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PREFACE

This laboratory manual is designed to accompany a one-
semester upper division college course in plant anatomy. Its
purpose is to provide detailed descriptive analysis of the
internal anatomy of seed plants, with emphasis on the
angiosperms.

The exercises are intended to be largely self-guided. The
student will study structural elements, often from more than one
perspective, and generate labeled drawings in order to
conceptualize the three-dimensional arrangement of cells and
tissues. Use of colored pencils and color-keying is strongly
suggested to enhance the clarity and continuity of drawings.

In these exercises, plant anatomy is approached as both a
structural and functional science, and a recurring theme is the
relationship between structural elements and their functions.

By comparing and contrasting the arrangement of similar elements
among major taxonomic groups, the student should also gain
insight into patterns of development and differentiation, and
come to appreciate the evolutionary significance of structural
modifications.

The manual is divided into two sections. Section I
(Exercises 1-3), offers an opportunity to review the basic
concepts and terminology of plant anatomy, and provides a
framework for the more detailed analysis in Section II (Exercises
4-16). A brief section on microscope use is included in Exercise
1 for the convenience of instructors who would like their
students to review this essential skill.

An additional exercise (Exercise 17) has been added to this
edition of Laboratory Guide to Plant Anatomy to provide students
with experience in scanning electron microscopy. This
investigation utilizes information from previous exercises to
prepare and view trichomes using electron microscopy. Funding
for this part of the course was provided by the National Science
Foundation Instrumentation and Laboratory Improvement Program
Project No. DUE-9551202.

The exercises are based largely on commercially available
prepared slides, although many units also include live plant
materials, models, or herbarium specimens. A complete listing of
slides and other materials is provided in Appendix A.
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Exercise 1--The Microscope and Plant Cell

Structure
Introduction
This exercise is devoted to a study of cells, the
fundamental structural and functional units of the plant. Simple
staining techniques are used to highlight the structure of
typical epidermal cells. Careful observation will reveal cell

wall configuration, the presence of organelles and inclusions,
and the arrangement of cells within epidermal tissue.

Skilled use of the compound light microscope is essential in
this exercise and throughout the investigations in this manual.
The unit begins with a brief review of microscope technique.

Materials

For Wet Mounts:

Allium (onion) bulb

Elodea (pond weed) leaves

Gynura aurantiaca (Purple Velvet) or Viola (violet) leaves
Tradescantia zebrina (Wandering Jew) leaves

Prepared Slide:

Coleus leaf, x-section

The Microscope

Before beginning the exercises in this manual, review the
following basic guidelines for microscope use and care.

Care and Handling. The compound microscope is a precision
instrument, and should be handled carefully at all times. Always
carry the microscope with both hands, one grasping the arm, the
other supporting the base. Never force mechanical parts, and
report any malfunction immediately to your instructor. When
cleaning the ocular and objective lenses or condenser, use only
clean dry lens paper. Paper towels or cloth will scratch the
lenses. Store the microscope with its low power (4X or 10X)
objective in viewing position.

Operation. With the low power objective in position, center
the Coleus leaf x-section slide over the stage opening and,
viewing from the side (not through the eyepiece), use the coarse
adjustment knob to lower the lens to its lowest position. Then
look through the eyepiece and raise the lens using the coarse
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adjustment until the field comes into focus. Scan the slide at
low power and select an area to be examined at higher
magnification. Again viewing from one side, swing the high dry
(40X) objective into position. Since most microscopes are
parfocal, only minor adjustment with the fine focus should be
required. Notice the very short focal length (distance from lens
to stage) of the high dry objective lens. To prevent broken
slides and damaged lenses, never use the coarse adjustment at
high magnification.

Depth of focus is relatively shallow at high magnification.

When viewing thick sections, repeatedly focus up and down in
order to visualize the three-dimensional arrangement of cells.
Open and close the iris diaphragm beneath the stage to regulate
the amount of light transmitted through the opening. Usually, at
higher magnification more light is required for optimum viewing.

However, reduced light intensity often produces better contrast
on thin or unstained sections.

Keep in mind, the compound microscope produces an inverted
image (upside down and reversed from left to right). Also, as
magnification increases the field of view becomes smaller.
Carefully center areas to be examined in detail before switching
to the high dry objective. Total magnification is calculated by
multiplying the power of the ocular (usually 10X) by that of the
objective.

Cell Structure

1. Peel a small piece of filmy epidermis from the inside of
a freshly cut onion ring and prepare a wet mount in water. The
onion bulb is actually a compact collection of basal leaves
adapted for storage. Reduce the light, and examine first under
low magnification. Primary cell walls, made up largely of
cellulose, appear as oblong "boxes."

Add a few drops of crystal violet and view under high
magnification. Crystal violet is a basic stain which bonds well
with the acidic contents of the nucleus and produces an even but
less intense stain throughout the cytoplasm. Like most cells of
higher plants, these epidermal cells are uninucleate. One or
more intensely stained nucleoli should be visible within the
nucleus. Nucleoli are believed to be the sites of ribosomal RNA
synthesis. The cell membrane, or plasmalemma, is held tightly
against the inner cell wall surface in fully turgid cells. At
this magnification, neither the cell membrane nor nuclear
membrane are resolved. A large vacuole occupies most of the
cell's volume, as it does in many plant cells. The vacuole
contains water and a variety of mineral and organic substances,
and is involved in water uptake and growth, storage and
digestion, and the maintenance of turgor.

Draw three or four adjoining cells and label to indicate
the location of each underlined feature.



vacuole

cell wall

cytoplasm

nucleus

plasmalemma
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2. Mount a whole Elodea leaf in water, select an area near
the leaf margin, and observe under high magnification. Cell
walls appear as glassy lines in this unstained preparation.
Again, a large central vacuole fills most of the cell. Cytoplasm
is confined to the periphery and is densely packed with bright
green disc-shaped chloroplasts. Look for cytoplasmic streaming,
or cyclosis, easily observed as chloroplasts are carried along by
the cytoplasmic flow. At one point the chloroplasts may appear
to pile up, as if held back by an invisible barrier. Careful
focusing with reduced light may reveal the nearly transparent
nucleus at this location.

