles.

In the cortical portion of each node of the sunflower stem
three provascular strands are differentiated which run diagonally
or almost horizontally through the cortex. Each such strand
connects at its inner end with a provascular strand of the inter-
node below and at its outer end with the base of an immature
leaf. It follows that in the mature stem three of the bundles in
each internode, instead of running vertically through the node
above, bend outward in that node and run outward through the
cortex to the base of a leaf. The portion of each such bundle that
is developed in the cortex is a leaf trace. The leaf traces provide
paths of transfer to the leaves for water and food materials that
are moving up the stem and, conversely, paths of transfer to the
food-conducting tissues of the stem for foods manufactured in
the leaves.

Although seed plants in general have cortical leaf traces con-
necting their leaves with the vascular cylinder, the number of
traces passing to each leaf varies in different species. For example,
in tomatoes and carnations there is but one, in peppers there
are five or seven, and in the buckwheat still more numerous
traces connecting with each leaf.

37. Secondary Thickening in Dicotyledons and Gymnosperms.
After primary xylem and primary phloem have been formed in
the stem of a dicotyledon or of a gymnosperm, the cambial cells
in the central part of each bundle begin to divide tangentisllv
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As in a root, the new cells formed on the inner face of the cambium
mature into secondary xylem elements and those formed toward
the outer face mature into secondary phloem elements. The
process of division extends to those layers of medullary ray cells
which connect the cambial regions of adjacent bundles; the cam-
bium thus in time becomes a continuous zone or cylinder (Fig. 36).
The secondary xylem matured from the cambium now also con-
stitutes a cylinder, continuous except where it is interrupted by
medullary rays. Similarly, a cylinder of secondary phloem, con-
tinuous but for medullary rays, is formed outside the cambium.
A few cells formed from the cambium remain thin-walled and are
added to the medullary rays, so that these rays remain continuous
parenchymatous layers connecting cortex and pith.

In the stem of a sunflower the cambium ordinarily produces
secondary xylem and phloem for one season only, after which the
stem dies. Many trees and shrubs have stems whose cambium,
like that of their roots, continues the formation of xylem and
phloem elements from year to year.

38. Structure of Secondary Phloem (Fig. 38). Secondary phloem
may be simple or relatively complex in structure. In most gymno-
sperms the secondary phloem consists chiefly of sieve tubes on
whose side and end walls are groups of pores; intermingled with
the sieve tubes are a few parenchymatous cells. In the sieve tubes
of a dicotyledon the groups of pores may occur in both end and
side walls or in the end walls only. In the secondary, as in the
primary, phloem of dicotyledons, a companion cell lies beside
each segment of a sieve tube. The secondary phloem of dicoty-
ledonous stems also includes parenchymatous cells, which are
often densely filled with reserve foods. Vertically elongated
cells (bast fibers), resembling, with their pointed ends and thick
walls, the wood fibers of secondary xylem, occur in the secondary
phloem of most woody dicotyledons and of some gymnosperms.
In some woody stems, such as those of basswood and hickory,
masses of bast fibers and of thin-walled elements (sieve tubes,
companion cells, and phloem parenchyma) are formed alter-
nately by the cambium.

Toward the end of the growing season, further functioning of
the sieve tubes is usually prevented by the development of pads
of additional wall material over each group of pores. During the
next growing season the non-functioning sieve tubes with their
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companion cells become crushed between the rigid “hard bark”
outside and the expanding cylinder of newly formed secondary
xylem and phloem within. Such parenchymatous cells and bast
fibers as are included in the secondary phloem are more resistant
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Fic. 38. Portion of the secondary phloem of a basswood stem.

to this crushing and usually persist in a more or less unmutilated
state for several years.

39. Structure of Secondary Xylem (Fig. 39). The secondary
xylem in the stems of gymnosperms, like that in their roots, con-
sists chiefly of tracheids. Secondary xylem in stems of woody di-
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Medullary Ray

Medullary Ray

tous cells here present constitute the last-formed layer of the summer
wood. This layer of parenchyma, therefore, marks the boundary between
the summer wood of one year and the spring wood formed the next vear.

Fia. 39. Portion of the secondary xylem of a willow. The only parenchyma-
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cotyledons, with a very few exceptions, contains vessels and may
contain tracheids in addition. However, in stems these water-
conducting elements constitute a smaller proportion of the second-
ary xylem than in roots. The remaining portion of the secondary
xylem in stems consists largely of elongated, empty, pointed cells
whose walls are strengthened and stiffened by substances with
which they are infiltrated. Such wuod fibers contribute to the
rigidity of the stem. The secondary xylem of woody dicotyledons
also contains parenchymatous cells. In some stems, such as those
of the walnut and the hickory, parenchymatous cells are numerous
in the secondary xylem; in other stems, as those of the willow and
the cottonwood, only a few parenchymatous cells occur in the
secondary xylem.

40. Medullary Rays. Each medullary ray in a sunflower stem
is thick, that is, it consists of many layers of cells; it extends
vertically from one internode to the uext internode above. In
most woody stems that increase in diameter for many years, such
as those of the pine, willow, and apple, the rays are from one to
five cells in thickness and from three to thirty cells in vertical
height. In some woody dicotyledons, such as the oak and syca-
more, certain rays arc many cells in thickness and very many
cells in height, whereas others are shorter vertically and but one
to three cell layers in thickness. In all these woody stems, how-
ever, differently from the condition in the sunflower, the height
of any ray is but a fraction of the length of the internode.

The secondary thickening of a woody stem is accompanied by
the addition, through cambial activity, of new cells to the por-
tions of the original rays imbedded in xylem and phloem. As the
formation of secondary tissues continues, new rays originate from
year to year at various points in the cambium. Such rays run
radially, not through all the annual rings but only through some
of the younger rings. Thus the number of rays increases from the
inner rings outward, approximately in proportion to the increas-
ing circumference of successively formed rings. The rays of a
woody plant serve as a pathway for the lateral transfer of water,
foods, and food materials between the inner and outer parts of
the stem. v

41. Annual Rings. The size differences between the secondary
xylem elements produced at the beginning of each growing season
(spring wood) and those produced later in the season (summer
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wood) are even more noticeable

{ in stems than in roots (Fig. 40).

