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Unlike most animals, plants exhibit

indeterminate growth throughout their life,

enabled by small groups of undifferentiated,

perpetually dividing cells called meristems.

These are the plant stem cell niches.

MERISTEMS AND THEIR TYPES

Definition: A meristem is a localized region

of active cell division composed of

undifferentiated cells (stem cells) that retain

the potential to divide and give rise to new

tissues and organs.

+ Classification Based on Origin
1. Primary Meristems: Originate from the

embryo. Responsible for the primary

growth of the plant (increase in length).

l Apical Meristems: At root and shoot
tips.

l Intercalary Meristems: At the bases of
leaves/internodes (e.g., in grasses).

2. Secondary (Lateral) Meristems: Arise

from differentiated tissues during

secondary growth (increase in girth).

l Vascular Cambium: Produces
secondary xylem (wood) and phloem.

l Cork Cambium (Phellogen):
Produces cork (phellem) and
phelloderm.

+ Classification Based on Position
l Apical Meristems: Tips of roots and

shoots.

l Intercalary Meristems: Located
between mature tissues.

l Lateral Meristems: Cylinders along
the length of roots and stems
(vascular/cork cambium).

ROOT APICAL MERISTEM (RAM)

The RAM and SAM are sophisticated,

self-renewing stem cell systems that drive

plant growth. While they share the

fundamental principle of a central organizer

(QC/OC) maintaining surrounding stem

cells, they employ distinct molecular tools:

the RAM relies heavily on a positional auxin

gradient and PLT/WOX5, while the SAM is

governed by the dynamic CLV-WUS

feedback loop and a CK-rich environment.

The precise spatial and temporal control of

hormone signaling and transcription factor
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movement in these niches allows for the

incredible plasticity and lifelong growth that

define plant life. Understanding these

systems at the molecular level is key to

unlocking the secrets of plant development
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and harnessing their potential for

agriculture.

Structure and Organization
The RAM is a highly organized structure

located at the very tip of the root, protected

by the root cap.

+ Key Zones from Tip Upwards
1. Root Cap: Protects RAM, secretes

mucilage, senses gravity.

2. Quiescent Center (QC): A small group

of mitotically inactive cells at the very tip.

Functions as the organizing center and

stem cell reservoir.

3. Stem Cell Niche (Initials): Cells

surrounding the QC. They are the true

stem cells that divide to produce:

l Columella Initials: Downward ® root
cap cells.

l Epidermal/Lateral Root Cap Initials:
Outward ® epidermis and lateral root
cap.

l Cortical/Endodermal Initials: Upward
® ground tissue (cortex &
endodermis).
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l Stele Initials: Upward ® vascular
tissue and pericycle.

4. Meristematic Zone (Proximal

Meristem): Region of rapid cell division

above the initials.

5. Elongation Zone: Cells stop dividing

and elongate rapidly.

6. Maturation/Differentiation Zone: Cells

differentiate into specific cell types (root

hairs, xylem, etc.).

Molecular Regulation of the RAM
The QC-stem cell niche is maintained by a

complex interplay of phytophormones and

transcription factors.

+ The Auxin Maximum & PIN Polarity
l Auxin is transported polarly from the

shoot to the root tip via PIN-FORMED
(PIN) efflux carriers.

l In the root tip, a reverse fountain
pattern of PIN localization (PIN2, PIN3,
PIN4, PIN7) concentrates auxin at the
QC and columella stem cells, creating
an auxin maximum.

l High auxin in the QC maintains its
identity and low division rate.

+ Key Transcription Factor Networks
l PLETHORA (PLT) Genes: Master

regulators. Their expression forms a
gradient from the QC, with highest
levels at the stem cells. PLT1, PLT2 are
essential for stem cell maintenance
and zonation. They are induced by
auxin.

l SHORT-ROOT (SHR) / SCARECROW

(SCR) Pathway:

- SHR protein is transcribed in the
stele, moves into the adjacent cell
layer.

- In the QC/endodermis, it activates
SCR.

- The SHR-SCR complex activates
CYCD6;1, promoting cell division
and specifying QC identity and
endodermis.

l WOX5 (WUSCHEL-RELATED

HOMEOBOX 5): The root equivalent of
WUS in the shoot. Expressed
specifically in the QC.

l Function: Moves into the columella
stem cells to repress differentiation
factors (e.g., CYCD), maintaining
stemness.

l Regulation: Repressed by auxin; its
expression is confined to the QC by
mobile signals.

+ Hormonal Crosstalk
l Cytokinin (CK): Antagonizes auxin.

High in the transition/elongation zone.
Promotes cell differentiation. The
auxin/CK balance determines the
boundary between division and
differentiation zones.

l AHK3/ARR1 cytokinin signaling in the
vasculature promotes differentiation.

l Gibberellin (GA) & Brassinosteroids
(BR): Also promote differentiation and
elongation.
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SHOOT APICAL MERISTEM (SAM)

Structure and Organization
The SAM is a dome-shaped structure at the

tip of the stem, producing leaves, stems,

and flowers. It is not covered by a cap.

+ Key Zones
1. Central Zone (CZ): At the very apex.

Contains the stem cells. Cells divide

slowly.

2. Peripheral Zone (PZ): Flanks of the

meristem. Cells divide rapidly to give rise

to leaf primordia and stem tissues.

3. Rib Zone (RZ): Below the CZ. Produces

the internal tissues of the stem.

4. Organizing Center (OC): A group of

cells beneath the stem cells in the CZ.

Functionally analogous to the QC.

Molecular Regulation of the SAM
The SAM is maintained by a dynamic

feedback loop between the OC and stem

cells.

+ The CLV-WUS Feedback Loop (The Core
Circuit)

This is the central, conserved mechanism

for stem cell homeostasis.

l WUSCHEL (WUS): A homeodomain
transcription factor expressed in the
Organizing Center (OC).

l Function: Moves upward into the CZ
and activates stem cell identity. It is
necessary and sufficient for stem cell
specification.

l CLAVATA (CLV) Pathway:

- CLV3: A small, secreted peptide
produced by the stem cells in the
CZ.

- Receptors: CLV1 (LRR receptor
kinase) and CLV2/CORYNE
heterodimer, expressed in the OC
and underlying cells.

- Signal: CLV3 binds to CLV1/CLV2
receptors.

- Function: The activated CLV
pathway represses WUS
expression in the OC.
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l The Feedback Loop:

1. WUS from the OC ® promotes

stem cell identity and CLV3

expression in the CZ.

2. CLV3 from stem cells ® activates

CLV pathway in the OC ®

represses WUS expression.

3. As WUS levels drop, CLV3

expression decreases, releasing

repression on WUS.

4. This negative feedback loop

maintains a stable population of

stem cells.

+ Hormonal Regulation
l Cytokinin (CK): Promotes stem cell

activity. High in the CZ. CK signaling
activates WUS expression. The
AHK4/WOL1 receptor is crucial.

l Auxin: Promotes organ initiation
(primordia formation) in the PZ. Auxin
maxima, created by PIN1-mediated
transport, define the sites of new leaf
primordia. Low auxin in the CZ helps
maintain stemness.

l Crosstalk: CK (in CZ) and auxin (in
PZ) create a hormonal dichotomy that
separates the maintenance zone from
the organogenesis zone.

+ KNOX Gene Expression
l Class I KNOX genes (e.g., STM,

KNAT1/BP) are expressed in the SAM
but repressed in leaf primordia.

l Function: Maintain meristem
indeterminacy; prevent differentiation.
STM is essential for SAM formation.

l Regulation: Repressed by
ASYMMETRIC LEAVES1 (AS1)/AS2
in leaf primordia.