The middle lamella, although not well resolved, lies between
the primary cell walls of adjacent cells, and is best visualized

along corner junctions. It consists largely of cementing pectic
substances which bind adjacent cells together.

When mounted in tap water (a hypotonic solution), Elodea
cells are fully turgid. The plasmalemma is therefore in close
contact with the cell wall and nearly impossible to detect.

Flood the preparation with a 5% NaCl solution (hypertonic), and
observe the cells as they undergo plasmolysis. As water is lost,
primarily from the vacuole, the plasmalemma shrinks away from the
cell wall and the chloroplasts appear to be "rounded up" in the
interior of the cell.

Draw two or three cells, and label to show the location of
each underlined feature. Draw one cell showing the effects of
plasmolysis.



§pecialized Epidermal Cells

3. Gently scrap leaf hairs (trichomes) from a Purple Velvet
or African Violet leaf and prepare a wet mount in water. Each
trichome is made up of several modified epidermal cells. At high
magnification, the cell wall, wvacuole, cytoplasm, nucleus, and
nucleolus can be visualized.

Draw one or two trichomes showing the arrangement of cells.
To the right of this drawing, draw a single cell enlarged and
labeled with the underlined features.

nucleus

cytoplasm
cell wall

vacuole

4. Examine the prepared Coleus leaf x-section at high
magnification, and look for two types of trichomes. One is
elongate and similar to the leaf hairs of Purple Velvet. The
other is a smaller capitate form that functions in secretion.

Draw a portion of Coleus leaf epidermis and label to show

both types of trichomes.
(U IR AN
B e G

capitate trichome

elongate trichome



5. Strip away a small portion of lower epidermis from a
Tradescantia zebrina leaf, mount in water, and add a few drops of
safranin stain. Examine at low magnification and observe the
irregular contour of these cell walls. Safranin readily
highlights these primary cell walls, due largely to the presence
of cutin in the epidermis. Scan to locate scattered stomata,
easily distinguished by the presence of chloroplasts in guard
cells surrounding the stomatal opening. Guard cells are the only
epidermal cells that contain chloroplasts. Examine a single
stomatal complex at high magnification. In Tradescantia, each is
composed of two guard cells (immediately enclosing the opening),
adjacent subsidiary cells and the stomatal opening itself.
Stomatal complexes function in gas exchange. Their structure is
examined in more detail in Exercise 12 (Leaves).

Draw a section of leaf as it appears at low magnification,
showing the overall arrangement of epidermal cells and stomata.
Draw a single stomatal complex at high magnification, and label
with the underlined terms.

subsidary cells

stomatal opening

guard cells
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Exercise 2--General
Anatomy and Morphology

Introduction

Roots, stems, leaves and flowers, the major "organs" of
higher plants, are remarkably specialized in form and function.
Yet the plant body retains a fundamental structural unity. This
exercise provides an overview of anatomy and morphology, a review
of basic terms, and a framework for more detailed studies in
Units 4-16.

Materials

Prepared Slides:

Zea mays (corn) root tip, long. section
Ranunculus (buttercup) root, x-section
Monocot and dicot stems, x-section
Syringa (lilac) leaf, x-section

Herbarium Specimens:

Ginkgo
Zea (corn)
Cercis (redbud)

Models and Live Materials:

Flower model, or fresh blooms if available
Generalized root tip model (optional)
Dormant woody stems

Roots

1. Look at the generalized root tip model, or view the long.
section of Zea mays root tip. First locate the rootcap, which
protects the growing root apex as it penetrates the soil. By
convention, three general regions are often identified in the
primary root apex. Just behind the root cap is the zone of
active cell division, where new root and root cap cells are
produced. At high magnification, look for cells in various
stages of mitosis. In the region of elongation, cells enlarge
and continue to divide.

In the region of maturation, cells begin to develop the form
and function of mature root tissue, and epidermal cells produce
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outgrowths called root hairs. Although useful for reference,
division of the apex into these three regions is somewhat
arbitrary, as events are highly intergraded from one region to
the next.

Diagram a growing root tip, and label with the underlined
terms.

2. Examine the prepared x-section of Ranunculus (dicot)
root. This section illustrates the basic structural arrangement
of mature primary roots. In both monocots and dicots, a cortex
surrounds a central vascular cylinder, or stele. Beneath the
outer epidermis, a broad layer of cortex functions as food
storage tissue. The innermost cortical cells form the
endodermis, a single layer of smaller thick-walled cells
enclosing the stele. The endodermis controls movement of water
and solutes into the vascular cylinder.

Among higher plants, the arrangement of xylem and phloem
within the stele is highly variable. Ranunculus shows one common
pattern for dicots, in which xylem (stained red on most
preparations), 1s at the center of the stele. Bundles of phloem
are near the periphery of the stele, between radiating arms of
xylem. Between the vascular tissues and endodermis is an
irregular region of thin-walled cells called the pericycle.

Detailed analysis of development and structural variation in
monocot and dicot roots is found in Exercises 6 (Vascular
Architecture), 7 (Primary Roots), and 9 (Primary Root and Stem
Development) .

Diagram the root x-section and label to show the location of
each underlined feature.

Stems

3. Examine the dormant woody stems on display and identify
the following external features. Buds and leaves arise along the
stem at nodes. The area between nodes is an internode. Terminal

buds produce stem elongation and lateral buds give rise to
branches. At the base of each lateral bud is a leaf scar, formed
at the point of leaf abscission. Each spring, scales covering
the terminal bud drop off, creating a terminal bud scar. The
distance between two terminal bud scars represents one year's
growth. Look also for lenticels, small light or dark disruptions
in the bark, which function in gas exchange.

Draw a segment of stem and label to show the underlined
features.

