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1. INTRODUCTION

❑Taxonomy is the science concerned with identification, nomenclature, and classification 
of organisms.

❑Plant taxonomy is essential for understanding biodiversity and evolutionary 
relationships.

❑Traditional taxonomy mainly relied on morphological and anatomical characters.
❑Advances in molecular biology have transformed taxonomy into an interdisciplinary 

science.
❑The integration of classical and molecular approaches is called advanced experimental 

taxonomy.
❑Experimental taxonomy uses controlled experiments and analytical techniques for 

classification.
❑Cytological, biochemical, and molecular data help resolve complex taxonomic problems.
❑This approach is important in groups showing hybridization and phenotypic plasticity.
❑DNA sequencing and molecular phylogenetics have revolutionized modern taxonomy.
❑Experimental taxonomy has become predictive, analytical, and integrative.
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2. Principles and Practices of Plant Taxonomy

❑Plant taxonomy deals with identification, naming, and classification of 
plants.

❑It organizes plant diversity into natural hierarchical groups.

❑Taxonomy follows the International Code of Nomenclature rules.

❑Morphological characters are traditionally used for identification.

❑Herbarium specimens are important reference materials.

❑Identification keys help distinguish taxa using diagnostic characters.

❑Taxonomy integrates field observations with laboratory studies.

❑Classification systems aim to reflect evolutionary relationships.

❑Modern taxonomy combines classical and molecular approaches.

❑Accurate taxonomy supports biodiversity research and conservation.
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3. Classical Plant Taxonomy
3.1 Concept and Scope

❑Classical taxonomy is based mainly on observable morphological 
characters.

❑Characters include leaves, flowers, fruits, seeds, and anatomy.

❑Early taxonomists such as Linnaeus established foundational systems.

❑Field observations and herbarium studies are essential methods.

❑Dichotomous keys are widely used for plant identification.

❑Classical taxonomy is simple and cost-effective.

❑It is widely applied in floristic and biodiversity studies.

❑Morphological characters are accessible under field conditions.

❑It provides the base for modern systematics.

❑Classical taxonomy remains essential for practical identification.
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3.2 Limitations of Classical Taxonomy

❑Morphological characters can be influenced by environmental conditions.

❑Phenotypic plasticity may lead to misidentification.

❑Convergent evolution may create misleading similarities.

❑Closely related species may appear morphologically similar.

❑Hybridization complicates species delimitation.

❑Polyploidy causes classification challenges.

❑Cryptic species remain hidden under morphological approaches.

❑Asexual reproduction reduces diagnostic variability.

❑Artificial groupings may arise from limited data.

❑Molecular approaches are required to overcome these limitations.
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4. Taxonomic Circumscription and Need of Taxonomic Evidences

❑Taxonomic circumscription defines 
boundaries of taxa.

❑Species delimitation requires careful 
evaluation of variation.

❑Single-character classification often 
causes errors.

❑Multiple evidences improve 
taxonomic accuracy.

❑Morphological similarity does not 
always indicate relatedness.

❑Genetic data clarify taxonomic 
boundaries.

❑Circumscription depends on species 
concepts.

❑Taxonomic evidences provide 
objective classification.

❑Integrative taxonomy combines 
multiple data sources.

❑Proper circumscription ensures 
classification stability.
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TAXONOMIC HIERARCHY
• Carrolus Linnaeus first adopted the hierarchic                                                            

system of taxonomy classification in 1753. 
• The succession groups are as follow:
• Species:  Organisms sharing a set of biological                                                       traits 

and reproducing only their exact kind.
• The lowest major group, representing plants and                                           animals 

referred to as Species.
• Species is the fundamental unit in taxonomy
• Genus: Genus are the closely related species
• Family : Family is the closely related genera
• Order :  Order is the closely related families
• Class : Class are the closely related order
• Division / Phylum: Division or Phylum is the related classes
• Kingdom: Kingdom is the related Division / Phylum 

Objective / Goals / Aims of Plant Taxonomy
❑ To provide an inventory of plant taxa for local, regional or 

continental needs.
❑ To establish suitable method for identification, nomenclature 

and description of plant taxa.
❑ Classification of organism into classes, Order, Families,  Genera, 

and species
❑ To provide significantly valuable information concerning wild 

and medicinal species, endangered species, unique plants, 
genetic and ecological diversity

Scope of Taxonomy
❖ Taxonomy is one of the oldest sciences. 
❖ It provides thorough knowledge of living species and their 

various forms. 
❖ All the branches of biology are dependent on taxonomy for 

proper identification the species. 
❖ It has been proceeded further incorporating data from 

phytochemistry, cyto-genetics supported by proper 
computation.

Basic components (Principles) of Plant Taxonomy / Plant Systematics 
▪ Plant collection, Preservation and Documentation
▪ Plant Structure (Taxonomic Terminology, Taxonomic description of external 

and internal morphology )
▪ Taxonomic Identification 
▪ Scientific Nomenclature / Botanical nomenclate : Nomenclature deals with 

the application of a correct name to a plant or a taxonomic group. Scientific 
names are necessary because the same common name is used for different 
plants in different areas of the world.

▪ Taxonomic Classification (History and Systems of Plant Classification)
▪ Taxonomic evidences / Source of data (Morphology, Anatomy, Embryology, 

palynology, Micromorphology, Chemistry, DNA etc.) in plant taxonomy

Division

Kingdom: Plantae
Class: Angiosperms
Order: Arecales
Family: Arecaceae
Genus: Phoenix
Species: P. dactylifera

Professor (Dr) Mohammad Ajmal Ali
Department of Botany and Microbiology
College of Science, King Saud University
Bld # 5, Room No, 2A / 71, Post Box- 2455
Riyadh-11451, Kingdom of Saudi Arabia



Types of Taxonomy / Taxonomic Studies / Plant Taxonomic Classification

Alpha (α) Taxonomy / classical taxonomy:- It involves description and naming of 
organisms. It is the parent of other types of taxonomy.

Omega (Ω) Taxonomy: - It is the modern experimental taxonomy in which the 
taxonomic activities have been enriched with data from ecology, phyto-chemistry, 
phyto-geography, cyto-genetics and physiology coupled with adequate computation.

Herbarium: Plant collecting, Preservation and Documentation
• To make a herbarium specimen, the plant is collected, and notes are made 

about it. The plant is then pressed until dry between blotters that absorb 
moisture and mounted onto a herbarium sheet with a suitable label, and stored 
in steel cabinet arranged into some system of classification.

• Herbarium techniques involve : (i) Collection, (ii) Drying, (iii) Poisoning, (iv) 
Mounting, (v) Stitching, (vi) Labelling, and (vii) Deposition.

• Flora = it is the documentation of plants occurring in a particular region.
• The FLORA is the main Resources of Taxonomic Information 
• A HERBARIUM is a collection of dried plants systematically named and arranged 

for ready reference and study. 

Phoenix dactylifera Linnaeus, Sp. Pl. 2: 1188. 1753.
Stems solitary or clustered and then with few 

shoots, to 30 m tall, to 50 cm in diam., rough with 
persistent, diamond-shaped leaf bases. Leaves 3-5 
m; sheath and petiole to 1 m; rachis 1-2 m; 
acanthophylls many per side of rachis; pinnae to 
200 per side of rachis, linear, irregularly arranged 
and spreading in different planes; middle pinnae to 
40 × 2 cm. Male inflorescences erect, to 1 m, with 
many rachillae, these ca. 30 cm; female 
inflorescences erect, becoming pendulous, to 2 m, 
with to 150 rachillae, these to 40 cm. Fruits variable 
in shape, usually oblong, to 7 × 3 cm, brown or 
black; endosperm homogeneous.



❖ The APG system of flowering plant classification is the modern, 
mostly molecular-based, system of plant taxonomy for flowering 
plants (angiosperms) being developed by the Angiosperm 
Phylogeny Group (APG). 

❖ Bentham and Hooker, two English botanists, 
represented the most well developed natural 
system of plant classification. The 
classification was published in a three-volume 
work Genera plantarum (1862-83).

Bentham and Hooker System of Plant Classification

❖ Hooker  supervised the publication of Index Kewensis (2 volumes, 
1893), listing the names of all known species and their synonyms.

❖ Many important herbaria of the world have specimens arranged 
according to Bentham and Hooker system of plant classification.

❖ Bentham and Hooker recognized three class:

Class Dicotyledones: 
Subclass POLYPETALE with three series Series 1. THALAMIFLORÆ, 
Series 2. DISCIFLORÆ, Series 3. CALYCIFLORÆ; 
Subclass DICOTYLEDONES (GAMOPETALÆ) with three series that is 
Series 1. INFERÆ, Series 2. HETEROMERÆ, Series 3. BICARPELLATÆ, 
and 
Subclass DICOTYLEDONES MONOCHLAMIDEÆ. 

Class Gymnospermeæ (Gymnosperms are placed between 

Dicotyledons and Monocotyledons)

Class Monocotyledones

❖ Angiosperm Phylogeny Group (APG)

❖ The APG was first published in 2008. 
❖ Currently the APG IV system recognizes a total of 64 angiosperm orders and 416 families. 

