
Concept

Meristems generate cells for
new organs
So far, we have looked at the structure and arrangement of plant
tissues and cells in mature organs. But how does this organiza-
tion arise? A major difference between plants and most animals
is that plant growth is not limited to an embryonic or juvenile
period. Tnstead, growth occurs throughout the plant's life, a
condition known as indeterminate growth. At any given time,
a typical plant consists of embryonic, developing, and mature
organs. Except for periods of dormancy, most plants grow con-
tinuously In contrast, most animals and some plant organs,
such as most leaves, undergo determinate growth; that is, they
cease growing after reaching a certain size.

Although plants continue to grow throughout their lives, they
do die, of course. Based on the length of their life cycle, flower-
ing plants can be categorized as annuals, biennials, or perenni-
als. Annuals complete their life cycle—from germination to
flowering to seed production to death—-in a single year or less.
Many wildflowers are annuals, as are the most important food
crops, including the cereal grains and legumes. Biennials gener-
ally live two years, often including an intervening cold period
(winter) between vegetative growth (first spring/summer) and
flowering (second spring/summer). Beets and carrots are bienni-

als but are rarely left in the ground long enough to flows
Perennials live many years and include trees, shrubs, and son
grasses. Some buffalo grass of the North American plains is I
lieved to have been growing for 10,000 years From seeds th
sprouted at the close of the last ice age. When a perennial dies
is not usually from old age, but from an infection or some err
ronmental trauma, such as fire or severe drought.

Plants are capable of indeterminate growth because th
have perpetually embryonic tissues called meristems. The
are two main types; apical meristems and lateral meriste
Apical meristems, located at the tips ol roots and in the bu
of shoots, provide additional cells that enable the plant to grc
in length, a process known as primary growth. Primary grow
allows roots to extend throughout the soil and shoots to i
crease exposure to light and CO2. In herbaceous (nonwooc
plants, primary growth produces all, or almost all, of the pla
body Woody plants, however, grow in girth in the parts
stems and roots where primary growth has ceased. This grow
in thickness, known as secondary growth, is caused by the z
tivity of lateral meristems called the vascular cambium ai
cork cambium. These cylinders of dividing cells extend alo"
the length of roots and stems (Figure 35.10). The vascul
cambium adds layers of vascular tissue called secondary xyle
(wood) and secondary phloem. The cork cambium replac
the epidermis with periderm, which is thicker and tougher.

The ceils within meristems divide relatively frequent
generating additional cells. Some products of this divisio

Primary growth in stems

/Epidermis

A Figure 35.10 An overview of primary and secondary growth.

Secondary growth in stems

/Periderm

Vascular cambium

The vascular
cambium adds
secondary
xylem and
phloem.
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lain in the meristem and produce more cells, while others
erentiate and are incorporated into tissues and organs of
growing plant. Cells that remain as sources of new cells are

called initials. The new cells displaced from the meristem,
i Led derivatives, continue to divide until the cells they pro-

di ce become specialized within developing tissues.
In woody plants, primary and secondary growth occur
nultaneously but in different locations. Each growing sea-
n, primary growth near the apical meristenis produces
iung extensions of roots and shoots, while lateral meri-
ms produce secondary growth that thickens and strengthens

olier parts of the plant (Figure 35.11). The oldest regions,
i: :h as a tree trunk base, have the most accumulation of

sues produced by secondary growth.

Concept Check
1 1. Cells in lower layers of your skin divide and replace

dead cells sloughed from the surface. Why is it inac-
curate to compare such regions of cell division to a
plant meristem?

2. Contrast the types of growth arising from apical and
lateral meristems.

For suggested answers, see Appendix A.

This year's growth
(one year old)

< Figure 35.11
Three years'
past growth
evident in a
winter twig.

Scars left by terminal
bud scales of previous
winters

Vascular cylinder

Concept

I*rimary growth lengthens
oots and shoots

Primary growth produces the primary plant body,
the parts of the root and shoot systems produced by

ttical meristems. in herbaceous plants, the primary
P ant body is usually the entire plant. In woody
plants, it consists only of the youngest parts, which
have not yet become woody. Although apical meris-

ms lengthen both roots and shoots, there are dif-
ferences in the primary growth of these two systems.