Such differences are especially

characteristic of vessels, both in

those species in which there is

a gradual diminution in size of

vessels from spring to summer

wood (Fig. 41, A) and in those in
which the transition is rather

] abrupt (Fig. 41, B). As a result

| of these differences in size of

vessels, the annual rings in stems,
| especially of woody dicotyledons,
are more sharply defined than
are the annual rings in roots.
Annual rings produced in suc-
cessive years often vary greatly
in thickness in consequence of
variations in environmental con-
ditions, especially in the supply
of water to the plant. A per-
manent change in the environ-
ment, such as the felling of
surrounding trees or the draining
, of a swamp in which a tree is
* growing, may result in marked
% differences in thickness between
{4 the annual rings produced before
| and those produced after the
change (Fig. 42).

The number of rings in the
xylem is not a perfectly accurate
; measure of the age of a tree,
444 because sometimes, as a result of
¥t exceptional weather or other con-
ditions, two rings are formed in
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Fi1e. 40. Portion of a cross section through the secondary xylem of a trunk
of the shortleaf pine. Two annual rings and parts of 2 others are shown.
In this, as in other gymnosperm stems, no vessels are present. Photograph
by the Forest Products Laboratory, Madison, Wis.



s

wesi-aBe

P

RIS
o v

Sew

=58
rever B

Madison,

B, secondary xylem of

Photographs by the Forest Products Laboratory,

ing aspen.

secondary xylem of the quak

A,
the black ash.

Wis.

41

Fic.

61



62 GENERAL BOTANY

a single year. In such a case the outer face of the inner or “false”
ring is not sharply defined, but shows a gradual transition to the

Fia. 42. A, cross section of a trunk of lodge-
pole pine, showing the greater width of an-
nual rings produced after a thinning of the
stand. B, cross section of a portion of a trunk
of black spruce, showing the greater width of
annual rings produced after draining the
swamp in which the tree grew. Photographs
by the Forest Products Laboratory, Madison,
Wis.

xylem formed later .
in the same season.
Annual rings are
sometimes much
thicker in certain
portions than in oth-
ers. Differences of
this nature may be
brought about by a
variety of condi-
tions; they may re-
sult, for example,
from a greater de-
velopment cither of
roots or of branches
on one side, as in a.
tree standing next
to a clearing in a
forest.

42. Sapwood and
Heartwood. As the
number of annual
rings in the wood in-
creases, there comes
a time when, in
many stems, the
vessels and tracheids
of the inner rings
become filled with
gums and resins or
blocked by bladder-
like growths (Fig.43)
from neighboring
parenchymatous
cells of the xylem or

of medullary rays. Such blocking of the water-conducting elements
is usually followed by the death of all living cells in the annual ring,
and frequently by an impregnation of the cell walls with dark-
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colored substances. The xylem of the rings so modified becomes dry
and is then known as heartwood. The sap (water and dissolved
substances from the roots) must now travel upward in the outer,
younger rings which constitute the sapwood. From year to year
more rings in the inner part of the sapwood are changed to heart-
wood. Hence the sapwood of any particular tree remains of about
the same thickness from year to year, whereas the heartwood is

Fic. 43. Portion of a cross section through the heartwood of an oak. The
vessels are filled by growths from neighboring cells. Photograph by the
Forest Products Laboratory, Madison, Wis.

continually increasing in diameter. The sapwood may include
only a few annual rings, as in the black locust or the black cherry,
or, as in the hickory and the maple, it may be many rings in thick-
ness. Xylem that has been changed to heartwood is often of
greater mechanical strength than before the change. The develop-
ment of heartwood in a tree may, therefore, increase the rigidity
of the stem independently of any increase in the number of cells.
It often happens that in very old trees the heartwood has decayed
and disappeared, leaving the now hollow trunk composed almost
wholly of sapwood. .
43. Bark. The term bark is often used to designate all the tissues
of woody stems from the phloem outward. The plane of separa-
tion, therefore, between wood and bark is the cambium. In a very
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young branch or stem the bark is composed of phloem, pericycle,
cortex, and epidermis. The stems of most trees and shrubs and of
some herbaceous plants develop a cork cambium during their first
growing season (Fig. 44). This cork cambium usually develops in
the outermost portion of the cortex; but it may develop from the
epidermis, as in the apple, or within the pericycle, as in the cur-

Mature Cork Cell Cork Cambium
Immature Cork Cell Epidermis

" Parenchyma from Cortical
Cork Cambium Parenchyma

C
F1c. 44. Portions of cross sections of the outer region of a geranium (Pelar-
gonium) stem. A, a young stem. B, the cork cambium beginning to
function. C, the cork cambium has produced several layers of cork cells.

rant. The cork cambium of a stem, like that of a root, produces
parenchymatous cells on its inner face and cork cells on its outer
face. As in a root, the walls of the cork cells become impregnated
with a fat-like substance which renders them impermeable to
water; thus-water is prevented from passing outward to the epi-
dermal and cortical cells lying outside the cork layer; these outer
cells die and their walls become dry and hard. Such outer dry
tissues, together with the cork, are sometimes called ‘““hard bark”
in contrast to portions of the bark within the cork cambium, which
are the “soft bark.”

The cork at the inner face of the hard bark is usually but a few
cells in thickness. In some plants, including the cork oak, which
supplies the cork of commerce, many more layers of cork cells are
formed, and the cork may attain a thickness of a half inch or
more. In most perennial stems the original cork cambium becomes
inactive after a few years; although this layer in some trees, such
as the beech, cork oak, and some cherries, continues to form new
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cork cells for many years. In woody plants whose first-formed
cork cambium becomes inactive after a few years, additional cork
cambiums are developed in parenchymatous tissues inward from
the original cork cambium (Fig. 45). These newer cork cambiums
appear successively in the inner portion of the cortex, in the peri-
cycle, and in the outer layers of the phloem. Each successively
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Fic. 45. Diagrams showing the development of cork layers and the re-
sultant production of hard bark. A, before the differentiation of a cork
cambium. B, the first cork cambium has produced a zone of cork (shown
in black). C, later cork eambiums have developed and have produced
strips of cork inside the original cork layer. D, an old stem with many
cork strips, showing the cracking of the hard bark.

formed cork layer shuts off the supply of water and foods to such
cells as lie outside it, the starved elements being added to the
hard bark.