❖ The families in APG classification have been  grouped into 40 putative monophyletic orders under a small number of informal 
monophyletic higher groups: monocots, commelinoids, eudicots, core eudicots, rosids, eurosids I, eurosids II, asterids, euasterids I and 
euasterids II



SCIENTIFIC NOMENCLATURE / BOTANICAL NOMENCLATE : 
Nomenclature deals with the application of a correct name to a plant 
or a taxonomic group. 
❖ We have millions of species distributed in different geographical 

regions of the world.
❖ The Scientific names (Botanical name and Zoological name)of 

the living organism (Plants and Animals) are necessary because 
the same common name is used for different plants / Animals in 
different areas of the world.

• Swedish Botanist Carolus Linnaeus introduced Binomial 
Nomenclature. 

• The Binomial nomenclature uses two Latin words to indicate the 
genus and the species. The first word is the genus and the second 
word is the species. Example- the botanical name of Dates is 
Phoenix dactylifera

Species Concept
o Species is the basic unit of classification
o Plants in the same species consistently produce plants of the same types
o The name of the plants must should be written in italics. For example Phoenix 

dactylifera

❖ Binomial Nomenclature and Carolus Linneaus System of Plant Classification
❖ Taxonomic Systems of Classification: Ideally our systems of classification should allow us to place 

similar species of plants together in the same category.

❖ There are two types of Classification Schemes:

❑ Artificial taxonomy was a system of grouping unrelated plant species by a common criteria (i.e. a 
flowers sexual organs)

❑ Natural classification reflects relationships among taxon 

➢ Carolus Linneaus was a Swedish botanist.

➢ Carolus Linneaus traveled to Lapland (Blue Lake, CA) and collected large number of plants. 

➢ Carolus Linneaus introduced Binomial Nomenclature.

Binomial nomenclature =  Uses two Latin words to indicate the genus and the species. The first word is the 
genus and the second word is the species. Example- the botanical name of dates is Phoenix dactylifera

➢ Carolus Linneaus published the book ‘Species Plantarum’ in 1753.

➢ Carolus Linneaus classified the plants based on the plant’s method of reproduction and structure of 
reproductive parts. 

➢ Produced his sexual system of classification (Artificial classification)

➢ Carolus Linneaus divided plants into 24 classes. The Classes in the Linneaus is based largely on the 
amount, union and length of stamens
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Names of Taxa

❖ Generic Name: The Generic name is usually a noun and singular, which is spelled or 
written with a capital letter.

❖ Specific Epithet: The specific epithet is often an adjective and it is written with a 
small initial letter. 

❖ In the hand written manner, both the generic names and specific epithet should be 
underlined, while if printed it should be in italics.

Synonyms  and related terminology
❑ Synonyms:  A name rejected due to misuse or difference in taxonomic judgement.
❑ Basionym: 
➢ The basionym is the first name ever given to a taxon. Further studies and revisions 

may reject the basionym as the most correct one, but it still is useful as a 
nomenclatural reference for that species.

➢ Also, according to the priority rules of the ICBN, after a taxonomic revision that 
results in a species being reclassified in another genus, the specific epithet must 
remain the same as the one in the Basionym.

➢ A short example: Linnaeus classified the Tea Plant as Thea sinensis. Some decades 
later, Sweet noticed that the genus Thea was not really different from the genus 
Camellia, and renamed all the Theas as Camellias. Thea sinensis became Camellia 
sinensis, because he had to keep the specific epithet the same as the original name 
(Basionym) for that species, given by Linnaeus.

❑ Homonym: A case in which two or more identical names are baed on different type , 
of which only one can be a legitimate name , is called as homonym.

❑ Tautonym: A case in which name of genus and the name of the species is the same.

Typification: Type Specimen is the one 
representative of the taxon.
❖ Holotype: A specimen designated 

by the author in the original 
publication (nomenclatural type).

❖ Isotype: A duplicate specimen of 
the holotype collected at the same 
time and place (may be in other 
herbarium).

❖ Lectotype: A specimen chosen 
from the author’s original material 
when no holotype has been 
designated.

❖ Neotype: A specimen selected 
when all original specimens have 
been destroyed

International Code of Botanical Nomenclature (ICBN)
The current activity of botanical nomenclature is governed by the International Code of 
Botanical Nomenclature (ICBN) published by the International Association of Plant 
Taxonomy (IAPT).
The Code is divided into 3 divisions:
I. Principles
II. Rules and recommendations
III. Provisions for the governance of the Code 
Principles of ICBN
❑ Botanical Nomenclature is independent of Zoological Nomenclature. The Code applies 

equally to the names of taxonomic groups treated as plants whether or not these 
groups were originally so treated.

❑ The application of names of taxonomic groups is determined by means of 
nomenclatural types / TYPIFICATION.

❑ Nomenclature of a taxonomic group is based upon Priority Of Publication.
❑ Each taxonomic group with a particular circumscription, position and rank can bear 

Only One Correct Name, the earliest that is in accordance with the rules.
❑ Scientific names of taxonomic groups are treated as LATIN, regardless of derivation.
❑ The rules of nomenclature are Retroactive (Date), unless expressly limited. 
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Author Citation, Effective Publication  and Principle of Priority

Author Citation
▪ For a name to be complete, it should be accompanied by the name of the 

author or authors who first published the name validly. The names of the 
authors are commonly abbreviated, Example L. for Carolus Linnaeus

▪ Aizoon canariense L.
▪ Tribulus macropterus var. arabicus (Hosni) Al-Hemaid & J. Thomas

Basic structure of a taxonomic Research papers / Recent publication of a new species in taxonomic journal
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Rank indicated

Effective publication 
in the journal, 
available to Botanist

Type Specimen indicated  

Taxonomic 
Description

Specimens 
examined

Botanical name in Latin

Date of valid publication 
(principles of priority): If 
the same species will be 
published by some one 
else after this date then 
the publication will be not 
valid. (/Principles of 
Priority). 

Abstract / Summary / 
Synopsis.

Previously it was 
required to write in 
Latin.



18

Line 
drawing

Taxonomic Key for 
Identification

Taxonomic Key:  An identification device, consisting of contrasting 
statements used to narrow down the identity of a taxon
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PALM

DATES 

MINT 
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EVOLUTION 



21

Angiosperm 
Phylogeny Group 
(APG)
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Morphological variation in 
Withania somnifera
(Solanaceae)

From Abha, Saudi Arabia 

From Riyadh, Saudi Arabia 
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Morphological variation in Panax 
ginseng (Araliaceae) and 
Nomenclature 
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• Taxonomic problems arise due to phenotypic 
plasticity, where the same species shows 
different forms under different 
environmental conditions.

• Hybridization between closely related 
species produces intermediate forms that 
blur species boundaries.

• Polyploidy and chromosomal variation 
create multiple cytotypes within a species 
complex.

• Incomplete or overlapping morphological 
characters make it difficult to delimit species 
accurately.

• Wide geographical distribution leads to 
continuous variation and formation of 
ecotypes or races.

Taxonomic problems
Why is experimental taxonomy needed?

• Nomenclatural issues arise due to multiple names 
(synonyms) being assigned to the same taxon by 
different taxonomists.

• Changes in taxonomic concepts often require 
frequent name revisions, causing inconsistency in 
literature.

• Non-compliance with the International Code of 
Nomenclature (ICN) results in invalid or 
illegitimate names.

• Artificial and outdated classification systems fail 
to reflect true evolutionary relationships.

• Integration of new molecular data often leads to 
reclassification of taxa, disrupting traditional 
groupings.

• Disagreement among taxonomists on species 
limits leads to multiple competing classifications.

• Lack of universal acceptance of new 
classifications creates instability in plant 
nomenclature and taxonomy.
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Types of Taxonomy / Taxonomic Studies / Plant Taxonomic Classification

From the various stages of classification, 
the types of taxonomy are defined: -

❖ Alpha (α) Taxonomy / classical 
taxonomy:-

It involves description and naming of 
organisms. It is the parent of other types 
of taxonomy.

❖ Beta (β) Taxonomy: -
In addition to morphological description, 
it also involves consideration of affinities 
and their inter-relationship between 
separate group of species.

❖ Gama (ɣ) Taxonomy: -
It is concerned with description, inter-
relationship and evolution of one species 
from the other.

❖ Omega (Ω) Taxonomy: -
It is the modern experimental taxonomy 
in which the taxonomic activities have 
been enriched with data from ecology, 
phyto-chemistry, phyto-geography, cyto-
genetics and physiology coupled with 
adequate computation.
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❑ Experimental taxonomy applies scientific experiments to study plant variation.

❑ Controlled hybridization experiments test species relationships.

❑ Cytological analysis examines chromosome number and structure.

❑ Growth experiments evaluate environmental influence on morphology.

❑ Chemical analyses reveal biochemical differences among taxa.

❑ Experimental methods verify natural classification systems.

❑ Reproductive studies help determine species boundaries.

❑ Cultivation experiments distinguish genetic and environmental variation.

❑ Physiological experiments explain adaptive traits.

❑ Experimental taxonomy strengthens objective plant classification.

Experimental Methods in Taxonomy



Taxonomic Evidences 
Taxonomic evidence for the establishment of classifications and phylogenies 
is gathered from a variety of sources

Morphology to Molecules

Morphology Anatomy Pollen Chemistry Chromosomes
DNA / Molecular taxonomy

❑ Taxonomic evidence includes all data used for plant classification.
❑ Morphological characters provide primary identification features.
❑ Anatomical traits support taxonomic differentiation.
❑ Cytological evidence explains evolutionary relationships.
❑ Palynological characters assist species recognition.
❑ Embryological features provide stable classification criteria.
❑ Chemical constituents serve as taxonomic markers.
❑ Molecular data provide precise evolutionary information.
❑ Ecological distribution patterns support classification decisions.
❑ Integrative taxonomy combines multiple evidences for accuracy.