4. Examine the prepared slide showing x-sections of both
monocot and dicot stems. These sections illustrate the basic
architecture of herbaceous stems in the primary state of growth.
At low magnification, locate the dicot stem, distinguished by its
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ring-like arrangement of vascular bundles around a large central
pith. The cortex lies outside the ring of vascular bundles and
beneath the epidermis. Examine one wvascular bundle at high
magnification and note the arrangement of xylem and phloem, with
xylem (large, usually red-stained cells) just interior to phloem
(smaller, blue-stained cells)

Scan the monocot stem under low magnification and note the
typical complex arrangement of vascular bundles. Within each
vascular bundle, two or three large xylem cells and an air space,
the protoxylem lacuna, are prominent. Smaller phloem cells are
between the xylem and darkly-stained cells of the bundle sheath.

Detailed analysis of angiosperm and gymnosperm stem anatomy is
found in Exercises 6 (Vascular Architecture), 8 (Primary Stems),
9 (Primary Root and Stem Development), 10 (Secondary Growth) and
11 (Wood Anatomy) .

Draw dicot and monocot stem x-sections, showing the
arrangement of vascular bundles in each, and label with the
appropriate underlined terms.

Monocot:

bundle sheath

phloem

vascular bundle

xylem

protoxylem lacuna

Leaves

5. Examine leaf venation patterns on Ginkgo, Zea, and Cercis
herbarium specimens. Ginkgo, a deciduous gymnosperm, has
numerous dichotomously branching veins. This open-dichotomous
pattern, with no minor veins, is considered more primitive than
patterns found in most monocots and dicots. Zea shows the
parallelodromous pattern typical of monocots, in which veins are
nearly parallel and connected by commissural bundles. Cercis, a
dicot, shows typical craspedodromous reticulate pattern, with
vein endings.
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Draw Ginkgo, Zea, and Cercis leaves and label with the
appropriate venation pattern.

6. Examine the prepared slide of Syringa (dicot) leaf
x-section, and locate the following general features. Between
the upper (adaxial) and lower (abaxial) epidermis is mesophyll,
the primary site of photosynthesis. In Syringa and many other
dicots, the mesophyll is differentiated into two layers:
elongated densely packed palisade cells, just beneath and
perpendicular to the upper epidermis; and irregular, loosely-
packed spongy mesophyll. Air spaces within the mesophyll allow
for gas exchange via stomatal openings in the epidermis. In
Syringa, stomata are found on both upper and lower leaf surfaces,
but are more numerous in the lower epidermis. Look in the lower
epidermis for pairs of smaller, more intensely stained cells.
These are guard cells, which surround the stomatal opening.

Locate the large midvein, flanked by several smaller
vascular bundles (veins) within the mesophyll. Note that some
smaller veins appear in cross-section, others longitudinal or
oblique. This is evidence of reticulate venation commonly seen
in dicots. In contrast, vascular bundles in monocot leaves
usually are more uniform in size and nearly parallel to one
another.

A detailed analysis of leaf structure is found in Exercise
12 (Leaves).

Draw a portion of Syringa leaf x-section and label the
underlined features.

adaxial epidermis

palisade parenchyma

spongy mesophyll

stomatal opening

abaxial epidermis
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Flowers

7. Examine the flower model or fresh blossoms, if provided,
and review the following general terms used to describe external
flower anatomy.

The flower arises from a supporting stalk, or pedicel. In
complete flowers, four whorls of floral appendages are inserted
into a cupped or dome-shaped receptacle. The outermost whorl is
made up of sepals, which together comprise the calyx. The
corolla, made up of petals, is inserted just inside the calyx.
Together, the calyx and corolla are called the perianth. If the
perianth is not differentiated into calyx and corolla, the
individual members are called tepals. These non-reproductive
flower parts provide protection during flower development and
later may attract pollinators. (Wind pollinated angiosperms
usually do not have petals.)

The male reproductive structures, or stamens, are inserted
inside the petals. Usually, each stamen is made up of a slender
filament ending in enlarged pollen-producing anthers. One or
more female reproductive structures or carpels (pistils) are at
the center of the flower. Typically, each carpel is made up of:
(1) an enlarged ovary, bearing the ovules; (2) an elongated
style, through which the pollen tubes grow toward the ovary; and
(3) a broad stigma, where pollen grains adhere and germinate. If
live blooms are provided, make a transverse cut through the ovary
and examine under the dissection microscope to locate the ovules.

Recall that flower parts of monocots generally occur in
threes or multiples of three, and those of dicots in fours or
fives or multiples of four or five.

Reproduction in angiosperms and gymnosperms will be examined
in Exercise 14 (Reproduction and Life Cycle).

Draw a generalized flower and label to show the location of
each underlined term.
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Exercise 3--Cell Types and

Tissues

Introduction

This unit surveys the basic cell types and tissues that make
up the bodies of higher plants. Individual cells are classified
as three types--parenchyma, collenchyma or sclerenchyma--
according to cell wall structure. These categories also are used
to classify simple tissues, masses of cells made up of only one
cell type. Thus, parenchyma is a simple tissue made up of
parenchyma cells. Simple tissues often are organized into

complex tissue, containing more than one cell type. Xylem, for
example, may be thought of as a complex tissue made up of
conducting and supporting sclerenchyma and associated parenchyma.

Simple and complex tissues function within three major
tissue systems. The dermal system (epidermis and periderm),
forms the outer protective covering of the plant. The vascular
system (xylem and phloem) conducts water and nutrients and
provides structural support. The ground system (pith, mesophyll,
and cortex) forms a supporting matrix for the vascular tissues
and performs a variety of metabolic functions.