RAM vs. SAM

Feature
Root Apical

Meristem
(RAM)

Shoot Apical
Meristem

(SAM)

Protective
Structure

Root cap
present

No protective
cap

Stem Cell
Niche
Organizer

Quiescent
Center (QC) -
mitotically
inactive

Organizing
Center (OC) -
slowly dividing

Key Stem Cell
Maintenance
TF

WOX5 (in QC,
maintains
columella stem
cells)

WUS (in OC,
maintains
central zone
stem cells)

Key Signaling
Molecule from
Stem Cells

Not a single
clear peptide
signal; auxin
gradient
critical.

CLV3 peptide
(represses
WUS).

Core Feedback
Loop

PLT gradient,
SHR/SCR,
WOX5
regulation (less
unified).

CLV-WUS
negative
feedback loop
(highly
defined).

Primary
Hormone for
Maintenance

Auxin
maximum in
QC (high auxin
maintains QC).

Cytokinin in CZ
(promotes
WUS &
stemness)

Primary
Hormone for
Organogenesis

Cytokinin
promotes
differentiation
in elongation
zone.

Auxin maxima
in PZ initiate
leaf/flower
primordia.

Symmetry Radially
symmetric
(produces
concentric
tissue layers).

Radially
symmetric
stem but
produces
lateral organs
in a phyllotactic
pattern.

Primary Output Primary root
tissues, root
cap.

Leaves, stems,
branches,
flowers.
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Evolution and Conservation
l The CLV-WUS pathway is conserved in

all vascular plants, highlighting its
fundamental role.

l WOX gene family is ancient; WUS and
WOX5 likely evolved from a common
ancestor, co-opted for shoot and root
meristem functions respectively.

l The use of peptide signaling (CLV3)
and mobile transcription factors (WUS,
SHR) is a recurring theme in plant
developmental regulation.

Applied and Research Significance
l Crop Improvement: Modifying

meristem size (via CLV or CK

pathways) can influence organ number
(e.g., more flowers/fruits, larger seeds).
CLV mutants often have enlarged
meristems and produce more seeds.

l Regeneration & Tissue Culture:
Understanding stem cell cues is
essential for in vitro propagation.

l Developmental Plasticity: Explains
how plants continuously adapt their
form to the environment.

l Evolution of Plant Form: Changes in
meristem regulation underlie major
evolutionary transitions (e.g., from
simple to complex leaves,
indeterminate to determinate growth).

COMPARATIVE AND EVOLUTIONARY STUDY OF RAM & SAM

The evolution of apical meristems-Root

Apical Meristem (RAM) and Shoot Apical

Meristem (SAM)-was a pivotal innovation

that enabled plants to colonize land. Their

structure and regulation show a trend

towards increasing complexity and genetic

sophistication from bryophytes to

angiosperms, reflecting adaptations to

terrestrial life.

The comparative study of RAM and SAM

reveals a clear evolutionary trajectory from

simple, deterministic apical cells in early

land plants to complex, self-regulating

multicellular stem cell niches in flowering

plants. This progression involved the

invention of new signaling mechanisms (like

the CLV-WUS loop), the co-option and

specialization of ancient gene families, and

the deep integration of hormonal cues. The

angiosperm meristem represents a

pinnacle of this evolution, providing the

developmental flexibility that underlies the

extraordinary morphological diversity and

ecological success of flowering plants.

Understanding these evolutionary

tendencies helps explain the deep

homology and distinct specializations of

plant growth centers across the kingdom.

Shoot Apical Meristem (SAM)
Evolution

+ Lower Plants (Bryophytes: Mosses,
Liverworts, Hornworts)

l Structure: The SAM is single-celled (a
single apical initial) or a small group of
indistinguishable initials. It is superficial
and lacks distinct zonation (CZ, PZ,
RZ).

l Division Pattern: The apical cell
divides in a stereotyped, fixed pattern
(e.g., tetrahedral in moss protonemata)
to produce all tissues. Determinacy is
common.
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l Molecular Regulation:

- Absence of Core Angiosperm

Pathways: The CLV-WUS
negative feedback loop is absent.
No orthologs of CLV1, CLV3, or
WUS have been identified in
bryophytes.

- Presence of Ancestral

Components: Bryophytes have
Class I KNOX genes (e.g., Moss
KNOX2), but their role in meristem
maintenance is less clear and they
are not downregulated in leaves
(which are not true leaves but
phyllids).

- Hormonal Control: Respond to
auxin and cytokinin, but the intricate
hormonal zonation of angiosperms
is not established.

l Evolutionary Significance:
Represents the ancestral, simple state
of the SAM-a single stem cell with fixed
lineages.

+ Pteridophytes (Ferns & Lycophytes)
l Structure: SAM is a single, large apical

initial (the apical cell) or a small group.
More complex than bryophytes but still
lacks the organized multicellular
layered structure of seed plants. May
show initial zonation.

l Division Pattern: The apical cell
divides to produce merophytes
(segments) in predictable patterns, but
with more layers than bryophytes.

l Molecular Regulation:

- Emergence of CLV-like

Pathways: Some fern genomes
contain putative CLV1-like
receptors and CLE peptides,
suggesting the beginnings of
peptide-mediated signaling for
stem cell regulation.

- KNOX Gene Diversification:
Class I KNOX genes are present
and play a role in maintaining the
indeterminacy of the SAM. The
KNOX-ARP antagonism (with
*AS1/AS2*-like genes) begins to
appear, regulating leaf (frond)
development.

l Evolutionary Significance: A
transitional stage. Peptide signaling
and more complex genetic networks
emerge, setting the stage for the seed
plant meristem.

+ Gymnosperms (Conifers, Cycads, Ginkgo)
l Structure: SAM has distinct zonation

similar to angiosperms: a central zone
of slowly dividing cells and a peripheral
zone. It is multicellular and layered
(tunica-corpus organization present in
some).

l Division Pattern: Not reliant on a
single apical cell; exhibits populational
growth with many stem cells.

l Molecular Regulation:

- CLV-WUS Pathway Partially

Present: Orthologs of WUS and
CLV1-like receptors exist. CLE
peptides are present and functional.

- However, the complete negative
feedback loop may not be fully
operational as in angiosperms. The
system is less well-characterized
but represents a clear
advancement.

- KNOX-ARP system is
well-established for leaf/shoot
patterning.

l Evolutionary Significance:
Represents the establishment of a
complex, multicellular SAM with
conserved genetic regulators, closely
resembling the angiosperm condition.
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+ Angiosperms (Flowering Plants) - The
Apex of Complexity

l Structure: Highly organized
tunica-corpus structure with clear CZ,
PZ, RZ. A multicellular stem cell niche
maintained by the OC.

l Molecular Regulation:

- Full CLV-WUS Negative

Feedback Loop: This is the
defining, highly refined system for
stem cell homeostasis. WUS and
CLV3 are co-expressed and
functionally integrated.

- Sophisticated Hormonal

Crosstalk: Precise spatial
separation of CK-rich CZ and
auxin-maxima PZ.

- Expanded Gene Families:
Duplications in WOX, KNOX, CLE,
and hormone pathway genes allow
for more specialized functions.

l Evolutionary Significance: Maximum
complexity and genetic robustness.
Allows for diverse and plastic
organogenesis (flowers, complex
leaves).

Root Apical Meristem (RAM)
Evolution
Roots are not present in bryophytes (they

have rhizoids). True roots with a RAM

evolved in the vascular plant lineage.

+ Pteridophytes (The First True Roots)
l Structure: RAM with a prominent,

single apical initial (like the SAM). A

root cap is present. A QC-like region

may exist but is not well-defined.

l Molecular Regulation: Largely

unknown. Likely involves auxin

transport but not the full angiosperm

*PLT/WOX5/SHR/SCR* network.