I 'rimary Growth of Roots

ie root tip is covered by a thimble-like root cap,
hich protects the delicate apical merisLem as the
ot pushes through the abrasive soil during pri-
ary growth. The root cap also secretes a polysac-
laride slime that lubricates the soil around the root
i. Growth occurs just behind the root tip, in three

mes of cells at successive stages of primary
owth. Moving away from the root tip, they are the
nes of cell division, elongation, and maturation
igure 35.12).

Root cap -

100 urn W

A Figure 35.12 Primary growth of a root. The diagram and light micrograph
take us into the tip of an onion root. Mitosis is concentrated in the zone of cell
division, where the apical meristem and its immediate products are located. The apical
meristem also maintains the root cap by generating new cells that replace those that
are sloughed off. Most lengthening of the root is concentrated in the zone of
elongation. Cells become functionally mature in the zone of maturation. The zones
grade into one another without sharp boundaries.
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The three zones of cells grade together, with no sharp
boundaries. The zone of cell division includes the root apical
menstem and its derivatives. New root cells are produced in
this region, including the cells of the root cap. In the zone of
elongation, root cells elongate, sometimes to more than ten
times their original length. Cell elongation is mainly responsi-
ble for pushing the root tip farther into the soil. Meanwhile,
the root apical meristem keeps adding cells to the younger
end of the zone of elongation. Even before the root cells finish
lengthening, many begin specializing in structure and func-
tion. In the zone of maturation, cells complete their differen-
tiation and become functionally mature.

The primary growth of roots produces the epidermis, ground
tissue, and vascular tissue. The light micrographs in Figure
35.13 show in transverse (cross) section the three primary tissue

systems in the young roots of a eudicot (Ranunculus, butterct
and a monocot (Zea, maize). Water and minerals absorbed fr<
the soil must enter through the epidermis, a single layer of ce
covering the root. Root hairs enhance this process by greatly
creasing the surface area of epidermal cells.

In most roots, the stele is a vascular cylinder, a solid core
xylem and phloem (see Figure 35.13a). The xylem radia
from the center in two or more spokes, with phloem devek
ing in the wedges between the spokes. In many monocot roc
the vascular tissue consists of a central core of parenchyi
cells surrounded by alternating rings of xylem and phloem (<
Figure 35.13b). The central region is often called pith b
should not be confused with stem pith, which is ground tissi

The ground tissue of roots, consisting mostly of parenchyi
cells, fills the cortex, the region between the vascular cylinc

WMi

(a) Transverse section of a typical root. In the
roots of typical gymnosperms and eudicots, as
well as some monocots, the stele is a vascular
cylinder consisting of a lobed core of xylem
with phloem between the lobes.

(b) Transverse section of a root with parenchyma
in the center. The stele of many monocot roots
is a vascular cylinder with a core of parenchyma
surrounded by a ring of alternating xylem and phloem

50 urn

7 2 2 UNIT six Plant Form and Function

A Figure 35.13 Organization of primary tissues in young roots.
Parts (a) and (b) show the three primary tissue systems in the roots of
Ranunculus (buttercup) and Zea (maize), respectively. Note that the
buttercup root has a central core of xylem and phloem, whereas the maize
root has a core of parenchyma cells. These are two basic patterns of root
organization, of which there are many variations, depending on the plant
species. (All LMs)
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Figure 35.14 The
formation of a lateral
root . A lateral root originates
in ithe pericycle, the outermost

er of the vascular cylinder of
oot, and grows out through
i cortex and epidermis, in this
ies of micrographs, the view
the original root is a
nsverse section, while the
w of the lateral root is a
igitudinal section.

d epidermis. Cells within
e ground tissue store or-
nic nutrients, and their
asma membranes absorb
nerals from the soil solu-
n. The innermost layer of

cortex is called the
dodermis, a cylinder one
1 thick that forms the
undary with the vascular
inder. You will learn in

Ciapter 36 how the endo-
:rmis is a selective barrier
gulating passage of sub-
nces from the soil solution

0 the vascular cylinder.
Lateral roots arise from within the pericycle, the outermost
1 layer in the vascular cylinder (see Figure 35.13). A lateral
it elongates and pushes through the cortex and epidermis
til it emerges from the established root (Figure 35.14). It
inot originate near the root's surface because it must remain
nnected with the vascular cylinder of the established root as
t ol the continuous vascular tissue system.