The cell layers constituting the hard bark often become cracked
in consequence of the pressure of the expanding cylinder of xylem
and phloem from within, and portions of the hard bark may be-
come separated from the tissues within and fall away. The size
and form of these separating portions of hard bark are influenced
by the relative positions of successive cork cambiums, which are
usually not continuous concentric zones but relatively short inter-
secting arcs. The manner and pattern of cracking of the hard bark
are often distinctive of the species. Examples of characteristic
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eracking are seen in the shaggy bark of hickories, the rough, deeply
furrowed bark of oaks, and the shredded bark of grapes. Smooth

F1G. 46. Cross section of a lenticel of the elder.

bark, like that of a birch, is usually produced by the continued
activity of the original cork cambium.

44. Lenticels. In the young portions of many stems certain
limited regions of the cork cambium, usually beneath stomata,
become particularly active. Repeated tangential divisions in each
such region produce a mass of cells,
the pressure caused by whose en-
largement ruptures the epidermis;
the cellular mass then protrudes as
a small rounded or elongated swell-
ing called a lenticel (Fig. 46). The
characteristic horizontal markings . Yk Tl ]
of birch (Fig: 47) and cherry stems, Fia. 47. Portion of a birch stem,
as well as the rounded markingson ~ With many horizontal lenticels.
young twigs of the horse-chestnut, are lenticels. Between the cells
of a lenticel are intercellular spaces continuous with those of the
cortex, which make possible a free interchange of gases between the
outer atmosphere and the interior of the stem.

46. Tissues of a Monocotyledonous Stem (Fig. 48). The stem
of the corn may be taken as a typical monocotyledonous stem.
While the young internodes are elongating, many scattered, paral-
lel provascular strands appear in each. Later these strands mature
into vascular bundles. The peripheral cells of each strand mature
into long, thick-walled cells which constitute a mechanical tissue
completely enclosing the bundle (Fig. 49). This sheath of mechani-
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cal tissue is thickest on the inner and outer sides of the bundle.
The remaining portion of the strand matures into primary xylem
and primary phloem. As in the sunflower, there is a progressive
maturation of phloem beginning at the outer face, and a progres-
sive maturation of xylem beginning at the inner face, of each
strand. Differently from the condition in the sunflower, matura-

Epidermis

Mechanical
Tissue

Fi1c. 48. Cross section of a portion of a corn stem.

tion continues until the whole strand (except the sheath of mechan-
ical tissue) i, converted into xylem and phloem. There is, there-
fore, no ewabryonic region (cambium) separating xylem and
phloem, and no possibility of the formation of secondary elements
between primary xylem and primary phloem. The phloem con-
sists of regularly arranged sieve tubes and companion cells. The
xylem of each mature bundle includes two large vessels with pitted
walls adjacent to the phloem, and between these vessels a few
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tracheids. The innermost portion of the xylem contains one or
two vessels whose walls have spiral or ring-shaped thickenings.
Just outside the latter vessel or vessels is a large intercellular space

Mechanioal 8 W
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Fic. 49. A vascular bundle from a corn ste

that separates this region of the xylem from the she
ical tissue.

The greater part of the stem consists of large p
cells. Scattered throughout this tissue are vascula:
parenchymatous cells in the central part of the ste
pared with the pith, and those in the peripheral p ith the
cortex, of the sunflower. It is impossible, however
sharply in the corn stem between pith and corte
parenchymatous tissue is a narrow cylinder of me

mechan-
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most of whose cells are small and thick-walled. Outside this is an
epidermis of relatively small, thick-walled cells.

Since the corn lacks a cambium, its stem can not increase in
diameter after all the primary tissues are mature. The absence of
a cambium is the chief feature distinguishing most monocotyle-
donous stems from stems of gymnosperms and dicotyledons. Other
respects in which monocotyledons differ from the majority of di-

Fic. 50. The Joshua tree (Yucca arborescens), .a mono-
cotyledonous tree of the Mojave Desert. Photograph
by Forrest Shreve.

cotyledons and from gymnosperms are the scattered arrangement
of the vascular bundles, the presence of a sheath of mechanical
tissue partially or completely surrounding each vascular bundle,
the lack of a well-defined cortex, and the lack of medullary rays.

46. Growth in Thickness of Monocotyledonous Stems. The
stems of most monocotyledons, since they contain no cambium, are
incapable of growth in thickness after the cells in any particular
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region have attained their full size. Hence certain monocotyledons,
such as some bamboos, although they grow to a considerable
height, remain slender. The trunks of some other monocotyledons,
like the date and the coconut palm, taper gradually from base to
apex. Insuch a case there is a progressive enlargement and matura-
tion of cells from the apex of the stem to the base. The greater
diameter of the basal portion of the trunk is due, therefore, not
to the formation of new cells but to the delayed enlargement of
the cells which were formed when
that region was embryonic.

The stems of a few monocotyle-
dons, such as Yucca (among
whose species are the Joshua tree
of the Southwest, Fig. 50), Aloe,
and Dracaena (the dragon tree),
undergo a true secondary thicken-
ing, although their vascular bun-
dles are without cambium. In
Dracaena, a cylinder of embryonic
cells in the pericycle functions as
a cambium, by whose means the
stem grows slowly in thickness
from year to year. Groups of new
cells formed on the inner side of
this cambium develop into vascu-
lar bundles; the new cells formed
on the outer side of the cambium
remain parenchymatous. A fa-
mous dragon tree of the Island of
Teneriffe attained a height of ap-
proximately 70 feet and a circum-
ference of 45 feet.