5. Taxonomic Evidences in Experimental Taxonomy

5.1 Structural Information (Morphological & Anatomical)

❑Structural information includes morphological and anatomical characters.

❑Morphological evidence remains the first step in taxonomy.

❑Experimental taxonomy applies quantitative analysis of characters.

❑Floral characters are important for higher-level classification.

❑Leaf and seed morphology aid species identification.

❑Microscopic traits improve identification precision.

❑Stomatal and trichome types are valuable markers.

❑Vascular and wood anatomy support family-level classification.

❑Embryological characters provide taxonomic evidence.

❑Structural evidence supports field-based identification.
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Morphological characters 
provide primary 
identification features.

Plant Structure as Evidence of Taxonomy

❑ External morphology provides fundamental taxonomic characters.
❑ Leaf shape and arrangement aid plant identification.
❑ Stem structure reflects evolutionary adaptation.
❑ Root systems provide ecological classification clues.
❑ Flower structure is highly significant in taxonomy.
❑ Inflorescence types assist family recognition.
❑ Fruit morphology supports species delimitation.
❑ Seed characteristics help distinguish taxa.
❑ Structural variations reveal evolutionary trends.
❑ Morphological characters remain essential in plant taxonomy.



Herbarium: Plant Collection, Preservation, and Documentation

• A HERBARIUM is a collection of dried plants systematically named and arranged for ready reference and study. 

• To make a herbarium specimen, the plant is collected, and notes are made about it. The plant is then pressed until 
dry between blotters that absorb moisture and mounted onto a herbarium sheet with a suitable label, and stored 
in steel cabinet arranged into some system of classification.

• Herbarium techniques involve : (i) Collection, (ii) Drying, (iii) Poisoning, (iv) Mounting, (v) Stitching, (vi) Labelling, 
and (vii) Deposition.

30
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A Typical Herbarium (KSU) in Saudi Arabia

The Herbarium at King Saud University

Ethical responsibility in handling 
plant materials and reporting 
experimental findings 

❖ Plant specimens must be 
collected responsibly with proper 
permits and minimal 
environmental disturbance.

❖ Endangered and protected 
species should not be harmed 
during taxonomic investigations.

❖ Laboratory handling of plant 
materials must follow safety and 
ethical guidelines.

❖ Experimental data should be 
recorded accurately without 
fabrication or manipulation.

❖ Research findings must be 
reported honestly with proper 
citation of sources and 
collaborators.
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Scanning Electron Microscopy (SEM)

MICOR-MORPHOLOGY AS A SOURCE 
OF TAXONOMIC EVIDENCE  

Systematic Significance of 
Micromorphological Characters in Plant 
Taxonomy

Micromorphological features of the leaf surface,
trichomes, and electron microscopy provide crucial
taxonomic insights at the family, genus, and species
levels.

1. Leaf Surface Micromorphology

Cuticular Patterns: Thickness, ornamentation, and
striations help distinguish taxa.
Epicuticular Wax: Crystals, plates, or rod-like structures
vary across species.
Stomatal Complex: Arrangement and type aid in family-
level classification.

2. Trichomes (Hair-Like Structures)

Types: Glandular (secreting oils, resins) vs. non-glandular
(unicellular, multicellular).
Distribution: Helps differentiate between closely related
species.
Function: Adaptations to environmental stress (drought,
herbivory, UV protection).

3. Electron Microscopy (Scanning & Transmission EM)

Ultrastructural Details: High-resolution imaging of cell
walls, stomata, and glandular structures.
Palynology (Pollen Morphology): Shape, exine sculpturing
used in classification.
Seed Coat Micromorphology: Unique textures help in
species identification.
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Systematic Significance of Seed Micromorphology & Electron
Microscopy in Plant Taxonomy

Seed micromorphology, especially observed through scanning electron
microscopy (SEM), provides valuable taxonomic and phylogenetic insights
at different classification levels.

1. Key Micromorphological Seed Characters

Seed Coat Texture: Smooth, reticulate, striate,
tuberculate (species-specific patterns).

Seed Shape & Size: Diagnostic at the genus or
species level.

Hilum & Raphe Features: Position and
structure help in taxonomic identification.

Epidermal Cell Structure: Unique cell wall
ornamentation used for classification.

2. Electron Microscopy (SEM) in Seed
Taxonomy

High-Resolution Surface Imaging:
Identifies fine sculptural details not visible
under light microscopy.

Pollen-Seeds Correlation: Helps in linking
reproductive traits to taxonomic groups.

Comparative Studies: Differentiates
closely related species or cultivars based
on seed coat ultrastructure.
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Trichomes morphology in Cucurbitaceae: (A) Melothria maderspatana ·300, (B) Sechium edulae, (C)
Thladiantha cordifolia ·300, (D) Trichosanthes cucumerina ·300, (E) T. cucumerina var. anguina ·300,
(F) T. dioica ·300, (G) T. lepiniana ·300, and (H) T. tricuspidata ·300.

▪ Trichomes meaning "hair", are fine outgrowths or
appendages on plants.

▪ Ali and Al-Hemaid (2011) studies trichomes of 23
species of the member of the family Cucurbitaceae
using Electron Microscope in order to find the
systematic significance of micromorphological
characters of trichomes
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Scanning electron micrograph of the seed surface in Cucurbitaceae: 1. Benincasa hispida ×400 (rugulate); 2. Citrullus
colocynthis ×400 (reticulate); 3. Cucumis melo var. agrestis ×400 (reticulate); 4. Diplocyclos palmatus ×1000
(reticulate); 5. Gynostemma laxiflorum ×600 (colliculate); 6. Hemsleya longivillosa ×400 (reticulate); 7. Luffa echinata
×1000 (reticulate); 8. Momordica charantia ×700 (reticulate); 9. Momordica cymbalaria ×1000 (reticulate); 10.
Schizopepon bryoniifolius ×400 (reticulate); 11. Sicyos angulatus ×300 (rugulate); 12. Trichosanthes cucumerina ×320
(reticulate).

❖ Spermoderm refers to the pattern 
present on the seed coat of mature 
seeds. 

❖ Seed characteristic, particularly 
exomorphic features as revealed by 
scanning electron microscopy, have 
been used by many workers in 
resolving taxonomic problems (Koul
et al., 2000; Pandey and Ali, 2006) 
and evolutionary relationships 
(Kumar et al., 1999; Segarra and 
Mateu, 2001). 

❖ Ali et al. (2013)  studied the 
spermoderm pattern of the 
members of the family 
cucurbitaceae using Electron 
Microscope in order to find the 
systematic significance of 
micromorphological characters seed 
surface

SPERMODERM
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Palynology (study of pollen grains and spores) provides
crucial taxonomic, phylogenetic, and evolutionary insights.
Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM) reveal pollen characteristics
with high precision, aiding plant classification.

1. Key Pollen Micromorphological Characters

Pollen Shape & Size: Spherical, oblate, prolate (diagnostic
at genus/species level).
Aperture Types:

Monocolpate: Primitive type (Magnoliids, monocots).
Tricolpate: Characteristic of eudicots.
Porate & Colporate: Found in advanced taxa.

Exine Ornamentation: Reticulate, striate, spinate, psilate
(family-specific patterns).

2. Electron Microscopy (SEM & TEM) in Pollen Studies
SEM: Reveals exine sculpturing, spines, and structural
details.
TEM: Examines internal pollen wall layers, stratification,
and ultrastructure.

Fossil Pollen Studies: Helps trace evolutionary lineages and
ancient plant distributions.

Systematic Significance of Palynology & Pollen 
Micromorphology in Plant Taxonomy

SEM of pollen grains. A: Nonaperturate pollen
grain of Persea americana; B: Monosulcate
pollen grain of Magnolia grandiflora; C:
Monoporate pollen grain of Siphonoglossa; D:
Tricolporate pollen grain of Scaevola glabra; E:
Polyporate spinose pollen grain of Ipomoaea
wolcottiana; F: Tricolpate pollen grain of
Disanthus cercidifolius.



37

• Palynology is the study of plant pollen and spores.
• There are two pollen types: monosulcate and

tricolpate
• Monosulcate pollen are boat shaped with one long

furrow and one germinal aperture (associated with
primitive docots and the majority of monocots, the
cycads and ferns). Triculpate pollen are found and
typically have 3 apertures and is characteristic of
the more advanced dicots.

Experiment Techniques:

▪ Today's strongest compound microscopes have 
magnifying powers of 1,000 to 2,000X.

▪ SEM (Scanning electron Microscope) or TEM 
(transmission electron Microscope) is required to 
study ultra structure.

▪ SEM and TEM is costly microscope (price in Million or 
Million plus Riyal).

▪ Magnification about 500,000 times.
▪ Material to be studies kept on aluminum stub, and 

then placed under vacuum condition (gold coating 
machine) for gold coating.

▪ Gold coated biological sample placed in SEM chamber.
▪ Specimen passed thru electron beam
▪ Images can be only observed  at computer monitor. 