P rimary Growth of Shoots

shoot apical meristem is a dome-shaped mass of dividing
Is at the tip of the terminal bud (Figure 35.15). Leaves arise
leaf primordia (singular, primordium), finger-like projec-
ns along the Hanks of the apical meristem. Axillary buds
velop from islands of meristematic cells left by the apical
ristem at the bases of the leaf primordia. Axillary buds can
m lateral shoots at some later time (see Figure 35.2).
Within a bud, leaf primordia are crowded close together
cause internodes are very short. Most of the actual elonga-
n of the shoot occurs by the growth in length of slightly
er internodes below the shoot apex. This growth is due to
;h cell division and cell elongation within the internode.
Tie plants, including grasses, elongate all along the shoot
;ause there are meristematic regions called intercalary
ristems at the base of each leaf. That is why grass continues
;row after being mowed.

Apical meristem Leaf primordia

0.25 mm

A Figure 35.15 The terminal bud and primary growth of a
shoot. Leaf primordia arise from the flanks of the apical dome. This is
a longitudinal section of the shoot tip of Coleus (LM).
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Tissue Organization of Stems

The epidermis covers stems as part of the continuous dermal
tissue system. Vascular tissue runs the length of a stem in vas-
cular bundles. Unlike lateral roots, which arise from vascular
tissue deep within a root (see Figure 35.14), lateral shoots arise
from preexisting axillary buds on the surface of a stem (see
Figure 35.15). The vascular bundles of the stem converge
with the roots vascular cylinder in a zone of transition located
near the soil surface.

In gymnosperms and most eudicots, the vascular tissue
consists of vascular bundles arranged in a ring (Figure
35.16a). The xylem in each vascular bundle faces the pith, and
the phloem faces the cortex. In most monocot stems, the bun-
dles are scattered throughout the ground tissue, rather than
forming a ring (Figure 35.16b). In both monocot and eudicot
stems, ground tissue consists mostly of parenchyma, but col-
lenchyma cells just beneath the epidermis strengthen many
stems. Sclerenchyma cells, specifically fiber cells within vas-
cular bundles, also provide support.

Tissue Organization of Leaves

Figure 35,17 provides an overview of leaf structure. The epi-
dermal barrier is interrupted by the stomata (singular, sLoma),
which allow CO2 exchange between the surrounding air and
the photosynthetic cells inside the leaf. The term stoma can re-
fer to the stomatal pore or to the entire stomatal complex con-
sisting of a pore flanked by two guard cells, which regulate
the opening and closing of the pore. In addition to regulating

C02 exchange, stomata are major avenues for the evaporam t
loss of water, as you will see in Chapter 36.

The ground tissue is sandwiched between the upper an 1

lower epidermis, a region called the mesophyll (from th:
Greek mesos, middle, and phyll, leaf). Mesophyll consists
mainly of parenchyma cells specialized for photosynthes
The leaves of many eudicots have two distinct areas: palisa*
mesophyll and spongy mesophyll. The palisade mesophy
or palisade parenchyma, consists of one or more layers
elongated cells on the upper part of the leaf. The spongy me
ophyll, also called spongy parenchyma, is below the palisa<
mesophyll. These cells are more loosely arranged, with
labyrinth of air spaces through which CO2 and oxygen circ
late around the cells and up to the palisade region. The a
spaces are particularly large in the vicinity of stomata, whe
gas exchange with the outside air occurs.

The vascular tissue of each leaf is continuous with the va
cular tissue of the stem. Leaf traces, connections from vase
lar bundles in the stem, pass through petioles and into leave
Veins are the leaf's vascular bundles, which subdivide repea
edly and branch throughout the mesophyll. This netwo.
brings xylem and phloem into close contact with the phot<
synthetic tissue, which obtains water and minerals from th
xylem and loads its sugars and other organic products int )
the phloem for shipment to other parts of the plant. The va?
cular structure also functions as a skeleton that reinforces tl
shape of the leaf. Each vein is enclosed by a protects
bundle sheath, consisting of one or more cell layers, usual
consisting of parenchyma.