Fic. 51. Growth of wound tissue 47. Wound Tissue. An im-

:gg}‘etbz}::wl}’fse of an amputated 1, tont distinction between em-

bryonic and mature -cells consists
in the power of division of embryonic cells. This distinction
is, however, a relative one, since under unusual stimuli many
apparently mature cells divide. One stimulus which so affects
mature cells is that supplied by a wound. When a branch is
cut from a stem, cell divisions begin in such parenchymatous
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tissues as lie immediately adjacent to the cut surface, espe-
cially in those of the cambium and the soft bark. The result is
the formation of a wound tissue or callus (Fig. 51). The walls
of the outer cells of the callus become impregnated with waxy
compounds and function in the same manner as walls of cork
cells. Certain deeper-lying callus cells become a cambium which
is continuous with the cambium in the stem. The cambium de-
veloped within the callus forms secondary xylem and secondary
phloem in the usual manner, and the resultant tissues, together
with such callus cells as lie external to them, gradually grow over

Fic. 52. Methods of grafting. A, B, between stock and scion of similar size.
C, D, E, between a large stock and small scions. F, G, H, bud-grafting.

the xylem exposed by the wound. In time the callus may extend
completely across the wounded surface, which, as additional ele-
ments are added, is motre and more deeply buried. The healing or
covering of exposed surfaces by a callus largely prevents the en-
trance into the wood of decay- and disease-producing organisms.

The formation of wound tissue on cut surfaces makes graft-
ing possible. Grafting is commonly used in the propagation of such
woody plants as do not readily form adventitious roots on cuttings.
By this means it is possible to obtain new individuals of species
which produce no seeds, such as seedless grapes or navel oranges,
or to obtain duplicates of some desirable plant which, because of
its hybrid nature, will not breed true by means of seeds. The two
members of a graft are the stock, a root or the base of a stem with
the attached root system, and the scion, a branch or bud which is.
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to grow into the fruit- or flower-bearing portion of the grafted
plant.

Grafting (Fig. 52) may be between a stock and a scion of the
same size, between a large stock and a small branch, or between a
large stock and a bud. In all cases the success of the graft depends
upon the close proximity of the cambiums of the two members,
and upon the prevention of a drying of the united faces during the
establishment of the graft. Grafts are usually established only
when the two members are from plants of the same or of closely
related species.

48. Structure of Wood. The great diversity among trees of
different species in type, number, and distribution of component
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Fia. 53. Methods of sawing a log. 4, plain sawing. B, quarter sawing.

elements, the-variations in width of annual rings and in relative
amounts of spring and summer wood, and differences in size of
medullary rays, result in marked differences in strength, workabil-
ity, texture, and surface pattern of their woods when used for
building or other purposes. The presence of numerous thick-walled
fibers in the xylem of the oak or of broad layers of thick-walled
summer tracheids in the annual rings of southern yellow pine re-
sults in a timber that is most suitable for use where strength is
especially required. Sharp differences between spring and summer
wood, or the presence of masses of fibers, may, however, result in a
timber that is hard to work and therefore less desirable than one
which, like that of the white pine, has a uniform texture. Even
when the secondary xylem of two species is composed of similar
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elements and includes similar proportions of spring and summer
wood, differences in the length of elements and in the nature of the
cell walls may make the two sorts of timber markedly different in
character. It is for such reasons that spruce is much tougher and
lighter than most pines.

Woods differ markedly in color, in figure or grain, and in surface
texture. Color is affected chiefly by changes incident to the trans-
formation of sapwood into heartwood; the heartwood may be
black as in ebony, brown as in walnut, or red as in mahogany. The

A B C
Fic. 54. A, plain-sawn bird’s-eye maple. B, ribbon cffect of quarter sawing
“Philippine mahogany.” C, quarter-sawn oak. Photographs by the
Forest Products Laboratory, Madison, Wis.

patterns produced on an exposed surface by medullary rays, fibers,
and other elements, as well as by the alternations of summer and
spring wood, make lumber cut from certain species especially
valuable for furniture and for the interior finish of buildings. The
pattern depends largely upon the manner in which the lumber is
sawn from the log. There are two general methods of sawing logs
(Fig. 53): “plain sawing,” the lumber being cut at right angles to
the medullary rays; and “quarter sawing,” the cutting being
parallel to the rays. Plain sawing is especially desirable in logs
with contrasting cylinders of spring and summer wood, such as
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those of southern yellow pine, cypress, and redwood, or with eleva-
tions or depressions in the cylinders of summer wood. Plain sawing
of this latter type of log, as in curly and bird’s-eye maple (Fig. 54,
A), produces a pattern of circular and wavy summer-wood lines
against a background of spring wood. Quarter sawing, on the other
hand, may give a surface with a more striking pattern than does
plain sawing (Fig. 54, B, C). In oaks and sycamores this pattern
results largely from contrasts in color between medullary rays and
other elements. Quarter sawing of maples, birches, and mahoganies
gives a wavy surface view of the fiber mass, or, as in some mahog-
any logs, a ribbon-like surface view of alternately inclined fiber
masses in adjacent rings.

49. Branches. A branch begins as a small rounded hump of
embryonic tissue in the axil (the angle between leaf and stem)
of a young leaf just back of the embryonic region of the stem
(Fig. 35). Although there is usually such a branch primordium in
the axil of each leaf, only a few of the primordia ultimately de-
velop into branches.

If the plant is one whose normal span of life is a single year, the
primordia destined to become branches begin to elongate soon
after they appear. Elongation is soon followed by an organization
in each elongating primordium of regions corresponding to those
present in the stem—namely, an embryonic region, a region of
elongation, a region of maturation, and a mature region. The
tissues matured in the branch are similar to those of the stem, and
each tissue of a branch is continuous with the corresponding tissue
of the stem. Water and food materials may therefore pass from the
xylem of the stem to that of the branch, and foods manufactured
in the branch may pass through its phloem to that of the stem.
The secondary tissues of the branch are similarly continuous with
those of the stem.

Branch primordia of most trees and shrubs do not develop into
branches during the year that they appear, but, after developing
to a certain stage, they remain dormant or continue to grow very
slowly. Such buds may begin to elongate rapidly the year after
they are formed, or they may remain dormant for several or many
years.