Erdtman (1963) used the pollen
characters in solving the taxonomic
problem of 105 family
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Anatomical, cytological, chemical, and ecological 
evidence are used in experimental plant taxonomy 

❑ Anatomical characters such as vascular bundle arrangement help distinguish closely related 
plant taxa.

❑ Leaf epidermal features including stomata and trichomes provide reliable taxonomic 
evidence.

❑ Cytological studies analyze chromosome number and structure to reveal evolutionary 
relationships.

❑ Polyploidy and chromosomal variation assist in species delimitation.

❑ Chemical constituents like alkaloids and flavonoids serve as chemotaxonomic markers.

❑ Secondary metabolite profiles help identify cryptic species.

❑ Ecological evidence evaluates plant adaptation to specific habitats.

❑ Geographic distribution patterns support taxonomic classification.

❑ Integration of anatomical, cytological, chemical, and ecological data improves natural 
classification systems.

❑ Experimental taxonomy combines multiple evidences to achieve accurate plant 
identification.
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❑ Internal plant structure provides reliable taxonomic characters.

❑ Vascular tissue arrangement helps differentiate families.

❑ Stomatal types are important anatomical markers.

❑ Trichome structure aids species identification.

❑ Wood anatomy assists classification of trees.

❑ Leaf anatomy reflects ecological adaptation.

❑ Epidermal cell patterns support taxonomic distinction.

❑ Anatomical traits are less affected by environment.

❑ Microscopic structures reveal evolutionary relationships.

❑ Anatomy complements morphological classification.

Plant Anatomy as Evidence in Taxonomy
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Laboratory techniques (microscopy, anatomical, and cytological 
observation) to collect taxonomic evidence responsibly 

❑ Light microscopy is used to examine plant anatomical structures 
accurately.

❑ Proper specimen preparation ensures reliable anatomical observation.

❑ Sectioning techniques reveal internal tissue organization.

❑ Cytological staining helps visualize chromosomes during cell division.

❑Microscopic observation assists identification of diagnostic characters.

❑ Laboratory safety protocols must be followed during specimen handling.

❑ Ethical collection practices ensure conservation of plant populations.

❑ Accurate recording of observations maintains scientific reliability.

❑ Preservation techniques protect specimens for future reference.

❑ Responsible laboratory practice ensures reproducible taxonomic research.
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Source of Taxonomic Evidence: Plant Anatomy & Physiology

1. Plant Anatomy (Internal Characteristics)

Vascular Tissues: Xylem (vessel elements vs. tracheids), phloem structure
Leaf Anatomy: Stomata type, epidermal patterns
Secretory Structures: Glandular trichomes, laticifers, resin ducts
Wood Anatomy: Growth rings, fiber arrangement

2. Plant Physiology in Taxonomy
Photosynthetic Pathways: C3, C4, CAM plants
Secondary Metabolites: Alkaloids, flavonoids, essential oils
Growth Responses: Photoperiodism, seed dormancy mechanisms

Figure: Transverse Sections of stem Artocarpus atilis (a) and Artocarpus
communis (b). PM: Pore multiple, T=Tylose (Tyloses are outgrowths
on parenchyma cells of xylem vessels of secondary heartwood, SV: Solitary
vessel

INTERNAL STRUCTURE/ INTERNAL MORPHOLOGY / ANATOMY AS A SOURCE OF 
TAXONOMIC EVIDENCE 
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Experimental Techniques:
• Cutting of thin slices / section (Transverse section or Longitudinal section) of 

plant organs
• Preparation of temporary slides or permanent slides
• Observation under light compound microscope using tissue stain like 

safranin, fast green  
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❖ FARROKH et al., studies 32 Salix speices
of Salix Species (Salicaceae) in order to
find the systematic significance of
trichomes in Angiosperms

Experiment Techniques:
• Usually peeling of leaves and observation under light compound microscope 

(using tissue stain like safranin, fast green  or without stain)

Stomatal characteristics provide valuable taxonomic evidence for plant classification and evolutionary studies.
1. Stomatal Types (Based on Structure & Development)
Anomocytic (Ranunculaceous): No distinct subsidiary cells (e.g., Ranunculaceae).
Paracytic (Rubiaceous): Two subsidiary cells parallel to the guard cells (e.g., Rubiaceae).
Diacytic (Caryophyllaceous): Two subsidiary cells at right angles to guard cells (e.g., Caryophyllaceae).
Anisocytic (Cruciferous): Three unequal subsidiary cells (e.g., Brassicaceae).
Actinocytic: Several radially arranged subsidiary cells.

Systematic 
Significance of 
Stomata in Plant 
Taxonomy

2. Stomatal Distribution Patterns

Amphistomatic: Stomata on both leaf
surfaces (adapted to high light
environments).
Hypostomatic: Stomata only on the
lower surface (common in
mesophytes).
Epistomatic: Stomata only on the
upper surface (e.g., floating aquatic
plants).

3. Evolutionary & Taxonomic
Importance
Stomatal types are stable within
families and genera, aiding
classification.
Variations reflect adaptations to
ecological conditions (xerophytes,
hydrophytes).
Fossil stomata help in phylogenetic
and paleoenvironmental
reconstructions.
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TAXONOMIC EVIDENCES: EMBRYOLOGY

Embryology (study of embryo development)
provides valuable taxonomic evidence by
revealing stable and conserved traits that
help in plant classification and phylogenetic
studies.

1. Key Embryological Characters in Taxonomy
Ovule Structure: Anatropous, orthotropous,
campylotropous (helps distinguish families).
Embryo Type & Development: Variation in
suspensor, cotyledon, and axis structure.
Endosperm Type: Nuclear, cellular, helobial
(used to differentiate taxonomic groups).
Embryo Sac Development: Monosporic
(Polygonum type), Bisporic, or Tetrasporic
(variation across taxa).
Anther & Pollen Development: Tapetum type
(glandular vs. amoeboid), pollen wall
differentiation.

2. Systematic & Evolutionary Significance
Family-Level Differentiation:

Onagraceae (Endosperm absent) vs.
Asteraceae (Cellular endosperm).
Solanaceae (Two-celled pollen) vs.
Malvaceae (Three-celled pollen).

Phylogenetic Relationships: Conserved
embryological traits indicate common
ancestry.
Support for Classification Systems: Confirms
or refines groupings based on external
morphology.

▪ Embryology is the branch of biology that studies the prenatal
development of gametes (sex cells), fertilization, and development of
embryos and seed coats.

▪ The major embryological character that separates the monocots from
the dicots is the number of embryonic cotyledon leaves.

▪ Embryological features are normally constant at the family level and
below.

▪ The genus Paeonia was earlier included under the family Ranunculaceae.
But Paeonia differs from Ranunculaceae in chromosome number,
vascular anatomy, floral anatomy.

▪ Worsdell (1908) suggested its removal to a distinct family, Paeoniaceae.
▪ The separation is supported by the embryological features: (i) centrifugal

stamens (not centripetal); (ii) pollen with reticulately-pitted exine with a
large generative cell (not granular, papillate and smooth, small
generative cell); (iii) unique embryogeny in which early divisions are free
nuclear forming a coenocytic stage, later only the peripheral part
becomes cellular (not onagrad or solanad type); and (iv) seed arillate.
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❑ Cytology examines chromosome number and structure.

❑ Polyploidy plays an important role in speciation.

❑ Chromosome behavior indicates evolutionary divergence.

❑ Karyotype analysis assists species delimitation.

❑ Chemical composition provides additional classification evidence.

❑ Secondary metabolites differentiate related taxa.

❑ Cytological variation supports phylogenetic relationships.

❑ Chemotaxonomic markers reveal hidden diversity.

❑ Combined cytological and chemical data increase accuracy.

❑ These differences strengthen modern taxonomic systems.

Cytological and Chemical Differences and 
Their Taxonomic Value
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Experiment Techniques:

Systematic Significance of Cytology in Plant Taxonomy

Cytology (study of chromosomes and cell structure) provides
fundamental taxonomic evidence by revealing chromosomal
number, structure, and behavior, which help in classifying
and understanding plant relationships.

1. Key Cytological Characters in Taxonomy
Chromosome Number:

Stable numbers define taxa (e.g., Brassicaceae: 2n = 14,
Poaceae: 2n = 14, 20).
Polyploidy (triploids, tetraploids) is common in
evolution.

Chromosome Structure & Behavior:
Karyotype analysis (size, shape, banding patterns)
distinguishes taxa.
Chromosomal rearrangements (inversions,
translocations) provide evolutionary insights.

DNA Content & Genome Size:
Differences in genome size help in species
differentiation.
Flow cytometry and sequencing assist in phylogenetic
studies.

2. Systematic & Evolutionary Significance
Family & Genus Classification: Chromosomal variations help
in plant differentiation (e.g., Asteraceae, Fabaceae).
Hybridization & Polyploidy:

Explains speciation and adaptive evolution.
Many crop plants (wheat, cotton) evolved via
polyploidy.

Phylogenetic Insights: Chromosomal changes reflect
evolutionary history and plant lineage divergence.

Cytotaxonomy (Chromosome Studies) 
Definition: Study of chromosome number, structure, and 
behavior to classify plants.
Key Aspects:
Chromosome Number – Different species have specific numbers 
(e.g., Triticum aestivum has 42).
Karyotype Analysis – Examines chromosome shape and size.