+ Gymnosperms
l Structure: Organized RAM with a clear

QC and surrounding initials. Root cap is

well-developed.

l Molecular Regulation: Orthologs of

angiosperm RAM genes (PLT, WOX5,

SHR, SCR) are present and likely

functional, indicating the conservation

of the core root patterning network in

seed plants.

+ Angiosperms
l Structure: As detailed previously:

definitive QC, stem cell niche, precise

zonation.

l Molecular Regulation: Full

auxin-PIN-PLT gradient system and

SHR/SCR/WOX5 network in place.

Represents the most derived and

regulated state.
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Summary of Evolutionary Tendencies

Feature Bryophytes Pteridophytes Gymnosperms Angiosperms

SAM Structure Single apical cell
or tiny group; no
zonation.

Single apical cell
dominant; incipient
zonation.

Multicellular,
distinct zonation
(CZ/PZ).

Multicellular, highly
organized
tunica-corpus,
clear CZ/PZ/RZ.

SAM Maintenance
Mechanism

Fixed lineage; no
CLV-WUS.

Beginnings of
peptide signaling
(CLE/CLV1-like).

Partial CLV-WUS
pathway; WUS
and CLE present.

Fully integrated
CLV-WUS
negative feedback
loop.

RAM Presence Absent (rhizoids
only).

Present (single
apical initial, root
cap).

Present (organized
with QC).

Present (highly
organized with
definitive QC).

Key Transcription
Factors

Class I KNOX
present, but
function divergent.

KNOX-ARP
system emerging.

WUS, KNOX
orthologs
functional.

WUS, WOX5, PLT,
KNOX, SHR/SCR
families expanded
and specialized.

Hormonal
Patterning

Basic
responsiveness.

Auxin/CK roles in
development.

Established
hormonal control.

Sophisticated
auxin-CK
antagonism and
zonation.

Evolutionary Trend Ancestral, simple
stem cell system.

Transitional;
evolution of new
signaling modules.

Consolidation of
multicellular
meristem
networks.

Maximum
complexity,
robustness, and
genetic integration.

Key Evolutionary Trends
1. From Single Apical Cell to Multicellular Stem Cell Niche:

l Trend: Single apical initial (Bryo/Pterido) ® Multicellular, layered meristem
(Gymno/Angio).

l Advantage: Increased developmental flexibility, regenerative capacity, and buffering
against damage.

2. Evolution of Peptide Signaling and Feedback Loops:

l Trend: Absent (Bryo) ® Emergent (Pterido) ® Partial (Gymno) ® Central & Refined
(Angio, CLV-WUS).

l Advantage: Allows for dynamic, population-level homeostasis of stem cells, rather
than rigid lineage.

3. Co-option and Diversification of Transcription Factor Families:

l Trend: WOX and KNOX genes present in ancestors but recruited for meristem
functions later. Gene duplication in angiosperms leads to sub-functionalization (e.g.,
WUS for SAM, WOX5 for RAM).

l Advantage: Enables independent regulation of shoot and root meristems and more
complex patterning.
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4. Integration of Hormonal Signaling:

l Trend: Simple hormone response ®

Complex spatial gradients (auxin
maxima/minima) integrated with
genetic networks.

l Advantage: Allows environmental
cues (light, gravity, nutrients) to
precisely modulate meristem activity
and organogenesis.

5. Evolution of the Root as a Novel

Organ:

l Trend: Absent ® Simple® Complex.

l Note: The RAM genetic network (PLT,
SHR/SCR) appears to have been
co-opted from shoot-related genes
after the divergence of vascular plants.
For example, SHR/SCR likely evolved
from genes involved in shoot ground
tissue patterning.

Evolutionary Theories and Insights
l Antagonistic Co-option Hypothesis:

The CLV-WUS loop may have evolved
from an older, positive regulatory
relationship present in algal ancestors,
which later became antagonistic to
provide tighter control.

l Modularity: Meristems are
evolutionary modules. Their relative
independence allowed for the divergent
evolution of shoots and roots.

l Role in Plant Radiations: The
evolution of complex, indeterminate
meristems with robust feedback loops
is considered a key innovation that
facilitated the diversification of plant
body plans and their adaptation to
diverse terrestrial niches, culminating
in the angiosperm radiation.

LATERAL MERISTEM

While apical meristems drive primary

growth (increase in length), plants also

possess lateral and intercalary meristems

that enable secondary growth (increase in

girth) and specialized localized growth,

respectively. These meristems are crucial

for plant architecture, mechanical support,

and adaptation.

Definition and General
Characteristics

l Definition: Meristems located parallel
to the circumference of roots and stems
that produce secondary tissues,
leading to an increase in thickness or
girth.

l Origin: They arise from
dedifferentiation of mature, living
parenchyma cells (secondary origin).

l Direction of Division: Cells divide
periclinally (parallel to the surface),
adding cells radially.

l Occurrence: Primarily in
gymnosperms and dicotyledonous
angiosperms (both herbaceous and
woody). Monocots generally lack true
lateral meristems (except a few like
palms, which have diffuse secondary
growth).

l Types: Two main types - Vascular
Cambium and Cork Cambium.

Vascular Cambium
The most important lateral meristem,

responsible for producing secondary

vascular tissues.

+ Origin and Structure
l In Stems: Originates from:
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- Fascicular Cambium: Procambium
within vascular bundles.

- Interfascicular Cambium:
Dedifferen tiated parenchyma cells
between vascular bundles.

- These join to form a continuous
cylindrical ring of meristem.

l In Roots: Originates from conjunctive
parenchyma (cells between xylem and
phloem arms) and pericycle (opposite
protoxylem poles).

+ Cell Types in the Cambium
l Fusiform Initials: Elongated,

spindle-shaped cells. Give rise to the
axial system: secondary xylem (wood)
and secondary phloem (bast).

l Ray Initials: Isodiametric, small cells.
Give rise to the radial system: xylem
rays and phloem rays
(parenchymatous for radial transport).

+ Activity and Products
l Seasonal Activity: In temperate

zones, it is dormant in winter and active
in spring/summer, producing distinct
growth rings (annual rings) in wood.

l Periclinal Divisions: Produce
derivative cells both inward (towards
center) and outward (towards
periphery).

- Inward derivatives: Differentiate
into secondary xylem (wood).
Dominates the production;
accumulates over years.

- Outward derivatives: Differentiate
into secondary phloem. A thinner
band, as older phloem gets
crushed.

l Radial Divisions: Increase the
circumference of the cambial ring.

+ Molecular Regulation
l Hormonal Control: Auxin is the

primary signal. A radial auxin gradient
(high in cambium, decreasing inward
and outward) is crucial for cambial
initiation and maintenance. Cytokinin
promotes cell division, and Gibberellin
promotes fusiform initial elongation.
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l Transcription Factors: WOX4 and
WOX14 are key for cambial stem cell
identity and proliferation, analogous to
WUS in SAM. TDIF-PXY/TDR
signaling pathway (a CLE
peptide-receptor kinase system)
regulates the balance between
vascular cell proliferation and
differentiation.

Cork Cambium (Phellogen)
A lateral meristem that produces the

periderm, the protective secondary dermal

tissue that replaces the epidermis in older

stems and roots.

1. Origin: Arises from the dedifferentiation

of cortical parenchyma (in stems) or

pericycle (in roots).

2. Activity and Products: Divides

periclinally to produce:

l Outward: Cork cells (Phellem).
Suberized, dead at maturity,
impermeable to water and gases.
Provides insulation and protection.

l Inward (sometimes): Phelloderm. A
thin layer of living parenchyma. (Not
always produced).

l Collectively, Phellogen + Phellem +
Phelloderm = Periderm.