Epidermis

bundle

1 mm
(a) A eudicot stem. A eudicot stern (sunflower), with

vascular bundles forming a ring. Ground tissue toward the
inside is called pith, and ground tissue toward the outside
is called cortex. (LM of transverse section)

A Figure 35.16 Organization of primary tissues in young stems.
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1 mm

(b) A monocot stem. A monocot stem (maize) with vascular
bundles scattered throughout the ground tissue. In such an
arrangement, ground tissue is not partitioned into pith and
cortex. (LM of transverse section)
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(b) Surface view of a spiderwort
{Tradescantia) leaf (LM)

Concept Check

1. Describe how roots and shoots differ in their
branching.

2. Contrast primary growth in roots and shoots.
j 3. Describe the functions ol leaf veins.

For suggested answers, see Appendix A,

Concept

J Secondary growth adds girth to
terns and roots in woody plants
condary growth, the growth in thickness produced by lat-
al meristems, occurs in stems and roots of woody plants, but
irely in leaves. The secondary plant body consists of the tis-
les produced by the vascular cambium and cork cambium.

The vascular cambium adds secondary xylem (wood) and sec-
ndary phloem. Cork cambium produces a Lough, thick cov-
ing consisting mainly of cork cells.

(c) Transverse section of a lilac
(Syringa) leaf (LM)

Primary and secondary growth occur simultaneously but in
different regions. While an apical meristem elongates a stem
or root, secondary growth commences where primary growth
has stopped, occurring in older regions of all gymnosperm
species and many eudicots, but rarely in monocots. The
process is similar in stems and roots, which look much the
same after extensive secondary growth. Figure 35.18, on the
next page, provides an overview of growth in a woody stem.

The Vascular Cambium and Secondary
Vascular Tissue

The vascular cambium is a cylinder of meristematic cells one
cell thick. It increases in circumference and also lays down
successive layers of secondary xylem to its interior and sec-
ondary phloem to its exterior, each layer with a larger diame-
ter than the previous layer (see Figure 35.18). In this way, it is
primarily responsible for the thickening of a root or stem.

The vascular cambium develops from undifferentiated cells
and parenchyma cells that regain the capacity to divide. In a typ-
ical gymnosperm or woody eudicot stem, the vascular cambium
forms in a layer between the primary xylem and primary phloem
of each vascular bundle and in the ground tissue between the
bundles. The meristematic bands within and between the
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(a) Primary and secondary growth
in a two-year-old stem

Epidermis-

Cortex •

A Figure 35,18 Primary and secondary
growth of a stem. You can track the
progress of secondary growth by examining the
sections through sequentially older parts of the
stem. (You would observe the same changes if
you could follow the youngest region, near the
apex, for the next three years.)

Pi th/

Primary xylem
Vascular cambium

Primary phloem
Corte:

Phloem ray

Epidermis

Primary
xylem

Secondary x
Vascular car
Secondary

Primal
O First cork cambium'

lary phi'

ary phli

Secondary
xylem (two
years of
production^

Vascular cambium

Secondary phloem

0 Most recenr
cork cambium

O Cork
0 Layers of

periderrn

Q In the youngest part of the stem, you
can see the primary plant body, as
formed by the apical meristem during
primary growth. The vascular cambium

i5 beginning to telop.

Q As primary growth continues to elongate
the stem, the portion of the stem formec
earlier the same year has already started
secondary growth. This portion increases
in girth as fusiform initials of the vascula
cambium form secondary xylem to the
inside and secondary phloem to the
outside.

0 The ray initials of the vascular cambium
give rise to the xylem and phloem rays.

0 As the diameter of the vascular cambiurr
increases, the secondary phloem and oth
tissues external to the cambium cannot
keep pace with the expansion because th
cells no longer divide. As a result, these
tissues, including the epidermis, rupture.
A second lateral meristem, the cork cairn
biurn, develops from parenchyma cells in
the cortex. The cork cambium produces
cork cells, which replace the epidermis.

0 In year 2 of secondary growth, the
vascular cambium adds to the
secondary xylem and phloem, and
the cork cambium produces cork.

0 As the diameter of the stem continues
to increase, the outermost tissues
exterior to the cork cambium rupture
and slough off from the stem.

0 Cork cambium re-forms in progressively
deeper layers of the cortex. When none
of the original cortex is left, the cork
cambium develops from parenchyma
cells in the secondary phloem.