Materials

Prepared Slides:

Zea mays (corn) stem, x-section

Syringa (lilac) leaf, x-section

Medicago (alfalfa) stem, x-section

Sambucus (elderberry) leaf, x-section (optional)
Helianthus (sunflower) stem, x-section

Yucca (Spanish Bayonet) leaf, x-section (optional)
Nymphaea (water 1lily) leaf, x-section

For Wet Mounts:

Solanum (potato), tuber
Pyrus (pear), fruit

Parenchyma

1. Examine the Zea mays stem x-section at low magnification,
and observe vascular bundles embedded in ground tissue composed
of parenchyma. Center a group of parenchyma cells, and switch to
high magnification.
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The "original" plant cell in evolutionary terms, parenchyma
remains the most abundant cell type and most common tissue of the
ground system. Like most parenchyma, these cells have only thin
primary cell walls, composed of cellulose and hemicellulose.

Note also the presence of numerous intercellular spaces, formed
during growth by the separation of adjacent primary walls through
the middle lamellae (schizogenous origin). Parenchyma cells
contain living protoplasts at maturity, and carry out a variety
of metabolic functions, including photosynthesis, transport and
storage. These structural parenchyma cells in Zea mays also
function in food storage.

Draw a group of five or six parenchyma cells and label with
the underlined features.

2. Cut a thin sliver of potato tuber and prepare a wet mount
using tap water and a few drops of iodine stain. Select a thin
area near the edge and observe under high magnification. Primary
cell walls of this food storage parenchyma appear as thin, glassy
lines. Within the cells, observe amyloplasts (plastids), each
containing one or more deeply stained starch grains. (Recall that
starch stains blue-black with iodine in potassium iodide.)
Careful focusing with reduced light should reveal concentric
layers around a single point, the hilum, within each starch
grain. This layering results from the alternate addition of
amylose and amylopectin.

Draw a group of parenchyma cells and label with the
underlined features.

primary cell wall

amyloplasts

3. View the prepared slide of Syringa leaf x-section.
Parenchyma cells specialized for photosynthesis make up both the
palisade parenchyma, just beneath the upper epidermis, and spongy
mesophyll, which fills much of the leaf interior. Parenchyma
tissue containing chloroplasts is called chlorenchyma. Large
intercellular spaces within this parenchyma facilitate gas
exchange with the external environment.
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Draw a portion of leaf x-section showing tissue details of
parenchyma. Label, using each underlined term.

~ double
palisade
parenchyma

chlorenchyma<

spongy
\_mesophyll

Collenchyma

4. View the prepared x-section of Medicago stem or Zea mays
stem at low magnification. Collenchyma cells, with their
unevenly thickened primary cell walls, can be seen in the cortex,
just inside the epidermis. Center an area within the collenchyma
tissue and examine under high magnification. These cells are
typical angular collenchyma, in which primary walls are thickened
at the corners, and the protoplasts appear rounded.

In herbaceous stems and leaf petioles, collenchyma typically
forms a continuous supporting cylinder beneath the epidermis.
Like parenchyma, collenchyma cells usually have only primary
(non-lignified) cell walls, remain alive at maturity, and are
capable of resuming meristematic activity. Collenchyma's
thickened primary walls are strong but plastic, and are capable
of stretching to accommodate growth.

Draw a group of five or six collenchyma cells, and label
with the underlined terms.

collenchyma cell

cell wall
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5. In leaves, collenchyma tissue often occurs as strands

within large vascular bundles. Scan the Syringa or Sambucus leaf
x-section at low magnification and locate the prominent midvein
(midrib) . Examine this area at high magnification and observe

collenchyma just inside the upper and lower epidermis (Syringa),
or restricted to the abaxial (lower) portion of the midrib
(Sambucus) .

Outline the leaf midrib, showing tissue details of
collenchyma, and label with the underlined terms.

Sclerenchyma

6. Sclerenchyma cells are placed in two categories according
to function: mechanical sclerenchyma (fibers and sclereids); and
conducting sclerenchyma (xylem tracheary elements). Sclerenchyma
cells have rigid, usually lignified secondary walls, deposited
inside the primary wall after cell elongation has stopped. In
mature tissues, sclerenchyma cells often lack protoplasts.

On the Helianthus stem x-section, center one vascular bundle
and examine under high magnification. The bundle cap on the
exterior side of the bundle is made up of fibers, identified by
their darkly stained (red on most preparations) and evenly
thickened secondary walls. Fibers are elongated axially and
typically occur in strands associated with wvascular tissues.

They provide support in plant tissues that are no longer
elongating. The wood of many flowering plants, for example,
contains abundant fibers.

Sketch one vascular bundle, showing the arrangement of
fibers within the bundle cap, and label with the underlined
terms.

7. Examine the Yucca leaf x-section, if available. This
rigid leaf contains many large, thick-walled fibers which form
enormous bundle caps. Notice the thick secondary cell walls and
narrow lumens of these cells.

19



Outline one segment of this x-section. Draw a group of five
or six fibers, and label with the underlined terms.

lumen

secondary cell wall

8. Mount a thin sliver of Pyrus fruit flesh in tap water,
and scan at low magnification to locate scattered sclereids
called stone cells. Although varied in shape, sclereids
typically are shorter than fibers; often, like these stone cells,
they are roughly cuboidal (isodiametric). Thick, strongly
lignified secondary cell walls oriented in three dimensions
produce hard brittle surfaces. These stone cells give pear flesh
its "gritty" feel. Sclereids occur as isolated cells
(idioblasts), in clusters, or as continuous sheets in stems,
leaves, fruits and seeds. For example. the shells of nuts and
the stones or pits of fruit are composed of sclereids.

Draw two or three stone cells and label with the underlined
terms.

secondary cell wall

sclereid (stone cell)
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9. Examine the Nymphaea leaf x-section. Stellate (star-
shaped or branching) sclereids occur as idioblasts within the
mesophyll of this leaf. ©Note their distribution and wvaried
shape.

Outline the x-section, showing two or three stellate
sclereids.

stellate sclereid

Note: Conducting sclerenchyma (xylem tracheary elements),
are examined in Exercise 4 (Xylem).
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Exercise 4--Xylem

Introduction

This exercise 1is the first in a series of detailed studies
which build on the overview presented in Exercises 1-3.
Comparative study of monocot, dicot and gymnosperm xylem reveals
the structure and arrangement of tracheary elements--tracheids
and vessel members--and their associated parenchyma and
sclerenchyma.