3. Lenticels: Localized regions in the

periderm where cork cambium produces

loose, complementary cells instead of

suberized cork. Allow for gas exchange

through the otherwise impermeable

bark.

Biological Significance of Lateral
Meristems
1. Mechanical Support: Secondary xylem

(wood) provides immense strength,

allowing trees to grow tall.

2. Long-Distance Transport: Increased

vascular capacity supports larger plant

bodies.

3. Storage: Ray parenchyma stores

starch, oils, etc.

4. Protection: Periderm replaces

epidermis, protecting against

pathogens, herbivory, and water loss.

5. Defense: Secondary xylem can

incorporate defensive compounds (e.g.,

resins, tannins).

6. Environmental Record: Tree rings

provide a historical record of climate

conditions.

INTERCALARY MERISTEM

Definition and General
Characteristics

l Definition: A meristematic tissue
located at the base of plant organs
(e.g., leaves, internodes) or between
mature tissues. It is a residual portion of
the apical meristem that becomes
separated by differentiating tissues.

l Origin: Primary in origin (derived from
the apical meristem).

l Direction of Division: Cells divide to
cause increase in length of the organ.

l Longevity: Temporary. It eventually
fully differentiates.

l Occurrence: Common in grasses
(Poaceae), horsetails (Equisetum), and
some other monocots.
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Common Locations and Functions
1. At the Base of Internodes: Causes rapid elongation of stems. Crucial for grass stem

(culm) growth.

Example: In bamboo, intercalary meristems at each node allow explosive growth.

2. At the Base of Leaves (in monocot grasses): Allows leaves to continue growing from

the base even after the leaf tip is grazed or cut (compensatory growth). This is a key

adaptation for survival in grasslands with herbivores.

3. At the Base of Petioles: e.g., In Taraxacum (dandelion) flowers, elongation of the

scape (flower stalk) after flowering.

4. In Horsetails (Equisetum): Located at the nodes, responsible for the jointed

appearance and growth.

Biological Significance of Intercalary Meristems
1. Rapid Regeneration: Allows plants to quickly recover from grazing, mowing, or

mechanical damage. This is the basis for sustainable pasture management and lawn

health.

2. Developmental Flexibility: Permits elongation at specific zones after the apical

meristem has moved on.

3. Adaptation: Key to the success of grasses in competitive, often disturbed,

environments.

Lateral Meristem vs. Intercalary Meristem

Feature Lateral Meristem Intercalary Meristem

Primary Function Increase in girth (Secondary Growth) Increase in length (Primary
Growth) at localized zones

Origin Secondary (from dedifferentiation of mature
tissues)

Primary (residual part of apical
meristem)

Location Parallel to circumference of stems/roots
(forms cylinders).

At bases of organs (internodes,
leaves) between mature tissues.

Cell Division
Plane

Mainly periclinal. Periclinal and anticlinal to add
length.

Persistence Long-lived/permanent in woody plants (active
for life).

Temporary (eventually fully
differentiates).

Tissues
Produced

Secondary tissues: Secondary xylem &
phloem (Cambium); Periderm (Cork Cambium).

Primary tissues only (adds to
primary plant body).

Occurrence Gymnosperms & Dicots (woody and some
herbaceous).

Common in Monocots (grasses),
horsetails, some dicots.

Key Hormonal
Regulator

Auxin (radial gradient), Cytokinin. Auxin, Gibberellin (promote
elongation).

Adaptive
Advantage

Strength, support, longevity, increased
transport.

Rapid regeneration,
compensatory growth, flexibility.
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Evolutionary and Applied
Perspectives

+ Evolutionary Significance
l Lateral Meristems: The evolution of

the vascular cambium in the
progymnosperms (e.g., Archaeopteris)
was a major evolutionary innovation
that allowed plants to become tall,
woody trees, dominating terrestrial
ecosystems in the Devonian and
Carboniferous periods. It enabled the
formation of forests.

l Intercalary Meristems: Represent an
alternative growth strategy to apical
dominance, favoring resilience in
frequently disturbed habitats. Their
prevalence in grasses correlates with
the expansion of grassland biomes.

+ Agricultural and Economic Importance
l Lateral Meristems:

- Forestry & Timber: All wood
production (timber, paper, fuel)
depends on vascular cambium
activity.

- Horticulture: Grafting success
depends on aligning the cambial
layers of scion and stock.

- Rubber Production: Latex is
harvested from the secondary
phloem (produced by cambium) of
rubber trees.

l Intercalary Meristems:

- Forage & Lawn Grasses: The

ability to regrow after cutting or

grazing is fundamental to

agriculture (hay, silage, pastures)

and landscaping.

- Cereal Crops: Stem elongation

driven by intercalary growth is

critical in crops like wheat and rice.

+ Pathogen Attack and Wound Response
l Lateral meristems are often targeted by

pathogens (e.g., Agrobacterium
causes crown gall by transferring
genes that induce hyper-division of
cambial cells).

l Wounding can induce neocambium
formation from parenchyma cells to
heal wounds and regenerate vascular
connections.

PROGRAMMED CELL DEATH (PCD) AND PLANT DEVELOPMENT

Programmed Cell Death (PCD) is an active,

genetically controlled process of cellular

self-destruction essential for normal

development, defense, and homeostasis in

all multicellular eukaryotes. In plants, PCD

is not merely a degenerative process but a

constructive, sculpting force that shapes

morphology and physiology.

Programmed Cell Death in plants is an

active, genetically orchestrated process

essential for normal development. It

employs a unique, vacuole-centric

execution pathway involving specialized

proteases like VPEs and metacaspases,

regulated by hormonal and ROS signaling.

Far from being a mere end point,

developmental PCD is a creative

force-molding anatomy, enabling

reproduction, and facilitating adaptation. Its

distinct mechanisms highlight the divergent

evolutionary paths taken by plants and
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animals to solve the common problem of

eliminating cells for the benefit of the

multicellular organism.

+ Key Distinctions from Animal Apoptosis
While plant PCD shares conceptual

similarities with animal apoptosis, it has

unique morphological features and

molecular players due to the plant cell's rigid

wall, large vacuole, and different life strategy.

Types of Plant PCD in Development
Plant PCD occurs in a spatially and temporally controlled manner during numerous

developmental processes.

Developmental
Context

Function of PCD Specific Examples

Embryogenesis Pattern formation, nutrient
transfer.

Elimination of suspensor cells, aleurone
layer patterning.

Vascular
Differentiation

Formation of conductive
elements.

Xylem vessel element and tracheid
differentiation: removal of end walls and cell
contents to form hollow pipes.

Aerenchyma
Formation

Creation of air spaces for gas
exchange in waterlogged roots.

Lysigenous aerenchyma: death of cortical
cells.

Sexual Reproduction Unisexual flower development,
pollen guidance, seed
dispersal.

Tapetum degeneration in anthers; death of
nucellus, synergids, antipodals in ovule; fruit
abscission.

Leaf Morphogenesis Shaping of leaves and other
organs.

Formation of leaf perforations (e.g.,
Monstera), lace plant (Aponogeton
madagascariensis) leaf fenestration.

Senescence Nutrient remobilization from old
organs to growing parts.

Leaf senescence, petal senescence after
pollination.

Endosperm
Development

Provision of nutrients for the
embryo.

Starchy endosperm cell death in cereal
grains.

Morphological Hallmarks of Plant PCD
The characteristic morphology is driven by the central role of the vacuole.

1. Vacuole-Mediated Autolysis (The Central Event):

l The tonoplast (vacuolar membrane) ruptures or becomes permeable.
l Vacuolar hydrolytic enzymes (proteases, nucleases, ribonucleases, lipases) are

released into the cytosol.
l Rapid proteolysis and DNA degradation occur.