TAXONOMIC EVIDENCES: CYTO-TAXONOMY
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Yucca carnerosana

• Chromosome Set: 

• Number of chromosome can be counted in the 
metaphase stage of cell division.

• One copy of each of the different chromosomes in 
the nucleus containing one copy of each different 
gene.

• Haploid Number (n): The number of chromosomes 
comprising one set.

• Diploid Number (2n): The number of chromosomes 
in a cell containing two sets.

• Human        Haploid (n)= 23, Diploid (2n)=46
• Dates          Haploid (n)= 14, Diploid (2n)=28
• In plants, only information about chromosome 

number, shape or pairing at meiosis is used for 
classification purposes. 

• The term karyotype is used for the phenotypic 
appearance for the somatic chromosomes. 

• The diagrammatic representation of the karyotype 
is termed as idiogram.

• The characteristic of chromosome having taxonomic 
values are: chromosome number, chromosome size, 
chromosome morphology, and chromosome 
behavior during meiosis.

• The genus Yucca had long been treated as a 
member if Liliaceae  because of the superior ovary. 
Hutchinson shifted Yucca to the family Agavaceae
because the genus Yucca possess 25 small and 5 
large chromosome  which is similar to the member 
of family Agavaceae
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❑ Phytochemistry studies chemical compounds produced by plants.

❑ Secondary metabolites serve as taxonomic indicators.

❑ Alkaloids help distinguish related species.

❑ Flavonoid profiles support classification.

❑ Terpenoids provide chemotaxonomic evidence.

❑ Chemical variation reflects evolutionary divergence.

❑ Metabolite analysis clarifies complex taxa.

❑ Phytochemical data support molecular taxonomy.

❑ Chemical markers assist medicinal plant identification.

❑ Chemotaxonomy enhances modern systematic studies.

Phytochemistry



5.2 Non-Structural Information

❑Non-structural evidence includes cytological, biochemical, and 
molecular data.

❑Chromosome number differentiates related species.

❑Cytotaxonomy studies chromosome structure and behavior.

❑Chemotaxonomy uses secondary metabolites for classification.

❑Proteins and enzymes reveal genetic variation.

❑Physiological and ecological traits aid taxonomy.

❑Molecular data reveal genetic relationships.

❑Non-structural evidence reduces reliance on morphology alone.

❑Experimental data improve objectivity in taxonomy.

❑Integration strengthens taxonomic conclusions.

49
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Chemotaxonomy (Chemical Analysis) 

Definition: Uses chemical compounds (secondary 
metabolites) for classification.

Key Chemical Markers:

Alkaloids – Found in medicinal plants (Papaver
somniferum - Opium poppy).

Flavonoids – Pigments help classify plant families
(Caryophyllales produce Betalains).

Essential Oils – Common in aromatic plants 
(Lamiaceae - Mint family).

Example:
Betalains vs. Anthocyanins – Used to distinguish
Caryophyllales from Polygonales.

Importance:
Helps in medicinal plant classification.
Differentiates plants with similar morphology.
Useful in pharmaceutical and agricultural research.

TAXONOMIC EVIDENCES: CHEMO-
TAXONOMY
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• Caryophyllales produce Betalins (instead of
anthocyanins).

• Polygonales produce anthocyanins (instead of
Betalins).

• Lamiaceae are known for producing highly aromatic
compounds.

Caryophyllales

Polygonales

Systematic Significance of Chemo-
taxonomy in Plant Taxonomy

Chemotaxonomy uses chemical compounds (secondary metabolites) to differentiate plants at
various taxonomic levels. These biochemical markers provide critical insights into plant
relationships, classification, and evolutionary processes.

1. Key Chemical Characters in Taxonomy

Secondary Metabolites:
Alkaloids, flavonoids, terpenoids, and phenolics are commonly used for classification.
Terpenoids: Diagnostic in families like Lamiaceae and Rutaceae.
Flavonoids: Found in family-level distinctions like Rosaceae and Fabaceae.

Essential Oils:
Plant species produce distinct volatile oils (e.g., in mint, lavender) used to identify
species and genera.

Amino Acids & Fatty Acids:
Unique amino acid compositions assist in distinguishing plant families.

Proteins & Enzymes:
Specific proteins (e.g., Rubisco) and enzymes can be used for genetic relationships (e.g.,
peroxidases).

2. Systematic & Evolutionary Significance

Family & Genus Differentiation:
Chemical profiles (e.g., alkaloid presence) help define family boundaries (e.g.,
Papaveraceae, Solanaceae).
Some compounds are specific to certain lineages, providing strong taxonomic markers.

Evolutionary Insights:
Similarities in chemical composition can indicate common ancestry.
Evolutionary patterns are reflected in the presence or absence of certain metabolites.

Ecological Adaptations:
Chemical compounds often relate to plant’s defense mechanisms or ecological roles
(e.g., phenolic compounds in drought tolerance).



52

Eco-Geographical Distribution and Its Taxonomic Importance

❑ Plant distribution patterns reflect evolutionary history.

❑ Geographic isolation promotes species differentiation.

❑ Ecological adaptation influences plant morphology.

❑ Habitat specialization aids taxonomic recognition.

❑ Climate affects species variation and classification.

❑ Endemism provides important taxonomic evidence.

❑ Biogeography helps trace plant migration routes.

❑ Ecological niches influence speciation processes.

❑ Distribution data support phylogenetic studies.

❑ Eco-geographical analysis strengthens taxonomic interpretation.

Systematic 
Significance of 
Ecology in Plant 
Taxonomy

Erect form of Euphorbia hirta

Prostrate form of Euphorbia hirta



6. DNA Sequencing and Molecular Phylogenetics

6.1 DNA Sequencing

❑DNA sequencing determines nucleotide order in DNA molecules.

❑DNA sequences act as molecular signatures.

❑Sequence data reflect evolutionary history.

❑Sanger sequencing initiated molecular taxonomy.

❑DNA comparison helps species differentiation.

❑ Sequencing provides objective taxonomic data.

❑Genetic evidence reduces reliance on morphology alone.

❑DNA data support evolutionary analysis.

❑Molecular signatures improve classification accuracy.

❑DNA sequencing is central to modern taxonomy.
53



6.2 Molecular Phylogenetic

❑Molecular phylogenetics reconstructs evolutionary relationships using 
DNA.

❑ITS is a common nuclear marker.

❑rbcL and matK are common chloroplast markers.

❑Mitochondrial genes provide additional information.

❑Phylogenetic trees reveal natural relationships.

❑DNA data often revise traditional classifications.

❑Molecular evidence supports taxonomic revisions.

❑Phylogenetics improves evolutionary interpretation.

❑Different markers provide different resolution levels.

❑Molecular phylogenetics supports natural classification.
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7. Molecular Taxonomy and DNA Barcoding

7.1 Molecular Taxonomy

❑Molecular taxonomy uses DNA for identification and classification.

❑It provides objective and reproducible results.

❑Molecular data detect cryptic species.

❑It reduces errors caused by morphology alone.

❑It is useful in groups with limited variation.

❑Genetic data reveal evolutionary divergence.

❑DNA analysis supports integrative taxonomy.

❑Molecular approaches improve species delimitation.

❑Molecular taxonomy is widely applied in systematics.

❑It forms the basis of modern taxonomy.
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7. Molecular Taxonomy and DNA Barcoding

7.1 Molecular Taxonomy

56
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TAXONOMIC EVIDENCES: MOLECULAR TAXONOMY

Molecular Systematics

Definition: Molecular systematics uses genetic
data (DNA, RNA, proteins) to classify organisms
and study their evolutionary relationships.

Objective Approach: Provides more accurate
classifications compared to traditional
morphology-based taxonomy.

Key Molecular Markers: Uses chloroplast DNA
(rbcL, matK), nuclear DNA (ITS), and mitochondrial
DNA.

Techniques Used: PCR amplification, DNA
sequencing, and phylogenetic tree construction.

Significance: Helps in species identification,
evolutionary studies, and biodiversity
conservation.

Advanced Experimental Approaches in Plant Taxonomy 

Introduction

Traditional taxonomy relied on morphological features, but modern 
techniques provide greater accuracy in plant classification.
Advanced methods include Molecular Taxonomy, Cytotaxonomy, and 
Chemotaxonomy.

Molecular Taxonomy (DNA Analysis) 
Definition: Uses DNA sequencing to study genetic relationships between 
plants.

Techniques:

DNA Barcoding – Uses short DNA sequences to identify species.

RFLP (Restriction Fragment Length Polymorphism) – Identifies genetic 
differences.

PCR (Polymerase Chain Reaction) – Amplifies DNA for analysis.
Example:

Arabidopsis thaliana genome sequencing helped in plant evolutionary 
studies.

Importance:
Provides precise plant identification.
Helps in studying evolutionary relationships.
Useful for identifying cryptic species (visually similar but genetically 
different).
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Key Molecular Markers in Molecular Systematics

1. Chloroplast DNA (cpDNA)
Found in plant chloroplasts and maternally inherited in most angiosperms.
Highly conserved, making it useful for studying evolutionary relationships.
Commonly used cpDNA markers:

rbcL (Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit): Used in DNA barcoding and phylogenetics.

matK (Maturase K): Highly variable, useful for resolving species-level relationships.

trnL-F spacer, psbA-trnH, atpB-rbcL: Used in phylogenetic and population studies.
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2. Nuclear DNA (nDNA)

Found in the nucleus and inherited
biparentally.