The student will make drawings which integrate stem
x-sections with long. views in order to visualize the three-
dimensional structure of primary xylem. Long. sections also are
used to study the development of secondary cell walls.

Materials

Prepared Slides:

Cucurbita (pumpkin) stem, x-section
Cucurbita stem, long. section

Zea mays (corn) stem, x-section

Zea mays stem, long. section

Pinus (pine) maceration

Pinus, wood planes

Dicot Xylem

1. View the Cucurbita stem x-section under low
magnification. This ring-like arrangement of vascular bundles
is typical of dicots in the primary state of growth. Select one
vascular bundle and examine under high magnification. The
largest elements, near the center of the bundle, are primary
metaxylem vessels. These stain pink or red on most preparations
due to the presence of lignin in their secondary cell walls.
Smaller metaxylem vessels and protoxylem, the smallest first-
formed xylem elements, occur among thin-walled xylem parenchyma
cells. Note that Cucurbita vascular bundles are bicollateral--a
somewhat unusual arrangement in which phloem occurs both interior
and exterior to the xylem.

Outline one vascular bundle; draw and label the underlined
details of xylem tissue. Place labels on the right and allow
space for a second drawing below.
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protoxylem

metaxylem

phloem

protoxylem

xylem parenchyma

scalariform/
reticulate

2. Examine a vascular bundle on the Cucurbita long. section.
It may be helpful to begin at one "cut end" of the section, first
locating the broad red-stained metaxylem vessels. Smaller
protoxylem vessels, the first tracheary elements to mature in the
developing shoot, often show a helical (spiral) or annular (ring-
like) pattern of secondary cell wall deposition. In these cells,
secondary walls may begin to form as the shoot elongates, and the
cell walls must accommodate growth. Look for evidence of this--
widely spaced and/or tilted annular rings or helices that appear
stretched or uncoiled. 1In spite of this adaptation, protoxylem
vessels do not remain functional. As primary growth continues in
dicots such as Cucurbita, early protoxylem cells are torn and
apparently obliterated by the surrounding parenchyma.

23



As elongation slows, larger metaxylem cells mature and
persist as the tube-like water conducting vessels of primary
tissue. They typically show helical or more rigid
scalariform/reticulate or pitted side walls. Pits in side walls
permit lateral movement of water from vessel to vessel, or from
vessels into adjacent parenchyma or other tissues.

Attempt to find all four patterns of secondary cell wall
thickening--annular, helical, scalariform/reticulate and pitted.
It may be necessary to examine more than one slide.

Look also for the remnants of vessel element end walls,
which are transverse, or nearly so. Perforations, large holes in
the end walls of vessel elements, represent areas from which the
primary walls have been completely removed. Perforations
facilitate the longitudinal conduction of water through vessels.

Observe relatively thin-walled xylem parenchyma cells
(rectangular in long. view) between the vessels. Notice that
these cells are longer than parenchyma of the pith and cortex.
Look carefully at sclerified parenchyma cells adjacent to large
metaxylem vessels and note the simple pits in their walls.
Simple pits are defined as narrow, straight-sided channels
through the secondary wall.

Draw a representative area of xylem and label the underlined
cell types and structural features. Using arrows or dashed
lines, connect each cell type with a corresponding cell in the
x-section above.

Monocot Xylem

3. The Zea mays stem, viewed in x-section, shows the complex
arrangement of vascular bundles typical of monocots. Select one
vascular bundle and examine under high magnification. In
monocots, the stretching of protoxylem vessels during stem
elongation results in rupture of the cell walls, forming one or
more large open canals called protoxylem lacunae. These appear
in x-section as open areas, not bounded by cell wall. The lacuna
is often the largest feature of the vascular bundle.

Two or three large metaxylem vessels and a number of smaller
vessels also are conspicuous. Xylem parenchyma cells can be seen
among the metaxylem. Sclerenchyma fibers, identified by their
darkly stained and evenly thickened secondary walls, make up the
bundle sheath.
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Draw one vascular bundle and label the underlined tissue
details. Place labels on the right and allow space for a second
drawing below.

—— metaxylem vessel

lacuna

sclerenchyma fibers

4. View the long. section of Zea mays stem, and locate an
area in which the long. plane passes through a vascular bundle.
Again, the most conspicuous feature may be the open protoxylem
lacuna. At least one of the large metaxylem vessels and two or
more smaller vessels should be visible near the lacuna. Look for
annular or pitted secondary cell walls in these vessels.

Xylem parenchyma, thinner-walled rectangular cells between
or to one side of the vessels, are much more compact than
parenchyma of the ground tissue. Very long, narrow sclerenchyma
fibers can be seen along one or both sides of the vascular
bundle, in the bundle sheath. Both sclerenchyma and parenchyma
provide support within the vascular bundle.

Draw one vascular bundle and label the underlined cell types
and structures. Using arrows or dashed lines, connect one cell
of each type with a corresponding cell in the x-section above.

Gymnosperm Xylem

5. Observe the Pinus wood maceration under low and then
higher magnification. Pinus xylem, and gymnosperm xylem in
general, consists almost entirely of tracheids, long narrow cells
with tapered ends. Water moves from tracheid to tracheid through
large bordered pits in the walls of these cells. Although the
details of pit structure are not visible at this magnification,
bordered pits are characterized by a border, or thickened margin,
around their inner aperture.

Draw one or two tracheids with bordered pits.

25



6. On the Pinus wood planes slide, first locate the radial
view. To identify this plane, scan the long. sections at low
magnification, and look for segments of ray running across the
field of view.

Observe again that tracheids are narrow and tapered, with
overlapping end walls. Water passes through the large bordered
pit pairs in these overlapping walls, but the walls of tracheids
are not perforated.