2. Cytoplasmic Condensation: Shrinking of the cytoplasm away from the cell wall.
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3. Nucleus Condensation/Pyknosis:

Chromatin condensation and nuclear

shrinkage (though less orderly than

animal apoptotic bodies).

4. DNA Fragmentation: Often into large

(~50 kb) fragments and later into

nucleosomal ladders (180-200 bp),

detectable by TUNEL assay.

5. Preservation of the Cell Wall: Unlike

animals, the cell wall remains intact,

often becoming modified (lignified,

suberized) to serve a structural or barrier

function post-mortem.

6. Lack of Phagocytosis: There are no

dedicated phagocytic cells. Dead cells

are either lysed in situ or their remnants

are retained within tissues.

Molecular Mechanisms of Plant
PCD
The plant PCD pathway integrates

developmental cues, hormone signaling,

reactive oxygen species (ROS), and the

execution machinery of proteases.

+ Initiation: Signaling Pathways

1. Hormonal Regulation:

l Ethylene: A key inducer of many
developmental PCD processes (e.g.,
aerenchyma formation, leaf abscission,
flower senescence). Acts via ERF
transcription factors.

l Jasmonic Acid (JA) & Salicylic Acid

(SA): Involved in stress-induced PCD
and senescence.

l Cytokinin & Auxin: Often act as PCD
suppressors, promoting cell survival
and division.

2. Reactive Oxygen Species (ROS) as Key
Regulators:

l ROS (H 2O 2 , O 2
- , OH -) are central

signaling molecules in PCD.
l A controlled ROS burst (often from

NADPH oxidases/RBOHs or
peroxidases) acts as a point of no
return.

l ROS can:

- Directly damage cellular
components.

- Act as a secondary messenger,
activating downstream MAPK
cascades.
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- Trigger vacuole rupture by oxidizing
tonoplast lipids.

l Example: In xylem differentiation, H
H O2 2 also serves as a substrate for
lignin polymerization.

3. Calcium (Ca 2+) Fluxes:

l Influx of extracellular Ca 2+ is an early
event in many PCD processes.

l Ca 2+ acts as a secondary messenger,
activating calmodulin (CaM) and

Ca 2+-dependent protein kinases
(CDPKs) that phosphorylate
PCD-related proteins.

+ Execution: The Proteolytic Machinery
Plant PCD relies on proteases stored in the

vacuole and others activated in the cytosol.

1. Vacuolar Processing Enzymes

(VPEs): The Plant Caspase-1

Analogues.

l Cysteine proteases with caspase-1-like
activity (cleave after Asp residue).

l Localized in the vacuole.

l Mechanism: During PCD induction,
VPEs are activated (often
autocatalytically) and contribute to
tonoplast disruption. They also process
other vacuolar hydrolases into their
active forms.

l Genetic Evidence: VPE-deficient
mutants show impaired PCD in seed
coat development and pathogen
response.

2. Metacaspases: The Plant Caspase

Homologues.

l Cysteine proteases structurally related
to animal caspases but with different
cleavage specificity (cleave after
Arg/Lys, not Asp).

l Types: Type I (predicted N-terminal
prodomain), Type II (simpler structure).

l Functions: Involved in various PCD
contexts (embryogenesis, oxidative
stress, pathogen response). Their
exact activation mechanism and
substrates are still being elucidated.

3. Other Proteases:

l Serine Proteases: e.g., Subtilisin-like
proteases (SBTs).

l Papain-like Cysteine Proteases

(PLCPs): e.g., RD21.

l Aspartic Proteases: e.g., Phytepsin.

4. Nuclease Activation:
l Endonucleases (e.g., BFN1, ZEN1) are

activated to degrade nuclear and
organellar DNA. Their release from the
vacuole or activation in the nucleus is a
key execution step.

+ Regulation: Bcl-2 Family Analogues and
Mitochondrial Role

l Mitochondrial Involvement: Plant
mitochondria release cytochrome c
during some PCD types, but this does
not trigger a conserved apoptosome
complex as in animals (plants lack
APAF-1 homologues).

l Regulation of Mitochondrial

Permeability: Plants possess proteins
that may functionally resemble the
Bcl-2 family.

- Anti-apoptotic: BI-1 (Bax
Inhibitor-1) suppresses PCD.

- Pro-apoptotic: Bax-like proteins
induce mitochondrial dysfunction
and PCD when expressed in plants.

+ The Vacuole as the Central Executioner:
A Model Pathway

A simplified sequence for vacuole-mediated

developmental PCD (e.g., tracheary

element formation):
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1. Developmental Cue: Specific signals

(e.g., transcription factors) initiate the

program.

2. Transcription of PCD Genes:

Upregulation of hydrolytic enzymes

(VPEs, nucleases, cellulases) and their

targeting to the vacuole.

3. ROS Burst & Ca 2+ Influx: Early

signaling events that propagate the

signal.

4. Vacuole Swelling & Tonoplast

Destabilization: VPE activation may

contribute to tonoplast permeabilization.

5. Vacuolar Collapse: Release of

hydrolases into the cytosol.

6. Rapid Autolysis: Degradation of

organelles, cytoskeleton, and nucleus.

7. Cell Wall Autolysis (optional): In

cases like xylem, cellulases and

pectinases degrade specific wall areas

(end walls).

8. Post-mortem Modification: Cell wall

lignification, leaving a functional corpse.

Xylem Vessel Differentiation
(A Model System)

l Trigger: Developmental signals
involving transcription factors
VND6/VND7 (master regulators).

l Execution: VNDs upregulate a suite of
PCD effector genes:

- Xylem Cysteine Peptidase 1
(XCP1/XCP2): Key proteases for
autolysis.

- Ribonuclease (RNS3): Degrades
RNA.

- Cellulases & Pectinases (e.g.,
AtCEL7): Degrade end walls for
perforation plate formation.

l Coordination: PCD is tightly coupled
with secondary cell wall synthesis
(SCW) and lignification, which occur
before autolysis, ensuring the dead cell
retains its conductive structure.

Leaf Senescence
l Trigger: Age, hormone shifts (­ ethylene/

ABA, ¯ cytokinin/auxin), environmental
cues.

l Regulation by Transcription Factors:
ORE1/ANAC092, NAP, and WRKY53
form a regulatory network that activates
senescence-associated genes (SAGs),
many encoding hydrolytic enzymes for
nutrient recycling.

l Chloroplasts: Early targets. Chlorophyll
degradation pathway is activated
(involving pheophorbide a oxygenase/
PaO, which itself is tightly regulated to
avoid phototoxicity).

Tapetum PCD in Anthers
l Essential for pollen development.

Tapetum cells undergo PCD to release
nutrients and materials for pollen wall
formation.

l Regulation: Controlled by the
transcriptional cascade involving
DYT1-TDF1-AMS-MS188-MYB80.
The MYB80 transcription factor is a key
regulator of tapetal PCD timing.

l Premature or delayed tapetal PCD
leads to male sterility.
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Plant PCD vs. Animal Apoptosis

Feature Animal Apoptosis Plant PCD

Central Organelle Mitochondria (permeabilization,
cytochrome c release).

Vacuole (lysis, release of
hydrolases).

Key Proteases Caspases (cysteine proteases,
cleave after Asp).

Metacaspases (cleave after
Arg/Lys), VPEs (caspase-1-like),
other proteases.

Phagocytosis Yes. Apoptotic bodies engulfed
by neighboring cells.

No. Cell corpse remains in  situ;
contents recycled internally.

Cell Fate Complete removal of cell. Cell corpse often functional (e.g.,
xylem vessel, cork cell).

Core Regulators Bcl-2 protein family (regulate
mitochondrial membrane).