Provides high-resolution data for species
differentiation and hybrid detection.

Commonly used nuclear DNA markers:

ITS (Internal Transcribed Spacer)
regions (ITS1 & ITS2): Widely used for
species-level phylogenetics.

18S rRNA, 26S rRNA: Used in deep
phylogenetic studies.

Single-Copy Nuclear Genes: Provide
additional resolution for evolutionary
studies.
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3. Mitochondrial DNA (mtDNA)

Found in plant mitochondria and
typically maternally inherited.

Has a high recombination rate in
plants, making it less useful than
cpDNA for phylogenetic studies.

Commonly used mtDNA markers:

cox1 (Cytochrome c oxidase
subunit 1): Used in some plant
phylogenetic studies.

nad1, nad2: Useful in specific
plant groups but less consistent.
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Choosing molecular marker, and application of PCR in plant molecular taxonomy
/ DNA taxonomy

❖ In DNA sequencing method based practice of plant
molecular taxonomy required DNA sequences.

❖ To obtain DNA sequence of a taxon required extraction of
whole genomic DNA first. And then amplification of gene of
interest. The amplification using gene interest is achieved
by the polymerase chain reaction (PCR). The PCR results
into billions of copies of gene of interest which can be
observed in a gel under UV light. The amplified DNA later
used for the purpose of DNA sequencing. So, for the cloning
of the gene of interest using PCR requires primer. The
primers are also called as molecular markers. To begin plant
molecular taxonomy, selection of molecular marker is very
critical and important.

❖ The most commonly used molecular marker in molecular
taxonomy are ITS, rbcL, matK, psb, ndhF, trn gene.

❖ The molecular marker gene could be coding gene or non
coding gene.

❖ Properties of ideal marker genes
➢ A single-copy gene may be more useful than multiple-copy

gene
➢ The substitution rate should be optimum so as to provide

enough informative sites and alignment should be easy.
➢ Primers should be available to selectively amplify the

marker gene

❑ The nuclear ribosomal locus coding for the large subunit is represented in
tandem arrays in the plant genome.

❑ ITS is located between the 18 and 26S rRNA genes.

❑ The 5.8S region on the other hand is only about 160 bp long and highly
conserved within major organism groups.

❑ The ITS region consists of three parts: the ITS1 and ITS2 and the highly
conserved 5.8S rDNA exon located in between. The total length of this
region varies between 500 and 750 bp in angiosperms while in other seed
plants it can be much longer, up to 1,500–3,500 bp.

❑ Spacer DNA is a region of non-coding DNA between genes.

❑ In contrast to the coding regions, spacers evolve more quickly, like the
internal transcribed spacer (ITS) region, which is extensively used as a
marker for phylogenetic reconstruction at different levels.

❑ The ITS is present in virtually all organisms. The advantages of this region
are: (1) easy PCR amplification, with several universal primers available for
a various kind of organisms; (2) multicopy structure; (3) moderate size
allowing easy sequencing; and (4) it has a high degree of variation even
between closely related species.,

❑ variability is due to frequently occurring nucleotide polymorphisms or to
common insertions/deletions in the sequence.

❑ As DNA of ITS regions is removed and it is not part of the mature RNA
molecule, they are considered noncoding regions of the genome
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• A fascinating feature of biological life is the common use of the DNA genetic code and its subsequent processing
into functional units of protein through the intermediate RNA molecule.

• The transcription of DNA into RNA and translation of RNA into protein are both highly
• regulated and compartmentalized in all living organisms.

• The cellular factory responsible for the production of protein is the ribosome. As the essential functions of
ribosomes are critical for survival, their physical parameters have been conserved in all forms of life.

• Some components within the ribosomal factories have, however, changed sometimes. These similarities, as well
as the changes within genetic material can be used as tools for the identification of organisms







Doyle JJ, Doyle JL (1990) Isolation of plant DNA from fresh tissue. Focus 12:13–15

Collection of plant samples

A view of molecular biology 
laboratory 

Gel electrophoresis

▪ Molecular systematics deals 
the utilization of nucleic acid 
data. As DNA sequence of a 
gene is constant in a species, 
hence advantage over 
morphological data for 
taxonomic studies. 

▪ Taxonomist use molecular data 
from three different locations 
within a plant cell: chloroplast, 
mitochondrion and the 
nucleus.

▪ Molecular systematics involves 
following steps: (1) Sample 
collection, (2) DNA extraction, 
(3) Amplification using PCR –
Polymerase chain Reaction, (4) 
DNA / Gene Sequencing, (5) 
Analysis of Sequence data.

▪ DNA barcoding can speed up 
identification of species. DNA 
barcoding helps in Wild plant 
identification / Medicinal  plant  
authentication 

▪ A DNA barcode is a short gene 
sequence  taken from 
standardized portions of the 
genome, used to identify 
species

DNA sequence alignment 

using ClustalX

Building Tree 

Molecular systematics 



82

Key Molecular Data in Taxonomy

DNA Sequencing:
rDNA (ribosomal DNA): 18S, 5.8S, 28S
rDNA regions provide species- and
genus-level identification.

Chloroplast DNA: matK, rbcL, and trnL
regions are often used for plant family
and genus classification.

Mitochondrial DNA: Markers like COX1
and ATP synthase genes reveal
evolutionary relationships within
certain plant groups.

Molecular Markers:
SSR (Simple Sequence Repeats): Highly
polymorphic markers for species
identification.

AFLP (Amplified Fragment Length
Polymorphism): Used to assess genetic
diversity and phylogenetic
relationships.

SNPs (Single Nucleotide
Polymorphisms): Help refine species
boundaries and reveal population-
level diversity.

Genome Sequencing:
Full genome sequencing provides the
most comprehensive taxonomic data,
revealing gene family expansions,
genome size, and synteny between
species.
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QIAGEN automated DNA 
extraction method 

Sampling of leaf material for the molecular taxonomic
study and DNA extraction

• Doyle and Doyle (1990) is widely used protocol for DNA
Extraction from plant tissue. But it involves preparation of
several buffer manually. It takes long times. This method
atleast take more than one day preparation and about
whole day in DNA extraction. It also involves several
times centrifugation. This method requires large amount
of fresh leaves (10 gram or even more).

• Doyle JJ, Doyle JL (1990) Isolation of plant DNA from fresh
tissue. Focus 12:13–15

• In contrast to manual method, there are several DNA
extraction kit and automated DNA extraction machine is
available like Qiagen automated DNA extraction machine,
and Qiagen DNA extraction Kit.

• In Qiagen DNA extraction all the buffer are provided and
ready to use. DNA can be extracted from small amount of
20 mg l dried leaf tissue or from very small piece of leaf
collected from even old herbarium specimens. By using
Qiagen DNA can be extracted in 3 hours. It do not
required centrifugation manually.
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Agarose Gel Electrophoresis 

• The main purpose of agarose gel electrophoresis is to
determine the presence or absence of genomic DNA or PCR
products and quantify the size (length of the DNA molecule).

• Agarose gel electrophoresis is a widely used technique for
the preparation and analysis of DNA. Electrophoresis is a
method of separating DNA based on the rate of movement
while under the influence of an electric field.

• Agarose is a polysaccharide purified from seaweed.

• An agarose gel is created by suspending dry agarose in a
buffer solution, boiling until the solution becomes clear, and
then pouring it into a casting tray and allowing it to cool.
During electrophoresis, the gel is submersed in a chamber
containing a buffer solution and a positive and negative
electrode.

• The DNA to be analyzed is forced through the pores of the gel
by the electrical current.

• Under an electrical field, DNA moves to the positive
electrode (red) and away from the negative electrode (black).

• DNA itself is not visible within an agarose gel.

• The DNA visualized by the use of dye that binds to DNA.
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DNA sequencing 

❑ DNA sequencing is the process of determining the sequence of 
nucleotides (A, T, C, and G) in a piece of DNA.

❑ In Sanger sequencing, the target DNA is copied many times, making 
fragments of different lengths. Fluorescent “chain terminator” 
nucleotides mark the ends of the fragments and allow the sequence 
to be determined.

❑ Next-generation sequencing techniques are new, large-scale 
approaches that increase the speed and reduce the cost of DNA 
sequencing.

❑ Sanger sequencing: The chain termination method

❑ Regions of DNA up to about 900 base pairs in length are routinely 
sequenced using a method called Sanger sequencing or the chain 
termination method.

❑ Ingredients for Sanger sequencing

❑ Sanger sequencing involves making many copies of a target DNA 
region. Its ingredients are similar to those needed for DNA 
replication in an organism, or for polymerase chain reaction (PCR), 
which copies DNA in vitro. They include:

❑ A DNA polymerase enzyme

❑ A primer, which is a short piece of single-stranded DNA that binds to 
the template DNA and acts as a "starter" for the polymerase

❑ The four DNA nucleotides (dATP, dTTP, dCTP, dGTP)

❑ The template DNA to be sequenced

❑ However, a Sanger sequencing reaction also contains a unique 
ingredient:

❑ Dideoxy, or chain-terminating, versions of all four nucleotides (ddATP, 
ddTTP, ddCTP, ddGTP), each labeled with a different color of dye

❑ Dideoxy nucleotides are similar to regular, or deoxy, nucleotides, but with 
one key difference: they lack a hydroxyl group on the 3’ carbon of the sugar 
ring. In a regular nucleotide, the 3’ hydroxyl group acts as a “hook," 
allowing a new nucleotide to be added to an existing chain.