In evolutionary terms, tracheids are considered to be more
"primitive" than vessel elements. Their tapered shape and
overlapping junctions provide structural support. Modification
of tracheids--broader cells, more transverse end walls, and
perforated end walls--likely gave rise to vessel members, which
predominate in monocots and dicots. Broad vessel members with
perforated end walls offer less resistance to water movement than
tracheids, but provide less structural support. Fibers and
sclerified parenchyma have become the principle supporting tissue
in xylem made up mostly of vessels. Thus, more fibers usually
are found in hardwoods (dicots) than in softwoods (gymnosperms) .

Draw three or four overlapping tracheids with their
bordered pits.
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7. Locate the x-section on the Pinus wood planes slide.
Tracheids of the first year's growth surround the central pith.
Notice that tracheids near the stem's center, produced during
early growth (spring wood), are larger than tracheids produced
later in the growing season (summer wood). This feature, which
results in "growth rings" of secondary growth, will be observed
in greater detail in Exercises 10 (Secondary Growth) and 11 (Wood
Anatomy) .

Draw a segment of the x-section showing the regular
arrangement of tracheids.
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Exercise 5--Phloem

Introduction

Phloem is a complex tissue specialized for the transport of
organic nutrients, especially the products of photosynthesis.
In contrast to the relatively passive movement of water in xylem,
translocation in phloem is a dynamic process involving the active
loading and unloading of photosynthate as it moves throughout the
plant. Phloem cells, therefore, must remain alive in order to
function.

This unit examines the structure and three-dimensional
arrangement of phloem conducting elements--sieve cells and sieve
tube members--and their associated cells.

Materials

Prepared Slides:

Cucurbita (pumpkin) stem, x-section
Cucurbita, stem long. section

Zea mays (corn) stem, x-section

Zea mays stem, long. section

Pinus (pine) young stem, x-section
Pinus stem tip, long. section (optional)

Dicot Phloem

1. Examine the Cucurbita stem x-section, and note again that
these vascular bundles are bicollateral; phloem occurs both
interior and exterior to the xylem. Observe one bundle at high
magnification and locate the following cell types within the
external and internal phloem: (1) large, blue-stained sieve tube
members (STMs) of the metaphloem; (2) smaller, more densely
stained companion cells in contact with STMs; and (3) phloem
parenchyma, relatively undifferentiated non-conducting cells
intermediate in size between STMs and companion cells. All three
cell types are classified as specialized parenchyma, and have
only primary (non-lignified) cell walls. Protophloem has been
destroyed during stem elongation and obliterated by the
surrounding parenchyma.

On some sections, a zone of small, thin-walled cells
arranged in regular rows can be seen between the xylem and
external phloem. These cambium cells, remnants of the
procambium, may give rise to secondary growth.
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Outline one vascular bundle, showing the arrangement of
xylem and phloem. Draw tissue details of the phloem, and label
using the underlined terms. Place labels on the right and allow
space for a second drawing below.

2. Examine the Cucurbita stem long. section. Locate the
conspicuous red-stained xylem vessel/s and look on both sides for
blue-stained internal and external phloem. Sieve tube members
(STMs) are easily identified by the presence of reddish P-protein
"plugs," wedged at the sieve plate (end walls) between adjoining
cells in the column. When phloem is damaged or cut, P-protein
and callose are carried to the sieve plate and accumulate,
effectively sealing the damaged area. P-protein plugs are not
present in live functioning phloem. A vertical column of STMs
make up one sieve tube. Recall that in angiosperms, mature STMs
nearly always lack nuclei. During differentiation, the tonoplast
(vacuolar membrane) also breaks down, and the resulting watery
cytoplasm is sometimes called mictoplasm.

Look carefully for narrow, more densely stained companion
cells among the STMs. Companion cells contain nuclei, and
function in the loading and unloading of photosynthate.

Sieve areas are specialized primary pit fields, with
enlarged plasmodesmata called sieve pores connecting the
protoplasts of adjoining cells. Look for sieve areas on lateral
walls between STMs and between STMs and companion cells. In
nearly all angiosperms, sieve areas on end walls contain greatly
enlarged sieve pores, and are called sieve plates. Sieve plates
maximize longitudinal conduction between STMs.

Draw a small area of phloem and label to show the underlined
features. Use arrows or dashed lines to connect one of each cell
type with a corresponding cell in the x-section drawing above.

Monocot Phloem

3. Examine one vascular bundle within the Zea mays stem
x-section. Metaphloem is easily identified by its "checkerboard"
pattern, created by the regular arrangement of STMs and smaller,
more densely-stained companion cells. Phloem fibers make up the
bundle sheath.

Draw one vascular bundle and label the tissue details of
phloem, using each underlined term. Place labels on the right
and allow space for a second drawing below.

29



phloem fibers

companion cell
sieve tube member pMmetaphloem

4. Scan the Zea mays stem long. section and locate an area
in which the long. plane passes through a vascular bundle. This
view reveals the shape and vertical arrangement of cells within
the metaphloem. Look for blue-stained STMs between xylem vessels
and fibers of the bundle sheath. Notice that STM sieve plates
are almost perfectly transverse. P-protein does not occur in Zea
mays and many other monocots. Look carefully alongside the STMs
for narrow companion cells, which appear densely cytoplasmic and
contain a nucleus. Note also, long darkly-stained phloem fibers
at the bundle periphery. These supporting cells, which make up
the bundle sheath, are classified as sclerenchyma due to their
lignified secondary walls.

Draw a representative area of phloem within one vascular
bundle and label with the underlined terms. Use arrows or dashed
lines to connect one of each cell type with a corresponding cell
in the drawing above.

Gymnosperm Phloem

5. View the Pinus young stem x-section. The phloem of Pinus
is made up of sieve cells, seen near the periphery of this
section as several layers of large blue or green-stained cells
with relatively thick primary walls. Sieve cells, found in lower
vascular plants and gymnosperms, are considered to be more
"primitive" conducting elements than STMs, seen in nearly all
flowering plants.