BI-1 (Bax Inhibitor-1) and related
proteins; no direct Bcl-2
homologues.

DNA Fragmentation Ordered, nucleosomal ladder
(180-200 bp).

Can occur, but often larger
fragments first; less orderly.

Morphological Hallmark Membrane blebbing, apoptotic
bodies.

Vacuole collapse, cytoplasmic
shrinkage, intact cell wall.
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Biological and Agricultural Significance
l Development: PCD is a sculpting tool for creating complex tissues (xylem,

aerenchyma) and shapes (leaves, flowers).

l Adaptation: Aerenchyma formation is an adaptive response to hypoxia
(waterlogging).

l Crop Yield: Understanding PCD can improve traits:

- Reducing PCD: To prevent grain abortion or pre-harvest sprouting.

- Enhancing PCD: To promote hybrid seed production (using male sterility) or
improve fruit abscission for mechanical harvesting.

- Biotechnology: Engineering PCD timing could enhance wood quality (by
modulating xylem development) or shelf-life of fruits and flowers.
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QUESTIONS

Section A: Very Short Answer Type Questions

1. Define a meristem.

Ans. A meristem is a region of undifferentiated, actively dividing cells in plants responsible for

continuous growth and formation of new organs.

2. Name the two primary meristems responsible for the primary growth of plants.

Ans. Root Apical Meristem (RAM) and Shoot Apical Meristem (SAM).

3. What is the function of the quiescent centre (QC) in the root apical meristem?

Ans. The QC is a group of mitotically inactive cells that acts as a reservoir of stem cells,

maintaining the surrounding initials and organizing the meristem.

4. Which plant hormone is primarily involved in maintaining the stem cell population in the

SAM?

Ans. Cytokinin.

5. Give an example of a plant with a single apical cell in its meristem.

Ans. Ferns (e.g., Adiantum) or many bryophytes (e.g., mosses).

6. What type of meristem is responsible for secondary growth (increase in girth)?

Ans. Lateral meristems: Vascular Cambium and Cork Cambium (Phellogen).

7. Where would you typically find intercalary meristems?

Ans. At the base of grass leaves, at the nodes of grasses, or at the base of internodes (e.g., in

bamboo, wheat).

8. Name one key transcription factor gene involved in specifying shoot meristem identity.

Ans. *KNOTTED1-LIKE HOMEOBOX (KNOX)* genes (e.g., STM in Arabidopsis).

9. Define programmed cell death (PCD) in plants.

Ans. PCD is a genetically controlled, ordered process of cellular self-destruction that plays

crucial roles in plant development and defense.

10. What is the evolutionary significance of the transition from a single apical cell to a

multicellular meristem?

Ans. It represents an increase in complexity, allowing for more robust and diverse patterns of

growth and organogenesis, which was key to the adaptation of plants to terrestrial life.



Section B: Short Answer Type Questions

11. Differentiate between promeristem, primary meristem, and secondary meristem.

Ans. Promeristem is the region of initials and their immediate derivatives in the apical meristem
(RAM/SAM). Primary meristems (protoderm, ground meristem, procambium) arise from the
promeristem and give rise to primary tissues. Secondary meristems (vascular cambium, cork
cambium) arise from differentiated tissues (secondary origin) and produce secondary tissues
for increase in girth.

12. Describe the tunica-corpus organization of the Shoot Apical Meristem (SAM).

Ans. The SAM in angiosperms is organized into two zones: the tunica (outer one or more
layers) where cells divide anticlinally (perpendicular to surface), maintaining a stratified
structure, and the corpus (inner mass) where cells divide in all planes, adding bulk. This
organization is crucial for surface growth and layered tissue formation.

13. Explain the role of the WUSCHEL (WUS)-CLAVATA (CLV) feedback loop in SAM

maintenance.

Ans. WUS (expressed in the organizing center, OC) is a homeodomain transcription factor that
moves to the Central Zone (CZ) and promotes stem cell identity. Stem cells express CLV3, a
secreted peptide. CLV3 binds to receptors (CLV1/CLV2), activating a signal that represses
WUS expression in the OC. This negative feedback loop maintains a stable population of stem
cells.

14. What are the evolutionary tendencies observed in the structure of Root Apical Meristems

(RAM) from lower to higher plants?

Ans. Evolution progresses from a simple single apical cell (in bryophytes, pteridophytes) to a
multicellular meristem with discrete initials (in gymnosperms and angiosperms). Within
angiosperms, organization shifts from an open type (with no clear boundaries between tissue
regions) to a closed type (with distinct, separate initials for each tissue, e.g., in Arabidopsis).

15. List three developmental processes in plants that involve Programmed Cell Death (PCD).

Ans. 1) Xylogenesis: Death of tracheary elements to form hollow water-conducting vessels. 2)
Aerenchyma formation: Death of cortical cells to create air spaces. 3) Leaf senescence and
abscission: Death of cells in leaves and abscission zones. 4) Endosperm degradation during
seed germination.

16. How does the concept of initials and derivatives apply to the closed type of RAM?

Ans. In a closed RAM (e.g., Arabidopsis), specific groups of initial cells are set aside for each
tissue lineage. The quiescent centre (QC) is surrounded by initials for the root cap (columella),
epidermis/lateral root cap, cortex/endodermis, and vascular tissues. These initials divide to
produce derivatives, which then undergo further division and differentiation to form the specific
tissues, maintaining a precise and stable cellular pattern.

17. What is the function of the vascular cambium? How does it differ from the cork

cambium?

Ans. Vascular cambium is a lateral meristem that produces secondary xylem (wood) inward
and secondary phloem outward, responsible for secondary growth in thickness. Cork cambium
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(phellogen) is a lateral meristem that produces cork (phellem) outward and phelloderm inward,
forming the protective periderm that replaces the epidermis in older stems and roots.

18. Describe the molecular mechanism of PCD during tracheary element differentiation.

Ans. During xylogenesis, the cell triggers an autolysis program. Key events include: 1)
Synthesis of hydrolytic enzymes (cellulases, nucleases, proteases) and their storage in the
vacuole. 2) Vacuolar rupture, releasing these enzymes into the cytoplasm. 3) Digestion of
cellular contents (organelles, nucleus). 4) Cell wall modification (lignification, perforation)
occurs before or during this process, leaving behind an empty, rigid cell wall suited for water
transport.

19. Compare the hormonal regulation of RAM and SAM activity.

Ans. SAM: Maintained by a balance of cytokinin (promotes stem cell identity, acts in the CZ)
and auxin (promotes organogenesis, acts in the peripheral zone). RAM: Primarily regulated by
auxin (maximum at QC, organizes the meristem, promotes root growth) with cytokinin acting as
an antagonist to auxin, restricting meristem size. Both require interaction of multiple hormones
(e.g., gibberellins, brassinosteroids).

20. What is the significance of intercalary meristems in monocots, especially grasses?

Ans. Intercalary meristems allow for rapid longitudinal growth and regrowth after grazing or
mowing. Because they are located at the base of leaves or internodes, even if the leaf tip is
removed, the meristem remains intact and can continue to produce new tissue. This is a key
adaptation for survival in grasslands.

Section C: Long Answer Type Questions

21. Compare and contrast the organization and function of the Shoot Apical Meristem (SAM)

and Root Apical Meristem (RAM) in a typical angiosperm at the anatomical and molecular

level.

Ans.

Aspect Shoot Apical Meristem (SAM) Root Apical Meristem (RAM)

Location Tip of the stem and its branches. Tip of the root, protected by the root
cap.

Primary
Function

Produces primary shoot tissue and
initiates lateral organs (leaves,

branches, flowers).

Produces primary root tissues and
the root cap; responsible for root

elongation.