❑ Once a dideoxy nucleotide has been added to the chain, there is no 
hydroxyl available and no further nucleotides can be added. The chain ends 
with the dideoxy nucleotide, which is marked with a particular color of dye 
depending on the base (A, T, C or G) that it carries.

❑ The DNA sample to be sequenced is combined in a tube with primer, DNA 
polymerase, and DNA nucleotides (dATP, dTTP, dGTP, and dCTP). The four 
dye-labeled, chain-terminating dideoxy nucleotides are added as well, but 
in much smaller amounts than the ordinary nucleotides.

❑ The mixture is first heated to denature the template DNA (separate the 
strands), then cooled so that the primer can bind to the single-stranded 
template. Once the primer has bound, the temperature is raised again, 
allowing DNA polymerase to synthesize new DNA starting from the primer. 
DNA polymerase will continue adding nucleotides to the chain until it 
happens to add a dideoxy nucleotide instead of a normal one. At that 
point, no further nucleotides can be added, so the strand will end with the 
dideoxy nucleotide.

❑ This process is repeated in a number of cycles. By the time the cycling is 
complete, it’s virtually guaranteed that a dideoxy nucleotide will have been 
incorporated at every single position of the target DNA in at least one 
reaction. That is, the tube will contain fragments of different lengths, 
ending at each of the nucleotide positions in the original DNA (see figure 
below). The ends of the fragments will be labeled with dyes that indicate 
their final nucleotide.

❑ After the reaction is done, the fragments are run through a long, thin tube 
containing a gel matrix in a process called capillary gel electrophoresis. 
Short fragments move quickly through the pores of the gel, while long 
fragments move more slowly. As each fragment crosses the “finish line” at 
the end of the tube, it’s illuminated by a laser, allowing the attached dye to 
be detected.

https://www.khanacademy.org/science/biology/dna-as-the-genetic-material/dna-replication/a/molecular-mechanism-of-dna-replication






92

❑The smallest fragment (ending just one 
nucleotide after the primer) crosses the 
finish line first, followed by the next-
smallest fragment (ending two nucleotides 
after the primer), and so forth. Thus, from 
the colors of dyes registered one after 
another on the detector, the sequence of 
the original piece of DNA can be built up 
one nucleotide at a time. The data recorded 
by the detector consist of a series of peaks 
in fluorescence intensity, as shown in 
the chromatogram above. The DNA 
sequence is read from the peaks in the 
chromatogram.

DNA sequence dataset preparation
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BIOINFORAMTICS
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DNA sequence dataset preparation and sequence 
alignment

DNA sequence alignment using ClustalX
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Molecular Phylogenetic analyses 
using MEGA

NCBI GenBank



Molecular phylogenetics: principles and practice 
❑Phylogenetic analysis is a fundamental tool used to study evolutionary relationships among species, genes, 

and populations. 
❑Advances in DNA sequencing technologies have greatly expanded the role of molecular phylogenetics in many 

biological disciplines. 
❑Phylogenetic trees represent genealogical relationships where branches indicate evolutionary lineages and 

nodes represent divergence events. 
❑Molecular phylogenetics is used not only in taxonomy and systematics but also in genomics, epidemiology, 

population genetics, and evolutionary biology. 
❑Phylogenetic trees can be reconstructed using sequence data through computational and statistical methods. 
❑The major phylogenetic reconstruction methods include distance-based methods, maximum parsimony, 

maximum likelihood, and Bayesian inference. 
❑Distance-based methods estimate evolutionary relationships by calculating pairwise genetic distances among 

sequences. 
❑Maximum parsimony identifies the tree that requires the smallest number of evolutionary changes. 
❑Maximum likelihood uses explicit evolutionary models to estimate the tree that has the highest probability of 

producing the observed sequence data. 
❑Bayesian inference incorporates prior knowledge and uses Markov chain Monte Carlo algorithms to estimate 

posterior probabilities of phylogenetic trees. 
❑Each method has strengths and limitations in terms of accuracy, computational efficiency, and robustness.
❑ Large genomic datasets generated by next-generation sequencing require improved computational methods 

and models for accurate phylogenetic analysis.
❑Modern phylogenetics integrates statistical models, evolutionary theory, and computational biology to 

analyze genome-scale data.
❑Challenges in phylogenetic analysis include missing data, systematic errors, and model selection.
❑Future developments focus on improved evolutionary models, large-scale genomic analysis, and statistical 

phylogeography.
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❖In Saudi Arabia, the genus Euryops (family Asteraceae) is represented 
by two species, viz. E. arabicus Steud. ex Jaub. & Spach, and E. 
jaberiana Abedin & Chaudhary. 

❖E. arabicus is is endemic to Arabian Peninsula, while E. jaberiana is 
endemic to northern Saudi Arabia. 

❖Morphologically E. jaberiana very closely resembles with E. arabicus / 
very narrow  differences in m morphological characters (Abedin and 
Chaudhary, 2000).

Phylogenetic Implication of Molecular Genotyping of Euryops jaberiana
Abedin & Chaudhary (Asteraceae)

❖The taxonomic status of Euryops
jaberiana Abedin & Chaudhary (tribe 
Senecioneae, was evaluated (Ali et al., 
2016) based on molecular 
phylogenetic analyses of internal 
transcribed spacer sequence (ITS) of 
nuclear ribosomal DNA (nrDNA) in 
order to ascertain its position within 
the genus.

E. arabicus

E. jaberiana
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❖The key morphological features which differentiate E. jaberiana from E. 
arabicus are: leaves 3-lobed at the tips, pappus hairs transparent or rarely 
dull white, and achenes glabrescent, while in E. arabicus, the leaves are 
unlobed, pappus hairs are dull white and achene densely lanate hairy 
(Abedin and Chaudhary, 2000). 

❖The Maximum Parsimony analyses reveals that E. jaberiana nested within 
the clade of the section Angustifoliae.

❖E. jaberiana shows proximity with E. arabicus (66% bootstrap support. 

Phylogenetic Implication of Molecular Genotyping of Euryops jaberiana Abedin & Chaudhary (Asteraceae)                            
Contd……

❑ In molecular taxonomic studies, the most convenient way of presenting taxonomic 
relationships among a group of organisms is the phylogenetic tree.

❑ Node: a branch point in a tree

❑ Branch: defines the relationship between the taxon

❑ Topology: the branching patterns of the tree

❑ Branch length: represents the number of changes that have occurred in the branch

❑ Clade: a group of two or more taxa closed together based on DNA sequences data 
analsysis

❑ Maximum parsimony is an optimality criterion under which the phylogenetic tree 
that minimizes the total number of character-state changes is to be preferred.

❑ Bootstrap: Bootstrapping is a procedure where DNA sequence data run for the 
phylogenetic analysis, and the reported value is the percentage of 
bootstrap replicates, for examples 100 means that the node is well-supported, it 
showed in all tress.

Branch

C
la

d
e

Node
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10 20 30 40 50 60 70 80 90 100

. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |

Euryops_jabriana TCGAAACCTGCATAGCAGAACGACCCGTGAACATGTAATAACAATCGGGTGTCCATGGTTTCCGACTATTGTTTGATTCTTTGGATACCCTGATAATGTG

Euryops_arabicus ............................................................................................T.......

Clustal Consensus ******************************************************************************************** *******

110 120 130 140 150 160 170 180 190 200

. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |

Euryops_jabriana CGTCTTTGGTCAGCCGCTTGGGTCCTAATGATGTCACATTAACACAATAACAAACCCCCGGCACGGCATGTGCCAAGGAAAATAAAACTTAAGAAAAGCT

Euryops_arabicus ...............C....................................................................................

Clustal Consensus *************** ************************************************************************************

210 220 230 240 250 260 270 280 290 300

. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |

Euryops_jabriana TGTATCATGTTACGTCGTTCGCGGGGTTTGCATGATACGTGGCTTCTTTATAATCATAAACGACTCTCGGCAACGGATATCTCGGCTCACGCATCGATGA

Euryops_arabicus C...................................................................................................

Clustal Consensus  ***************************************************************************************************

310 320 330 340 350 360 370 380 390 400

. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |

Euryops_jabriana AGAACGTAGCAAAATGCGATACTTGGTGTGAATTGCAGAATCCCGTGAACCATCGAGTTTTTGAACGCAAGTTGCGCCCAAAGCCTTTTGGCCGAGGGCA

Euryops_arabicus ....................................................................................................

Clustal Consensus ****************************************************************************************************

410 420 430 440 450 460 470 480 490 500

. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |

Euryops_jabriana CGTCTGCCTGGGCGTCACACATCGCGTCGCCCCCCACAACATCTCTTGATTGGGATGTTGTAATGGGGGCGGATATTGGTCTCCCGTTCCTAAGGTTCGG

Euryops_arabicus ..........................................G.................G.......................................

Clustal Consensus ****************************************** ***************** ***************************************

510 520 530 540 550 560 570 580 590 600

. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |

Euryops_jabriana TTGGCTAAAATAGGAGTCCCCTTCGAAGGATGCACGATTAGTGGTGGTTGTCAAGACCTTCTTATCGACTCGCGCGTTACAAGTAGTAGGGAAGATCTCT

Euryops_arabicus ..............................C.........................................T...........................