The growth in length of a stem and of its branches is accom-
panied by the formation of an ever-increasing number of new
branches. If all such branches were to persist and to increase in
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diameter by secondary thickening, the system of branches might be-
come so closely crowded that they with their leaves would densely
shade one another. Such a condition is rarely found in trees,
however, because many of the young branches die within a few
years of their formation. In some trees, such as the cottonwood,

Fic. 55. A pine growing at a relatively high altitude (Sentinel Dome, Yo-
semite), showing the dwarfing and distorting effects of snow and wind.
Photograph by Phillips D. Schneider.

the death of a branch is due to the development of a basal trans-
verse tissue, an abscission layer, which causes the branch to be-
come separated from the stem or older branch bearing it. In most
trees no abscission layer is formed at the base of a branch; a dead
branch remains attached to the tree until it is broken off by storms
or by other means.

60. Kinds of Stems. Plants which develop tall, woody stems
capable of standing erect without support are called frees. Each
species of tree has, in general, a characteristic form. The trunk of
the black spruce tapers gradually without forking from base to
apex and produces whorls of branches, the branches of the older
whorls being largest and those above progressively shorter. The
outline of such a tree is that of a cone. Some other gymnosperms,
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F1a. 56. One of the “big trees” of California. Photograph by
v Lenwood Abbott, from American Forestry.
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such as the larch (Fig. 70), have a similar habit of growth. The
form of such trees as the elm (Fig. 72) and the oak is usually very
different from that of the spruce. At some distance above the
ground there ceases to be a single trunk; instead, a varying number
of large branches appear, which are themselves often much
branched. Such a tree fre- -
quently has a rounded form
(see also § 58).

The height of a tree and the
thickness of its trunk vary with
the species, with the age of
the tree, and with the environ-
ment. At high elevations,
plants of species which at lower
levels develop into trees often
have small, twisted, gnarled,
and more or less prostrate
stems (Fig. 55). Under con-
ditions that favor growth, trees
of certain species attain a great
height and develop huge
trunks. The “big trees” (Se-
quoia gigantea) of California
are notable illustrations
(Fig. 56). One of the largest of
these trees is 325 feet in height,
and the trunk, at a short dis-
tance above the ground, has a diameter of nearly 30 feet. The
numbers of annual rings counted in the stumps of a few Sequoias
indicate that the trees were over 3,000 years old when felled,
the oldest one thus far counted having been somewhat more than
3,200 years of age.

Plants which develop relatively short and usually freely branched
woody stems are called shrubs. Since trees and shrubs intergrade,
the words “shrub’ and ““ tree’’ are convenient, but not exact, terms.

Those plants whose stems develop a small proportion of xylem,
their stems therefore frequently remaining relatively soft, are
called herbs. The distinction between herbaceous and woody plants
is likewise not a sharp one, for almost all gradations in the amount
of xylem developed may be found in different plants.

Fic. 57. The twining stem of a bean.
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The stems of many plants can not hold themselves upright,
either because of their slenderness or because of the small propor-
tion of mechanical tissue. Some such weak-stemmed plants merely
creep or clamber along the ground or over rocks. Others (often
called vines) attach themselves to supporting objects, such as
other plants, and so attain an approximately upright position.
Clambering and climbing
plants may be either woody
or herbaceous. Some vines,
such as the morning glory
and the lima bean (Fig. 57),
climb by means of a twining
of their stems, the terminal
portion of such a stem mov-
ing through a rather large
spiral as a result of irregu-
larities of growth on differ-
ent sides. If a stem of this
type comes in contact with a
suitable support, the spiral
movement of the terminal
portion causes the stem to
twine about the supporting
object. The coils are at first
often very loose, but later,
through a straightening of
the stem, the spirals become
steep and firmly bound about
the support. Other vines
climb by means of tendrils.
. . The tendrils of the garden
pea (Fig. 76, A) correspond to leaflets; those of the grape
(Fig. 58) to branches. Tendrils are usually sensitive to con-
tact, especially toward their tips. Contact with an object serves
as a stimulus, and, in the cases of most tendrils, the end within
a short time becomes tightly wound about the object touched.
In the Japanese ivy and the Virginia creeper, the small branches
of the tendrils end in knobs. Upon contact these knobs broaden
into disk-shaped structures that adhere with extreme tenacity
to the surface with which they are in contact. Certain plants,

F16. 58. Tendrils of the grape.
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such as the English ivy, climb by means of adventitious aérial

roots.
The stems of many plants grow underground. A whole stem

with its branches may be underground, as is the case in many

F1c. 59. Underground stem of Solomon’s seal.

ferns; or, more frequently, the underground stem produces aérial
branches which bear foliage leaves and flowers. The latter case is
illustrated by cat-tails, sedges, grasses, and golden-rods. Under-
ground stems (Figs. 59, 60) often contain a considerabl= amount of

Fic. 60. Underground stem of quack grass.

food. If such a stem is broken into numerous parts, roots and aérial
branches may be developed at each node, new plants thus being
produced. It is for this reason that certain grasses, like the quack
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grass, are often pests in fields and gardens. Tubers, such as those
of the potato, are enlarged portions of underground branches in
which a great amount of food is stored. The “eyes” of a potato
contain buds each of which is capable of forming a shoot.

Many plants have very short stems that are partly or wholly
buried in the ground. Short stems of this type are often associated
with roots containing large reserves of food, as in the parsnip,
carrot, beet, and dandelion. In other cases, such as the jack-in-
the-pulpit and the crocus (Fig. 61), the short
stem is itself the storage organ and is conse-
quently enlarged and fleshy.