0 Each cork cambium and the tissues it
produces form a layer of periderm.

0 Bark consists of all tissues exterior to
the vascular cambium.

Secondary
xylem

Secondary phloem

Vascular cambiurr

/ l a t e wood

(b) Transverse section
of a three-year-
old stem (LM)
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Types of cell division. An initial can divide
transversely to form two cambia! initials (C)
or radially to form an initial and either a
xylem (X) or phloem (P) cell.

Accumulation of secondary growth. Although shown here
as alternately adding xylem and phloem, a cambial initial usually
produces much more xylem.

Figure 35.19 Cell division in the vascular cambium.

scular bundles unite to become a continuous cylinder of di-
ding cells. In a typical gymnosperm or woody eudicot root,
e vascular cambium forms in segments between the primary
loem, the lobes o) primary xylem, and the pericycle, even-
ally becoming a cylinder-
Viewed in transverse section, the vascular cambium ap-
ars as a ring, with interspersed regions of cells called
aform initials and ray initials. When these initials divide,
ey increase the circumference of the cambium itself and add

econdary xylem to the inside of the cambium and secondary
hloem to the outside (Figure 35.19). Fusiform initials pro-
.uce elongated cells such as the tracheids, vessel elements, and
bers of the xylem, as well as the sieve-tube members, compan-
m. cells, parenchyma, and fibers of the phloem. They have ta-
ered (fusiform) ends and are oriented parallel to the axis of a
lem or root. Ray initials, which are shorter and oriented per-
pendicular to the stem or root axis, produce vascular rays—
idial files consisting mainly of parenchyma cells. Vascular rays
re living avenues that move water and nutrients between the
econdary xylem and secondary phloem. They also store starch
nd other organic nutrients. The portion of a vascular ray te-
sted in the secondary xylem is known as a xylem ray The poi-
on located in the secondary phloem is called a phloem ray.

As secondary growth continues over the years, layers of
econdary xylem (wood) accumulate, consisting mainly of
racheids, vessel elements, and fibers (see Figure 35.9). Gym-
Qsperms have tracheids, whereas angiosperms have both tra-
leids and vessel elements. Dead at functional maturity, both

ypes of cells have thick, lignifled walls that give wood its hard-
ess and strength. Tracheids and vessel elements that develop

early in the growing season, typically in early spring, are known
as early wood and usually have relatively large diameters and
thin cell walls (see Figure 35.18b). This structure maximizes
deliver)' of water to new, expanding leaves. Tracheids and ves-
sel elements produced later in the growing season, during late
summer or early fall, are known as late wood. They are thick-
walled cells thai do not transport as much water but do add
more support than do the thinner-walled cells of early wood.

In temperate regions, secondary growth in perennial plants
is interrupted each year when the vascular cambium becomes
dormant during winter. When growth resumes the next spring,
the boundary between the large cells of the new early wood and
the smaller cells of the late wood produced during the previous
growing season is usually a distinct ring in the transverse sec-
tions of most tree trunks and roots. Therefore, a tree's age can be
estimated by counting its annual rings. The rings can have vary-
ing thicknesses, reflecting the amount of seasonal growth.

As a tree or woody shrub ages, the older layers of secondary
xylem no longer transport water and minerals (xylem sap).
These layers are called heartwood because they are closer to
the center of a stem or root (Figure 35.20). The outer layers still
transport xylem sap and are therefore known as sapwood. That
is why a large tree can still survive even if the center of its trunk
is hollow. Because each new layer of secondary xylem has a larger
circumference, secondary growth enables the xylem to transport
more sap each year, supplying an increasing number of leaves.
Heartwood is generally darker than sapwood because of resins
and other compounds that clog the cell cavities and help pro-
tect the core of the tree from fungi and wood-boring insects.

Only the youngest secondary phloem, closest to the vascu-
lar cambium, functions in sugar transport. As a stem or root
increases in circumference, the older secondary phloem is
sloughed oft, which is why secondary phloem does not accu-
mulate as extensively as does secondary xylem.

Growth ring

rHeartwood^-%—•>—
Secondary <
x y | e m [sapwooc — - -

Vascular cambium

Bark

Secondary phloem

Layers of peri derm

A Figure 35.20 Anatomy of a tree trunk.
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