Clustal Consensus ****************************** ***************************************** ***************************

610 620 630 640

. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |

Euryops_jabriana TCAAAGACCCTAATGTGTTGTCTTGTGACAATGCTTCGACCGCGA

Euryops_arabicus ..........C..................................

Clustal Consensus ********** **********************************

❖ A total of eight specific nucleotide differences were detected between E. jaberiana
and E. Arabicus i.e. at the alignment position:

❖ 93 (A →T)
❖ 116 (G → C)
❖ 201 (T → C)
❖ 443 (C → G)
❖ 461 (T → G)
❖ 531 (T → C)
❖ 573 (C → T)
❖ 611 (T → C)

Phylogenetic Implication of Molecular Genotyping of Euryops jaberiana Abedin & Chaudhary (Asteraceae)                            
Contd……

Thus on the basis of phylogenetic relationships 
of E. jaberiana within the genus and nucleotide 
differences, Ali et al. (2016) recognized E. 
jaberiana as a distinct species and different 
from E. arabicus.
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• Molecular systematic 
studies on Polygonum 
palaestinum Zohary
(polygonaceae) from Saudi 
Arabia using ITS sequences 
of nuclear ribosomal DNA

• The taxonomy of the genus Polygonum
is highly controversial because of
diverse variation within species among
the species has resulted into lack of
consensus on taxonomic
circumscription. Therefore, there is
disagreement among the taxonomists
that to which species should be retain
within the genus Polygonum and to
which species should be elevated to
their own genus.

• The genus Polygonum in Saudi Arabia
includes P. argyrocoleum Steud. ex
Kunze, P. aviculare L. and P. palaestinum
Zohary. Two out of these Polygonums of
Saudi Arabia i.e. P. argyrocoleum and P.
aviculare are common weed distributed
throughout. The distribution of P.
palaestinum is restricted to Harratal
Harra area of Saudi Arabia.

• Decraene and Akeroyd (1988) have
segregated Polygonum in the broad
sense into two separate tribes,
Polygoneae and Persicarieae.

• The systematic status of P. palaestinum
is unresolved
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• Anastatica hierochuntica (Rose of Jericho) is among the common 
medicinal plants widely used in Hijaz, Najd, and Al Rub’Al Khali. The plant 
is prescribed in folk medicine for difficult labor, uterine hemorrhage and 
to facilitate the expulsion of dead fetuses. A total number of 23 
population of Anastatica hierochuntica from Saudi Arabia were 
sequenced. 

• The resulted UPGMA tree reveals that the populations of different 
geographic location sampled in the present study grouped into three 
major group.

• Group I consists of population from Hanifa valley, Summan, Rumah, Hair 
area, Riyadh, Khurma, and Khoris; 

• Group II consists of population from Al-Baha, Jeedah, Ranyah and Zazan; 
and 

• Group III consists of population from Hail, Darb Al Hafer, Qasim Buraydah, 
Afif,  and Marat), and the groups were according to their geographic 
locations; 

• however it  was interesting to note that population collected from the 
geographic location of Haradh and Buseita (Tabarjal) and were nested 
within the group I and II respectively, which might be due to evolution 
under reproductive isolation and different environmental conditions, and 
this may be most probably due to long distance distribution, and 
possibility of genetic exchange among the populations of Anastatica
hierochuntica distributed in Saudi Arabia. 

Assessment of genetic diversity of Anastatica hierochuntica (kaff
maryam) from Saudi Arabia based on Internal Transcribed Spacer 
sequences of nuclear ribosomal DNA gene



7.2 DNA Barcoding

❑DNA barcoding uses short DNA sequences for identification.

❑rbcL and matK are standard plant barcodes.

❑ITS and trnH-psbA improve resolution.

❑Barcoding relies on interspecific variation.

❑Each species has a unique barcode sequence.

❑DNA barcodes act as genetic identifiers.

❑Barcoding accelerates species identification.

❑It reduces dependence on expert identification.

❑DNA barcoding supports biodiversity assessment.

❑It is widely used in modern taxonomy.
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DNA barcoding

• DNA barcoding is a system for fast and accurate species identification that makes ecological system
more accessible by using short DNA sequence instead of whole genome and is used for eukaryotes.
The short DNA sequence is generated from standard region of genome known as marker. This
marker is different for various species like CO1 cytochrome c oxidase 1 for animals, matK for plants
and Internal Transcribed Spacer (ITS) for fungus. DNA barcoding has many applications in various
fields like preserving natural resources, protecting endangered species, controlling agriculture pests,
identifying disease vectors, monitoring water quality, authentication of natural health products and
identification of medicinal plants.

❖DNA barcoding can speed up identification of species.
❖DNA barcoding can provide an avenue to encourage new participants into taxonomy.
❖Raw drug authentication / Medicinal plant identification or authentication

• In DNA barcoding, complete data set can be obtained from a single specimen irrespective to
morphological or life stage characters.

• The core idea of DNA barcoding is based on the fact that the highly conserved stretches of DNA,
either coding or

• non coding regions, vary at very minor degree during the evolution within the species.
• Sequences suggested to be useful in DNA barcoding include cytoplasmic mitochondrial DNA (e.g.

cox1) and chloroplast DNA (e.g. rbcL, trnL-F, matK, ndhF, and atpB rbcL), and nuclear DNA (ITS)
• The term “DNA barcode” for global species identification was first coined by Hebert in 2003.
• The ideal DNA barcode region is reliably amplified and sequenced across large assemblages of taxa

and provides a high level of species discrimination
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7.3 Applications of DNA Barcoding

❑Barcoding enables rapid species identification.

❑It detects cryptic species.

❑It identifies invasive species.

❑It authenticates medicinal plants.

❑ It supports conservation of endangered taxa.

❑Forensic studies use DNA barcoding.

❑Environmental DNA studies apply barcoding methods.

❑Barcoding improves biodiversity monitoring.

❑It simplifies taxonomic workflows.

❑It enhances classification accuracy.
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8. Next-Generation Sequencing (NGS) and Modern Taxonomy
8.1 Concept of NGS

❑NGS sequences millions of DNA fragments simultaneously.

❑It is faster and cheaper than Sanger sequencing.

❑NGS generates large-scale genomic data.

❑Illumina is widely used for short reads.

❑PacBio provides long-read sequencing.

❑Oxford Nanopore enables portable sequencing.

❑NGS supports genome-scale taxonomy.

❑High-throughput sequencing increases resolution.

❑NGS integrates with bioinformatics tools.

❑NGS has transformed modern taxonomy.
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Advances in next generation DNA sequencing



8.2 Applications of NGS

❑Whole-genome sequencing improves species delimitation.

❑Transcriptomics studies gene expression patterns.

❑Phylogenomics reconstructs deep evolutionary relationships.

❑Environmental DNA enables species detection.

❑Genome data improve evolutionary studies.

❑NGS uncovers cryptic diversity.

❑It supports large biodiversity projects.

❑Comparative genomics strengthens classification.

❑Population-level analyses become possible.

❑NGS expands taxonomic research scope.
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Advances in next generation DNA sequencing and its application in systematics 

❖ Whole Chloroplast Genome Sequencing of Adenium obesum

❖ Chloroplast (cp) is a special subcellular organelle which contains the entire enzymatic machinery for photosynthesis.

❖ Chloroplast contains its own small genome of 120–217 kb in size and 110-130 genes, consists of a circular double-stranded DNA.

❖ The cp genome can be used to investigate molecular evolution and phylogenies.

❖ The cp genomes are maternally inherited, which is beneficial in genetic engineering.

Whole genome sequencing

❖ Chenopodium quinoa (quinoa) is a highly nutritious grain identified as an important crop Jarvis 2017 Nature. ; 542(7641):307-312. The genome of
Chenopodium quinoa.

https://www.ncbi.nlm.nih.gov/pubmed/28178233


8.3 Advantages of NGS

❑NGS provides high taxonomic resolution.

❑It detects hybridization and introgression.

❑It reveals new species diversity.

❑It integrates with AI and computational tools.

❑Genome-level data improve accuracy.

❑Large datasets can be analyzed efficiently.

❑NGS enables predictive taxonomy.

❑Data generation is rapid.

❑It supports large-scale biodiversity studies.

❑NGS shifts taxonomy toward computational science.
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9. Integration of Classical and Molecular Approaches

❑Integrative taxonomy combines multiple data sources.

❑No single method resolves all taxonomic problems.

❑Morphology provides ecological context.

❑Cytology reveals chromosomal evolution.

❑ Biochemistry supports chemical differentiation.

❑Molecular data reveal genetic relationships.

❑Combined evidence improves classification reliability.

❑Integrative methods improve species delimitation.

❑Classical and molecular methods complement each other.

❑Integration defines modern taxonomy.
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10. CONCLUSION

❑Advanced experimental taxonomy integrates classical and molecular tools.

❑Classical taxonomy remains the foundation of plant classification.

❑Cytology and biochemistry strengthen interpretation.

❑DNA sequencing improves objectivity and accuracy.

❑DNA barcoding accelerates identification.

❑NGS enables genome-scale analysis.

❑Molecular tools reveal evolutionary history.

❑Integrative taxonomy supports conservation biology.

❑Modern taxonomy addresses biodiversity challenges.

❑Advanced experimental taxonomy is essential for future biological 
research.
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MODEL QUESTIONS
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