Albuminous cells, functional counterparts of companion cells
in angiosperm phloem, are very small and difficult to identify in
Pinus.

Small thin-walled cells between the xylem (tracheids) and
phloem make up the procambial strand. Circular resin canals,
each lined by a single layer of epidermal cells, also are
conspicuous in this x-section.
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Draw a segment of Pinus x-section and label with the
underlined features.

resin canal

xylem

procambial
strand

6. Examine the Pinus stem tip long. section, if available.
Near the periphery are several rows of blue-stained, relatively
thick-walled sieve cells. Sieve cells are relatively long
(compared to STMs), and have rounded or obliquely overlapping end
walls. Examine these cells at high magnification and look for

sieve areas, visible as circular light spots evenly distributed
on lateral and end walls.

Draw several adjoining sieve cells and label the underlined
features.

31



Exercise 6
Vascular Architecture

Introduction

Vascular architecture--the diverse ways in which xylem and
phloem are assembled into functional conducting tissue--is the
subject of this exercise. Primary roots and shoots may be
categorized on the basis of stellar characteristics (overall
arrangement of vascular tissues within the stele) and bundle type
(arrangement of xylem and phloem within each wvascular bundle).

Placing plants into categories based on their wvascular
architecture is useful in comparative analysis, and reveals much
about phylogenetic relationships.

This unit is intended to provide an overview of wvascular
architecture. Detailed analysis of wvascular, ground, and
epidermal tissues of primary roots and stems is found in
Exercises 7 (Primary Roots), 8 (Primary Stems), and 9 (Primary
Root and Stem Development) .

Materials

Prepared Slides:

Ranunculus (buttercup) root, x-section
Osmunda (fern) stem, x-section
Lycopodium (clubmoss) stem, x-section
Medicago (alfalfa) stem, x-section

Zea mays (corn) stem, x-section
Marsilea (fern) stem, x-section
Cucurbita (pumpkin) stem, x-section
Helianthus (sunflower) stem, x-section
Elodea (waterweed) stem, x-section
Acorus (sweet flag) stem, x-section

Stellar Types

The stele, or "central column," of the primary stem and root
is made up of vascular tissues and associated parenchyma and
sclerenchyma. Two basic stellar types--protostele and
siphonostele-—-are classified according to the arrangement of
xylem and phloem. A number of subcategories are identified
within each stellar type.
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Stellar Types

Protostele Siphonostele
Haplostele Plectostele Ectophloic Amphiphloic
Actinostele
Eustele Atactostele

Make an outline drawing of each x-section described below,
showing the arrangement of xylem and phloem, and label with the
underlined terms.

1. View the Ranunculus (dicot) root x-section. This
arrangement is a protostele, characterized by a solid core of
xylem (no central pith) and an absence of separate vascular
bundles. Phloem surrounds the xylem core. Phylogenetically, the
protostele is considered to be the first pattern to appear in
vascular plants. It remains the dominant pattern in the shoots
of lower vascular plants (cryptogams) and in the roots of seed
plants, with the exception of monocots.

The undulating margin of the central xylem further
identifies this protostele as an actinostele.

xylem

phloem
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2. The Osmunda stem illustrates the simplest and earliest
type of protostele, the haplostele, in which the xylem core is
more or less circular in cross section.

3. View the x-section of Lycopodium, a club moss.
This protostele is a plectostele, in which xylem appears not as
one mass, but as a series of plates. The tissue between the
plates of xylem is phloem.

4. The Medicago (alfalfa) stem x-section illustrates a
typical siphonostele pattern, identified by the presence of a
central pith. Considered more phylogenetically "advanced" than
the protostele, the siphonostele is found in the shoots of
virtually all seed plants and in the roots of many monocots.
Broad stele grasses appear to be at the endpoint of this
evolutionary trend.

This siphonostele is further classified as ectophloic, since
phloem occurs only to the outside of the xylem. The single ring
of vascular bundles also identifies this stem as a eustele.

5. The fern Marsilea illustrates a typical amphiphloic
siphonostele. A pith is present and phloem occurs on both sides
of the xylem. Xylem and phloem form a continuous cylinder.

6. The Cucurbita stem represents an unusual arrangement of
siphonostele. The single ring of wvascular bundles identifies it
as a eustele; but the pattern is amphiphloic (phloem occurs both
interior and exterior to the xylem). This is an atypical
arrangement in seed plants. Amphiphloic siphonosteles normally
occur only among the cryptogams.

7. The Zea mays (monocot) stem is also a siphonostele. A
pith is present, even though it cannot be differentiated from the
cortex. This stele also would be classified as ectophloic, since
phloem occurs exterior to the xylem within each bundle. This

complex pattern of bundles, typical of monocots, is called an
atactostele.

Bundle Types

Outline each x-section described below and draw tissue
details of one vascular bundle, showing the arrangement of xylem
and phloem. Label with the underlined terms.

8. Examine several vascular bundles on the Medicago stem
x-section. These collateral bundles have phloem on only one side
of the xylem. Most commonly, as in this section, phloem is
external to the xylem. Collateral bundles are the most common
type of axial bundle.

34



9. Helianthus, like Medicago, has collateral bundles
arranged within an ectophloic eustele. An unusual feature of
this stem, however, is the presence of isolated phloem strands
scattered among the bundles.

10. Vascular bundles of Cucurbita are bicollateral; phloem
occurs on two sides of the xylem (both internal and external).

11. Vascular bundles of Elodea are amphiphloic
(amphicribral), an unusual arrangement in which phloem surrounds
the xylem. The arrangement here is equivalent to a protostele
(haplostele) .

12. View the x-section of Acorus (sweet flag) rhizome.
These amphixylic (amphivasal) bundles, in which xylem completely
surrounds the phloem, are an uncommon type restricted to a few
monocot genera.
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Exercise 7--Primary Roots

Introduction

The primary roots of seed plants may function in absorption,
anchorage, storage, transport, propagation, and growth
regulation. In this exercise, a detailed study of primary roots
in x-section reveals the characteristic features seen in monocots
and dicots. Also examined are specializations related to
environment (air and water roots) and symbioses (mycorrhizae,
root nodules, and haustoria).