According to their longevity, plants are
classed as annuals, biennials, and perennials.
Annuals live for but one season. They pro-
duce leaves, flowers, fruits, and seeds, and then
die. In biennials, like the cabbage, turnip, and
N beet, the leaves formed the first year produce
Fic. 61. The short, & quantity of food that is stored in the stem,

thick underground Jeaves, or root, the storage organ or organs

stem of a crocus, . . N

in vertical section. &énerally being thick and fleshy. The next

year this stored food is used in the production
of new organs, including flowers, fruits, and seeds, after which the
plant dies.” Perennials (plants that live for many years) may be
either herbaceous or woody, woody perennials being trees, shrubs,
or vines. Herbaceous perennials usually store reserve foods in
underground stems, branches, or roots. Buds developed on these
organs may grow into new shoots. The part of a herbaceous
perennial which lives from year to year is usually, therefore, es-
pecially in temperate regions, an underground part, which may
be a stem, part of a stem, a branch, or a root.

61. Functions of Stems. The chief functions of a stem or branch
are the support of leaves and flowers, and conduction. Water with
mineral nutrients in solution is conducted through the xylem and
in the direction of the leaves. The foods made in the leaves pass
through the conducting cells of the phloem to the parts of the plant
where active growth is going on or where foods are being stored.

The green parts of a stem play a part also in the manufacture
of foods, although in the sunflower, as in most familiar plants, it
is chiefly in the leaves that this work is performed. In some
plants, however, including cacti, practically all the foods are made
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in the stem; in others, such as the asparagus, some of the branches
do the work of food-making. Sometimes, as in the greenhouse
“smilax,” branches assume the form, as well as the functions, of
leaves. In woody plants (trees and shrubs) it is often only the
youngest branches that are green and therefore capable of manu-~
facturing foods.

Usually some foods are stored for a ionger or shorter time in
certain parts of the stem, especially in the parenchyma of pith,
cortex, and medullary rays. In many plants, especially those
which live for more than a year, food-storage is an important func-~
tion of the stem. For example, during the winter the parenchyma-~
tous cells in the stems of trees and shrubs often contain large
amounts of starch and fats. The stem of the kohlrabi, potato
tubers, and many other underground branches and stems are
especially adapted for the storage of foods.

SUMMARY

The growing apex of a stem includes an embryonic region, a
region of elongation, a region of maturation, and a mature region.
The three latter regions are differentiated into nodes and inter-
nodes. In the stems of dicotyledons and of gymnosperms the vas-
cular bundles are arranged in the form of a hollow cylinder. In
stems of monocotyledons the vascular bundles are as a general
rule numerous and scattered.

Internodes of a dicotyledonous stem consist of stele, cortex, and
epidermis. Tissues of the stele include pith, xylem, cambium,
phloem, medullary rays, and pericycle. The cortex includes
mechanical tissue, parenchyma, and endodermis. A node differs
from an internode in that leaf traces are present in its cortex.

A stem of a dicotyledon or of a gymnosperm develops a cambium,
the division of whose cells gives rise to secondary xylem and second-
ary phloem. The secondary xylem (with included medullary rays)
formed in each growing season constitutes an annual ring. Annual
rings are distinguishable because of differences in size between
elements formed at the beginning and those formed at the end of
the growing season. Older annual rings toward the center of a tree
may be modified into heartwood. In such case, movement of sap
is restricted to the outer annual rings, the sapwood.

Bark comprises all tissues outside the cambium. In a young
stem the bark is composed of phloem, medullary rays, pericycle,
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cortex, and epidermis. The bark of an older stem includes also a
cork layer (or layers) produced by a cork cambium, which usually
arises in the outermost portion of the cortex. Several successive
cork cambiums may be formed by a stem. Lenticels may be
present in the outer surface of the bark.

Internodes of monocotyledons are ordinarily not sharply dif-
ferentiated into cortex and stele. In the numerous scattered vas-
cular bundles there is no cambium between xylem and phloem.
Most monocotyledonous stems have no secondary thickening.
Those which thicken secondarily have a cambium which produces
new vascular bundles. A wounded portion of a stem may form a
wound tissue (callus).

Branch primordia are formed in the embryonic region in the
axils of leaves. A branch primordium may develop immediately
into a branch or may remain dormant for one or more years.

According to propertion of wood and length of stem, plants are
classed as trees, shrubs, and herbs. A plant whose stem can not
hold itself erect may creep or clamber; if the stem can attach itself
to a support and so grow upward, the plant is a vine. Vines may
be woody or herbaceous. Stems that grow underground are either
erect or horizontal. They may be entirely subterranean, or may
produce aérial branches. According to their longevity, plants are
classed as annuals, biennials, and perennials.

The functions of a stem include support of leaves and flowers,
conduction of materials, manufacture of foods, and storage of
foods.



CHAPTER VI

BUDS

62. Nature and Positions of Buds. As noted in § 34, the em-
bryonic region of a stem or branch gives rise to numerous leaf
primordia (Fig. 62). Immediately below the apex of the embryonic
region such primordia are but small humps of embryonic tissue.
Farther back from the apex the young leaves, developed from
these primordia, have grown more rapidly in length than the em-
bryonic region of the stem, and, since their growth has been more
rapid on their outer than on their inner surfaces, they have curved
so as to enclose the embryonic region. Such a terminal portion of
a stem or of a branch with its unelongated internodes bearing im-
mature leaves, or immature and mature leaves, which curve and
enclose the growing point, is termed a bud.

New growing points which develop into buds arise also in the
axils of many leaves, usually a single growing point in an axil.
Buds that develop from such growing points are called axillary
buds to distinguish them from the terminal bud of a stem or branch.
An axillary bud is often inconspicuous until the leaf in whose axil
it occurs has fallen (Fig. 63).