Anatomical
Organization

Dome-shaped. Organized
into zones:
1. Central Zone (CZ): Stem cell
reservoir.
2. Peripheral Zone (PZ): Site of
organ initiation.
3. Rib Zone (RZ): Produces internal
tissues.
Layers: Tunica (L1, L2)

and Corpus (L3).

Elongated. Organized into:
1. Quiescent Centre
(QC): Organizing center.
2. Initials/Stem cells: Surround QC,
give rise to specific lineages.
3. Proximal Meristem: Region of
active division.
Tissues arranged in concentric

cylinders.
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Protective
Structure

Protected by leaf primordia (young

leaves).
Protected by the root cap (calyptra),
which is constantly renewed from the

root cap initials.

Organogenesis Exogenous – Lateral organs (leaf,

bud) arise from surface layers.
Endogenous – Lateral roots arise
from the pericycle, deep within the

root.

Key Molecular
Regulators

Stem Cell
Maintenance: WUS-CLV feedback
loop (WUS from OC promotes stem
cells; CLV3 from stem cells
represses WUS).
Organ Patterning: KNOX genes
(e.g., STM) maintain meristem
indeterminacy; ARP genes promote

determinacy.

Stem Cell Niche: PLETHORA
(PLT) genes (gradient from QC)
specify stem cell
identity. SHORT-ROOT
(SHR) and SCARECROW
(SCR) specify cortex/endodermis.
QC Identity: WOX5 (homolog of

WUS) maintains QC and stem cells.

Dominant
Hormone

Cytokinin promotes stem cell activity
in CZ. Auxin peaks in PZ to initiate

organ primordia.

Auxin maximum at QC organizes the
meristem. Cytokinin antagonizes

auxin, limiting meristem size.

Cell Division
Patterns

In tunica: Anticlinal (maintains

layers). In corpus: Multidirectional.
Highly ordered,
mostly anticlinal and periclinal, giving

rise to precise cell files.

Evolutionary
Tendency

From a single apical cell (ferns)
to multicellular meristem with
tunica-corpus (angiosperms).

Increased complexity in zonation.

From a single apical cell to
a multicellular meristem with a
prominent QC. Evolution of
a closed meristem with discrete

initials.

Conclusion

While both SAM and RAM are primary meristems with stem cell niches, they are fundamentally
different in structure and function, reflecting their distinct roles in generating the shoot and root
systems. The SAM is adapted for producing lateral organs on its flanks, while the RAM is built
for linear growth and soil penetration. These differences are encoded at the molecular level by

distinct, though sometimes homologous, gene regulatory networks.

22. Trace the evolutionary trends in apical meristem organization from bryophytes to

angiosperms. Discuss the changes in structure and their adaptive significance.

Ans. The evolution of apical meristems reflects a journey towards increased complexity,
indeterminacy, and adaptability, crucial for plant colonization of land.

1. Bryophytes (e.g., Mosses):

l Structure: Possess a single, wedge-shaped apical cell (tetrahedral in shape). This cell

divides in a precise, sequential pattern to produce all tissues of the gametophyte.

l Significance: Simple and efficient for small, thalloid or leafy gametophytes. Growth is

determinate or limited. The sporophyte often has a similar single apical cell but is parasitic

on the gametophyte.
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2. Pteridophytes (Ferns & Allies):

l Structure: The sporophyte generation is dominant. It possesses a single, large apical cell

(often pyramidal) in both shoot and root apices. This cell divides to form derivatives that

then undergo further divisions.

l Significance: Allows for larger, more complex sporophytes with true vascular tissues.

However, growth is often still determinate (e.g., leaves as megaphylls with limited growth).

The single apical cell is a bottleneck for growth rate and complexity.

3. Gymnosperms (e.g., Conifers):

l Structure: Transition to a multicellular meristem. The SAM loses the single apical cell and

becomes a zone of dividing cells. The RAM also becomes multicellular, often with a

pronounced quiescent centre.

l Significance: Multicellularity allows for faster growth rates and greater size (trees). It

introduces indeterminate growth potential-the meristem can function indefinitely. This was

key for competing for light in forest canopies.

4. Angiosperms (Flowering Plants):

l Structure: Highest degree of organization.

– SAM: Well-defined tunica-corpus organization and zonation (CZ, PZ, RZ). This allows

for simultaneous surface growth (tunica) and bulk addition (corpus), and precise

positioning of lateral organs (phyllotaxy).

– RAM: Distinct closed type (e.g., in Arabidopsis) with a clear QC and separate initials for

each tissue layer, or open type.

l Significance:

– Increased Developmental Plasticity: The multicellular, zoned meristem can respond

to environmental and hormonal signals more dynamically.

– Complex Organogenesis: Enables the formation of complex flowers and diverse leaf

shapes.

– Robust Stem Cell Niches: Feedback loops (like WUS-CLV) provide stability and

resilience to damage.

– Adaptive Radiation: This sophisticated meristem organization is considered a major

innovation that contributed to the explosive diversification and dominance of

angiosperms.

Evolutionary Drivers:

l Transition to Land: Required structures for water/mineral uptake (roots) and

photosynthesis (shoots) with sustained growth.

l Competition for Light: Favored taller plants with indeterminate growth.

l Reproductive Success: Favored plants that could produce numerous, complex

reproductive structures (flowers).

Conclusion: The evolution from a single apical cell to a complex multicellular meristem
represents a shift from simple, determinate patterning to a flexible, self-regulating, and
indeterminate growth system. This innovation provided the architectural foundation for the
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development of complex plant bodies and was instrumental in the success of vascular plants,
especially angiosperms, in terrestrial ecosystems.

23. Explain the molecular mechanisms of programmed cell death (PCD) in plants. Discuss

its role in two specific developmental contexts: (a) Xylogenesis and (b) Leaf Senescence.

Ans. Plant PCD is a genetically controlled process involving a cascade of events leading to the
systematic dismantling of the cell.

General Molecular Mechanisms of PCD:

1. Initiation/Signaling: Triggered by developmental cues (hormones, transcription factors) or

stress. Key regulators include metacaspases (cysteine proteases homologous to animal

caspases), VPEs (vacuolar processing enzymes), and mitochondrial proteins.

2. Execution Phase:

– Vacuolar Collapse: A hallmark of many plant PCD processes. The tonoplast (vacuolar

membrane) becomes permeable or ruptures, releasing hydrolytic enzymes (proteases,

nucleases, ribonucleases) into the cytoplasm.

– Organelle Degradation: Chloroplasts and mitochondria disintegrate. Nuclear DNA is

cleaved into fragments (DNA laddering).

– Cell Wall Modification: Often occurs concurrently or beforehand, involving lignification

(xylem) or digestion (abscission).

3. Clean-up: Remaining cellular debris may be digested by adjacent cells or enzymes.

(a) PCD in Xylogenesis (Tracheary Element Formation):

l Trigger: Developmental signals (e.g., auxin, brassinosteroids) induce procambial cells to

differentiate into tracheary elements (TEs).

l Mechanism:

1. Cell Wall Synthesis: The cell first deposits a patterned secondary cell wall (rings,

spirals) rich in lignin.

2. Autolysis Preparation: Simultaneously, the cell synthesizes hydrolytic enzymes and

stores them in the vacuole.

3. Vacuolar Rupture: Triggered by an unknown signal, the tonoplast ruptures.

4. Cellular Digestion: Released enzymes degrade all cytoplasmic contents, including

the nucleus and organelles.

5. End Result: An empty, dead cell (apoplast) with a lignified, perforated wall, forming a

continuous tube for efficient water transport.

(b) PCD in Leaf Senescence:

l Trigger: Age, hormonal shifts (increase in ethylene, abscisic acid; decrease in cytokinin,

auxin), environmental cues (day length, stress).

l Mechanism: This is a slower, ordered dismantling rather than rapid autolysis.