Materials

Prepared Slides:

Ranunculus (buttercup) mature root, x-section

Ranunculus young root, mature protoxylem, x-section (optional)

Smilax (greenbrier) mature primary root, x-section

Zea mays (corn) root, x-section with root hairs (optional)

Triticum (wheat) root, x-section (optional)

Air, water and soil roots, composite x-section

Glycine max (soybean) root nodule, x-section

Pinus root with ectotrophic mycorrhiza, x-section.

Corallorhiza (Coral root) rhizome with endotrophic mycorrhiza,
x-section, (optional)

Cuscuta (dodder) haustorium, host stem x-section

Primary Root Anatomy

1. Examine the x-section of Ranunculus (dicot) mature
primary root. This stele is a protostele (See Exercise 6), seen
almost universally in primary roots of gymnosperms and dicots.

In mature Ranunculus roots, the arrangement of xylem usually
is tetrarch, with four protoxylem poles radiating from a central
metaxylem core. Triarch and pentarch steles also occur in
Ranunculus. The number of poles present is directly related to
the diameter and vigor of the root.

Note that primary xylem in roots is exarch (protoxylem
exterior to metaxylem). This arrangement results from
centripetal differentiation. Small protoxylem cells near the
periphery of the developing vascular cylinder mature first, and
maturation progresses inward. Centripetal maturation of xylem in
roots contrasts with the centrifugal pattern always seen in the
xylem of stems.

Primary phloem can be seen between the protoxylem poles, and
like xylem, differentiates centripetally. Metaphloem is interior
(nearest the xylem) and protophloem is exterior. Smaller
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companion cells may be visible among the metaphloem sieve
elements. A thin layer of parenchyma can be seen between xylem
and phloem.

The pericycle is the outermost layer of the stele. 1In this
x-section, the pericycle is a circular, uniseriate layer of
parenchyma cells between the vascular tissues and more intensely-
stained endodermis. Resumption of meristematic activity within
the pericycle may give rise to lateral roots and, in plants with
secondary growth, contributes to the vascular cambium. (Secondary
root development is included in Exercise 10).

The darkly-stained endodermis represents the innermost layer
of cortical cells. 1In this x-section, the endodermis is distinct
due to staining of the Casparian strip, an impermeable band of
suberin deposited within radial and transverse cell walls. By
blocking apoplastic movement of water and solutes, the endodermis
selectively controls movement of ions into the stele. In
x-sections from older portions of root, endodermal cell walls are
thicker and more intensely stained, evidence of additional
suberin deposition. Eventually, suberin completely covers the
endodermal cell walls. Although the endodermis continues to
allow active uptake of ions from the cortical symplast (via
plasmodesmata), it forms a barrier against leakage of water from
the stele.

The cortex surrounding the stele is a relatively uniform
mass of parenchyma, with abundant intercellular spaces. The
epidermis, uniseriate in Ranunculus, permits absorption at all
levels of the root. However, uptake is most active where root
hairs (not present on this section) are abundant.

Draw the x-section of Ranunculus, showing tissue details,
and label with the underlined terms.

cortex

Casparian strip

metaxylem

protophloem

endodermis
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2. Examine the Ranunculus young root x-section, if provided.
In this immature root, protoxylem has differentiated near the
periphery of the wvascular cylinder. Metaxylem cells, at the
center of the stele, are functionally immature and unlignified.
Phloem is visible between the developing protoxylem poles. The
pericycle, which differentiates early (near the root apex), and
the endodermis, with its Casparian strip, also are distinct.

Outline this section, and label with the underlined terms.

protoxylem

vascular bundle

phloem

endodermis with
Casparian strip

3. The Smilax mature root x-section illustrates typical
monocot architecture. This stele is interpreted as a
siphonostele (See Exercise 6).

Xylem is polyarch (many poles), but broken into distinct
bundles. Very large metaxylem elements, seen here and in many
other monocot roots, offer little resistance to water movement.
This feature compensates in part for a lack of secondary growth
in monocot roots and stems. Adventitious roots also bypass the
"bottleneck" created by lack of secondary xylem and phloem.

Phloem appears as bundles between the protoxylem poles.
Again, due to centripetal development, protophloem is exterior to
larger metaphloem elements. In Smilax and many other monocots,
the pericycle is multiseriate and sclerified. The endodermis is
prominent, due to heavily suberized (sometimes lignified) cell
walls. Notice that endodermal cells appear asymmetrical due to a
greater degree of thickening in radial and inner tangential
walls.

Also prominent in this x-section is a distinct uniseriate
exodermis immediately beneath the epidermis. The exodermis
represents the outermost layer of cortex. Its suberized cell
walls form a barrier to apoplastic movement which protects
cortical cells from toxins in the soil. Final control of ion
entry, however, remains in the endodermis. The exodermis is an
evolutionary "refinement" seen in the roots of only a few seed
plants.
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Draw the x-section of Smilax root, showing tissue details,
and label with the underlined terms.

epidermis
exdodermis

cortex

xylem

phloem

endodermis with
Casparian strip

4. In the Zea mays young root x-section, trichoblasts in the
epidermis have given rise to root hairs, tubular extensions of
epidermal cells. Note also the large pith at the center of this
monocot root.

Outline the arrangement of stele and cortex in this section
and draw tissue details of the epidermis.

5. Examine the Triticum root x-section, if available. This
monocot root has no pith, a relatively common occurrence. A
single, large metaxylem vessel occupies the central portion of
the stele.

Outline this section, showing the arrangement of xylem and
phloem.

Root Specializations

6. On the composite slide of soil, water and air roots,
locate the x-section of water root, identified by the presence of
an aerenchyma (cortex containing large air spaces). In submerged
roots, aerenchyma p