653. Naked Buds. If the leaves borne by a bud are all foliage
leaves, the bud is naked. Naked buds are characteristic of all
annuals, of most biennials, and of a few perennials such as Elodea
(Fig. 62), juniper, and the staghorn sumac. During the growing
period, new leaf primordia, nodes, and internodes are being formed
in the anterior portion of a bud. Farther back in the bud the inter-
nodes undergo elongation and the leaf primordia grow into young
leaves. As a result of the continuation of these activities during
the growing period, such a naked bud is constantly changing in
its composition of leaves, nodes, and internodes. In the axils of
leaves within the bud may be the primordia of branches. In some
few plants the older internodes elongate but slightly as new leaf
primordia and internodes develop in the embryonic region. The
result is a continual increase in the size of the bud which may, as

in the head lettuce, become relatively enormous.
83



84 GENERAL BOTANY

Azillary
Bud

Leaf Scar

Fia. 62. Lengthwise section through Fig. 63. A branch of the
a terminal naked bud of Elodes horse-chestnut bearing ter-
(diagrammatic). minal and axillary protected

buds.
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Naked buds are of various types as regards the immature parts
which they contain. Some are leaf buds; such a bud (Fig. 62) in-
cludes an embryonic branch or stem tip with its nodes and unelon-
gated internodes and the primordia of leaves. At some of the nodes
may appear the primordia of branches. Other naked buds are

Scule Leaf
_ Young- Foliage Leaf

Fra. 64. Lengthwise section of an
axillary naked floral bud of the but-
tercup, containing the parts of a
single flower enclosed by foliage
leaves (diagrammatic).

floral buds. A floral bud con-
tains the primordia of a flower Fic. 65. Lengthwisc section through
fa el £ 4 s b an axillary protected leaf bud of the

or of a cluster of flowers borne ¢ (diagrammatic).
on an embryonic branch. A
floral bud of a buttercup (Fig. 64) contains the embryonic parts
of a single flower; one of a sweet pea possesses the embryonic
parts of a cluster of flowers. If, as happens in some instances, a
floral bud contains primordia of leaves and possibly of branches
in addition to those of a flower or flowers, it may be called a mized
bud. These three types of buds to some extent intergrade; hence
the names applied to them should be regarded not as exact but
rather as convenient and general expressions of differences.

In contrast with the active naked buds just described are those
which enter upon a period of rest or of very slow development.
It is in such a resting condition that the naked buds of most bi-
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ennials, as for example the cabbage, pass the winter. Certain
perennials also, including Elodea, have resting naked buds at the
tips of stems and branches during the winter.

64. Protected Buds. If the outermost leaves of a bud, instead
of being foliage leaves, are scale-like, it is a profected bud. Most
woody perennials of temperate regions, such as the elm, hickory,
and horse-chestnut (Fig. 63), form buds of this type. In such a

Floral bud the outermost scale
Primordium leaves commonly overlap
and are often heavily cu-
tinized or covered with
waxy or resinous sub-
stances. In addition, nu-
merous hairs may be borne
on the surfaces or margins
of the scales. Such secre-
tions and outgrowths tend
to prevent the loss of water
and the consequent drying
out of the enclosed im-
mature parts of the bud.
They also afford protection
against mechanical injury.

Branch Leaf As regards the immature

Primordium Primordium parts that they contain,

Fic. 66. Lengthwise section of an axillary protected buds like naked

protected mixed bud of the apple (dia- buds may be either leaf

grammatic). buds, floral buds, or mixed

buds. For example, the elm has both leaf buds (Fig. 65) and

floral buds, a floral bud containing the embryonic parts of a

cluster of flowers (see also Fig. 68). The apple (Fig. 66), lilac, and
horse-chestnut form mixed buds.

66. Unfolding of Protected Buds (Fig. 67). Protected buds,
at least in temperate regions, ordinarily undergo a period of rest
during the winter and resume growth with the coming of spring.
When a protected leaf bud resumes growth the scale leaves expand.
Sooner or later the scale leaves are shed. The opening of a bud is
accompanied by a very rapid elongation of the internodes within
it and by a rapid development of the embryonic foliage leaves to
maturity. This rapid maturation of embryonic leaves accounts for

Scale Leares
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the suddenness with which a tree puts forth a crop of new leaves
in the spring. All the leaves borne by some trees, such as the
horse-chestnut, were present in an immature condition in pro-
tected buds at the beginning of the growing season; in other trees,
such as the elm, additional foliage leaves are formed from the em-
bryonie regions of stem and branches after the maturation of such
immature leaves as were present in the dormant protected buds.

After the shedding of the scale leaves a scar remains on the stem
or branch marking the former place of attachment of each scale.

F1G. 67. Protected leaf buds of the hickory in different stages of develop-
ment. A, winter condition. B, beginning of elongation in the spring;
scale leaves greatly expanded. C, after the foliage leaves have emerged;
scale leaves still present.

Since the internodes between the scale leaves clongate but slightly,
the scars left by the scales form a ring about the stem (Fig. 63).
In geographical regions where scale leaves are shed but once a
year, it is therefore possible to gauge the age of a branch by count-
ing the groups of scale-leaf scars.

Protected leaf buds may be either terminal or axillary. Those
which elongate are usually at or near the apex of the stem or branch;
the remaining leaf buds—latent buds—ordinarily do not open
and elongate. Under changed circumstances latent buds may
develop into branches, as, for example, when the active buds
above them are destroyed. Buds may thus be stimulated to de-
velopment after years of latency.
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Protected floral buds are usually axillary. When such a bud
opens, the scale leaves, as in the case of leaf buds, expand and fall

F1c. 68. The seasonal history of an elm twig and of its protected buds.
A, winter condition. B, early spring; the floral buds have developed into
floral branches. C, midsummer; 2 axillary leaf buds have developed into
branches and produced leaves; 2 have remained latent; the floral branches
have developed mature fruits and have fallen, leaving scars. D, late
autumn; the leaves have fallen; in their axils are protected leaf and floral
buds. 7B, minute undeveloped terminal bud; LB,~LB;, axillary leaf buds;
FB, axillary floral buds; SLS, scale-leaf scars; FBS, floral branch scars.

off, leaving a group of scale-leaf scars. The embryonic branch
within the bud elongates somewhat and the floral primordia which
it bears develop into one or more flowers. The unfolding of floral
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buds frequently occurs before the unfolding of the leaf buds. In-
deed, as in the elm (Fig. 68), the flowers may produce mature
fruits and the fruits may be shed by the time the foliage leaves
have come to maturity. In other cases, as in the cherry, the fruits
do not mature until some weeks after the foliage leaves have
matured.