1. Chloroplast Degradation (First Target): Chlorophyll is broken down (causing color

change), and proteins are hydrolyzed. Nutrients (N, P) are recycled and transported to

developing seeds or storage organs. This is a key nutrient salvage process.
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2. Vacuolar Involvement: The vacuole may gradually shrink and contribute hydrolases,

but not necessarily catastrophic rupture.

3. Nuclear Integrity: The nucleus often remains intact until late stages.

4. Final Steps: Eventually, other organelles break down, membrane integrity is lost, and

the cell dies.

5. Abscission: Prior to complete death of leaf cells, an abscission zone at the leaf base

undergoes PCD to sever the leaf from the plant.

Comparison: Xylogenesis PCD is rapid, constructive, and leaves a functional corpse. Leaf
senescence PCD is slow, catabolic, and focused on recycling. Both are essential
developmental programs: one for infrastructure (transport), the other for resource optimization
and life cycle completion.

24. Describe the role of lateral meristems (vascular cambium and cork cambium) in

secondary growth of dicot stems. Explain how their activity leads to the formation of

secondary tissues and the characteristic structure of an old tree trunk.

Ans. Secondary growth, responsible for increase in girth, is orchestrated by two lateral
meristems: the vascular cambium and the cork cambium.

1. Vascular Cambium:

l Origin: It arises from fascicular cambium (within vascular bundles) and interfascicular

cambium (formed from parenchyma cells between bundles), which join to form a

continuous cylindrical ring.

l Structure: Composed of two types of initials: Fusiform initials (elongated, give rise to axial

system: tracheids, vessels, fibers, sieve tubes, companion cells) and Ray initials

(isodiametric, give rise to radial system: parenchymatous rays).

l Activity: The cambium is a unilayered meristematic cell layer. Its cells divide periclinally

(parallel to surface).

– Cells produced inward differentiate into secondary xylem (wood).

– Cells produced outward differentiate into secondary phloem (inner bark).

l Differential Production: Typically, more secondary xylem is produced than phloem, so

the wood constitutes the bulk of the trunk.

2. Cork Cambium (Phellogen):

l Origin: As the stem expands, the outer cortex or epidermis becomes stretched and

damaged. In response, a new meristem, the cork cambium, arises in the outer cortex (or

sometimes epidermis or phloem).

l Activity: The phellogen also divides periclinally.

– Cells produced outward become cork (phellem). These cells are dead at maturity, with

suberin-impregnated walls, providing waterproofing and protection.

– Cells produced inward become phelloderm, a thin layer of living parenchyma (not

always produced).

l The periderm (phellogen + phellem + phelloderm) replaces the epidermis as the protective

dermal tissue.
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Formation of an Old Tree Trunk:

The coordinated activity of these meristems over years creates the classic structure:

1. Central Pith: Remnant of primary tissue.

2. Primary Xylem: Surrounding the pith.

3. Secondary Xylem (Wood): Forms the bulk of the trunk. It shows annual rings due to

seasonal variation in cambial activity (large, thin-walled spring wood and small, thick-walled

summer wood). The inner, non-functional wood becomes heartwood (dark, filled with

resins/tannins). The outer, functional wood is sapwood.

4. Vascular Cambium: A thin, continuous ring between xylem and phloem.

5. Secondary Phloem: Lies outside the cambium. Only the innermost, current year's phloem

is functional in transport. Older phloem gets crushed.

6. Primary Cortex: Gets stretched and lost.

7. Periderm: The outer bark. The first-formed cork cambium is eventually lost as the trunk

expands. New, deeper cork cambia arise sequentially in the secondary phloem, producing

multiple layers of cork. The dead tissues outside the innermost cork cambium constitute the

outer bark or rhytidome, which includes alternating layers of cork and crushed phloem.

Conclusion: The vascular cambium adds strength and conduction capacity (wood), while the
cork cambium adds a renewing protective layer. Their persistent, seasonal activity results in the
massive, long-lived, and structurally complex tree trunks characteristic of temperate and
tropical forests, showcasing one of the most remarkable feats of plant development.

25. Discuss the concept of stem cell niches in plants, focusing on the SAM and RAM. How

are these niches established and maintained at the molecular level? What are the

implications of this knowledge for plant biotechnology?

Ans. Concept of Stem Cell Niches: A stem cell niche is a specialized microenvironment that
houses and maintains stem cells, preventing their differentiation and regulating their division. In
plants, the primary niches are located in the SAM and RAM.

1. The Shoot Apical Meristem (SAM) Niche:

l Location: The Central Zone (CZ) acts as the stem cell reservoir. Beneath it lies the

Organizing Center (OC).

l Molecular Maintenance (The WUS-CLV Loop):

– Establishment: During embryogenesis, genes like STM and CUC establish the SAM.

WUSCHEL (WUS) expression is initiated in the OC.

– Maintenance: WUS encodes a homeodomain transcription factor that moves to the CZ

and promotes stem cell identity. Stem cells express CLAVATA3 (CLV3), a small

secreted peptide. CLV3 binds to the receptor complex (CLV1/CLV2) in underlying cells,

activating a signal transduction pathway that represses WUS expression in the OC.

This dynamic negative feedback loop maintains a stable equilibrium between stem cell

proliferation and differentiation.

2. The Root Apical Meristem (RAM) Niche:

l Location: The Quiescent Centre (QC) and the surrounding initial cells.

l Molecular Maintenance:
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– Establishment: During embryogenesis, auxin maxima and genes like MONOPTEROS

help establish the root pole. PLETHORA (PLT) genes are key determinants.

– Maintenance: A gradient of PLT proteins (highest at the QC) specifies stem cell identity

and position. The QC expresses WOX5 (a WUS homolog), which maintains the

stemness of surrounding initials and its own quiescence. Hormonal gradients are

crucial: an auxin maximum at the QC (maintained by PIN transporters) promotes stem

cell activity, while cytokinin (synthesized in the vascular cylinder) antagonizes auxin and

promotes differentiation in the transition zone.

Implications for Plant Biotechnology:

Understanding stem cell niches has profound biotechnological applications:

1. Improved Regeneration and Micropropagation: Manipulating key genes (WUS, PLT,

BBM) can dramatically enhance the ability of plant cells to form new meristems (somatic

embryogenesis, organogenesis). E.g., overexpression of WUS or BBM can induce stem

cells in somatic tissues.

2. Synthetic Meristems & De Novo Organogenesis: Knowledge allows scientists to design

synthetic genetic circuits to create meristems in non-meristematic tissues, potentially

enabling the growth of entire plants from single cells in culture more efficiently.

3. Enhanced Crop Traits: Meristem size and activity directly influence plant architecture

(branching, tillering), leaf number, and root system size-key determinants of yield.

Modifying niche regulators can lead to crops with optimized architecture for higher density

planting or better nutrient uptake.

4. Perennialism and Lifespan Extension: Meristem indeterminacy is linked to perennial

growth. Understanding senescence signals in the niche could help develop longer-lived

crops or trees.

5. Root Engineering: Manipulating the RAM niche can lead to crops with deeper, more

extensive, or drought-resistant root systems.

6. Gene Editing Delivery: The meristem's regenerative capacity makes it a prime target for

delivering CRISPR-Cas9 components to generate heritable, non-chimeric mutations.

Conclusion: The plant stem cell niche is a masterpiece of regulatory biology, maintained by
intricate feedback loops between transcription factors, peptide signals, and hormones.
Deciphering this code not only satisfies fundamental curiosity but also provides powerful tools to
reshape plant growth and development, offering innovative solutions for sustainable agriculture
and biomass production.
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