In the unfolding of a protected mixed bud, floral and leaf pri-
mordia may mature simultaneously, or the floral primordia may
mature more rapidly than those of the leaves. The horse-chestnut
is an exawnple of the former type; the apple, of the latter.

56. Adventitious Buds. It is possible for new growing points
to become organized in various parts of a plant other than the
axils of leaves. Buds that develop from
these new growing points are similar in
structure to the terminal and axillary
buds already desecribed and differ only
in the position in which they are borne
on the plant. Such adventitious buds may
arise from various tissuecs of a leaf (as in
begonia); from the cortex of a stem;
from the pericycle of a stem or root; or
from wound tissue of a stem or root.
The sprouts which appear on the cut
surfaces of stumps of trees of many
kinds result from the elongation of ad-
ventitious buds.

57. Bulbs. Some plants produce a
special type of underground bud com-
monly known as a bulb. Among such
plants are the hyacinth, narcissus, onion,
and tulip. A median lengthwise section
(Fig. 69) of one of these bulbs shows Fia. 69. The bulb of a
that it has a short conical stem. The hyacinth in lengthwise

section.

upper surface of the stem bears numerous

broad, fleshy scale leaves enclosing the terminal growing point and,
in some plants at least, the primordia of foliage leaves and flowers.
Many of the scale leaves are storage organs containing abundant
reserve food, often in the form of sugar. From the outer lower
edge of the stem grow many adventitious roots. Among the new
growing points which arise in the axils of the scale leaves, an
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occasional one may itself develop conspicuous scale leaves and so

become a new bulb.

Unlike those of other protected buds, the scale leaves of a
bulb never unfold when growth is resumed. At this time the

F1c. 70. The larch, a tree with a conspicuous
central shaft; growth from the terminal bud of
the stem is more rapid than from the terminal
buds of branches.

foliage-leaf primordia,
if present, as in the
narcissus, develop
rapidly into foliage
leaves. From the cen-
tral region of the
growing point arises
a floral axis which
bears a single flower
as in the tulip, or a
cluster of flowers as
in the hyacinth.

58. Buds and Plant
Form. The form char-
acteristic of a plant is
an expression of the
type and degree of the
development which
has taken place from
its buds. Many coni-
fers, such as the pine,
spruce, and larch
(Fig. 70), produce
strong terminal pro-
tected buds and, in
close proximity to each
terminal bud, several
smaller axillary pro-
tected buds. During
successive growing
seasons development
from the terminal bud
of the stem is more

rapid than that from the terminal buds of the branches, with the
result that a single strong central shaft or trunk is produced.
Trees like the maple (Fig. 71) and the elm (Fig. 72), although
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they have a different arrangement of buds, show much the same
growth tendencies but to a lesser degree; consequently, growth
of one or more of the lateral branches may be nearly or quite as
rapid as that of the original trunk, and thus several large branches
are formed. The tend-
ency for many axillary
buds on these branches
to elongate results
finally in the produc-
tion of a much-
branched, spreading
top, very different
from that of a spruce
or larch.

Sometimes, as in the
lilac, a mixed bud of-
ten occupies the ter-
minal position on each
of the larger branches.
Since this bud termi-
nates in a cluster of ¥ 71. The maple, a trec in which the terminal

floral primordia, fur- growth of branches is nearly as active as that of
ther extension of the Itxlllsrg:ntral axis. Photograph by George Kem-

vegetative parts of the

plant must be brought about by growth from axillary buds. If
many of these axillary buds elongate, a densely branching plant
is produced. Some plants, like the elm (Fig. 68) and the poplar,
have many axillary floral buds and relatively few axillary leaf
buds back of each terminal bud. Later in the same spring the
floral branches, now bearing fruits, fall from the tree, leaving
conspicuous bare spaces on the twigs which bore them.

Although each kind of tree tends to develop a characteristic
form, it must not be overlooked that environmental factors
also play an important rdle in determining the shape of the tree.
Among these environmental factors are wind, shade, and tempera-
ture (see Fig. 55). The form of a tree may be profoundly in-
fluenced by the presence of surrounding vegetation. A pine
tree growing in the open takes a very different form from that
which it would assume in a dense forest. The effects of the
human element in the environment are illustrated by the re-
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sults of pruning, sometimes resulting in the production of bizarre
forms.
SUMMARY

Buds may be either terminal or axillary. Either terminal or
axillary buds may be naked or protected. Whether terminal

F1c. 72. The elm, whose habit of growth 18 simfar to that ot
the maple. Photograph by George Kemmerer.

or axillary, naked or protected, a bud may be a leaf bud, a floral
bud, or a mixed bud.

Naked buds, while for the most part actively growing, may in
some plants remain for a time dormant. Protected buds in general,
at least in temperate regions, undergo a dormant period. Some
protected buds remain indefinitely in a latent condition unless
induced to develop by some special stimulus.

When a protected bud opens, the scale leaves fall, leaving
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scars at their former places of attachment. The primordia (of
leaves, branches, or flowers) previously enclosed within the scales
then develop.

Buds which appear in other places than at the ends of stems
or branches or in the axils of leaves are adventitious.

A bulb is a special type of underground bud.

The form of a plant is determined by the type and degree
of the development that takes place from its buds.



CHAPTER VII
LEAVES

69. Development of Leaves. Leaves are first recognizable as
small dome-shaped primordia along the sides of the embryonie
region of a stem or branch. In most cases the continued divi-
sion of cells in a leaf primordium results in the development
of a young leaf which, though composed of embryonic cells, has
much the form that will characterize it at maturity. Approxi-
mately the number of cells that will be present in the mature
leaf is reached while the cells are still embryonic and the leaf
is small. The rapid increase in size of an unfolding leaf is due,
therefore, not chiefly to the formation of new cells, but to the
enlargement and maturation of embryonic cells already formed;
in consequence, all the cells enlarge and mature simultaneously,
and there are no localized regions of elongation and maturation.
The lack of such distinct regions is one important respect in which
the development of most leaves differs from that of a root, stem, or
branch. Another important difference lies in the fact that in gen-
eral the cells of a leaf are formed once f