
Key Concepts for Exam 1

“Any living cell carries with it the experiences of a billion years of experimentation by its ancestors” -Max Delbruck

INTRODUCTION

Role of genetics in biology


Genetics provides one of biology’s unifying principles: all organisms use the same 
genetic system

Underpins the study of many other biological disciplines
Genetics: organization of genetic information, expression, and transmission


A central theme of modern biology


A rapidly progressing science with powerful tools

A science of hopes and fears

Important events

1865:
Principle laws of heredity described by Mendel


1900:
Three botanists rediscover Mendel’s principles


1905:
William Bateson coins the term “genetics”


Ancient recognition of “like begets like” and crop and breed development

Role of genetics in shaping human history

Ancient civilizations and development of cultivated crops (selective breeding) 


Effects of artificial selection on crop yields in 20th century


Modern genetic principles and medicine


Genetics and industrial development


Genetics and land reclamation


Genetics, DNA fingerprinting and law



Parentage analysis



Criminal assault cases



Plant and animal patent
Francis Galton founded eugenics (the attempt to improve the human species by selective breeding)



Eugenics and immigration laws



Eugenics and reproductive rights



Eugenics and the Nazi movement

Modern genetic analysis has revolutionized almost all areas of biological research 

Universality of genetic principles: a constant theme of life


DNA is hereditary material of all cellular organisms



Some viruses use RNA but general principles apply


Same code is used to specify primary structure of proteins


Gene structures are remarkably similar

Recognition of universality of genetic principles came gradually


Mendel unwilling to assume his laws applied to all organisms

Model organism: species preeminently suited to the study at hand


Species with efficient analysis characteristics


Example: Drosophila melanogaster



Large numbers of progeny per mating



Short generation times



Cheaply cultured and maintained



Genetic diversity available for study



Relevant background information available


(e.g. Drosophila melanogaster)


Other model organisms



E. coli


Danio rerio



Neurospora crassa



Zea mays



Arabidopsis thaliana



Mus musculus domesticus
Saccharomyces cerevisiae

Caenorhabditis elegans



Modern DNA technology and choice of modern model organisms

Humans have become one of the most extensively studied species genetically

Genetics a logical and integrated branch of biology

Transmission genetics: study of transmission of traits and genetic material


Often called “classical genetics”


Mendelian genetics (basic laws of heredity)
Molecular genetics: study of principle molecules of heredity DNA, RNA and proteins


 
Most fundamental level of genetics



Organization and interactions of DNA, RNA and proteins

Population genetics:  study of genetic variation within and among populations (based on developments in modern evolutionary theory), and how this variation changes from one generation to the next
MITOSIS AND MEIOSIS

Basic terminology
Genome: 
A cell’s endowment of DNA.  Complete set of genetic instructions for an organism.
Chromosome: 
Long, linear, piece of DNA which represents thousands of 

genes: each gene has an address (locus)
Chromatin:
Describes the state of nuclear DNA and its associated proteins during interphase of the eukaryotic cell cycle

Somatic cells: All body cells except reproductive cells


Gametes: Reproductive cells


Sister chromatids:
Two identical copies of the same chromosome held together by the centromere and eventually separated during mitosis or meiosis II.  The two copies are produced by replication (DNA synthesis).  Each chromatid consists of a single DNA molecule.  
Homologous chromosomes:
Two chromosomes that are alike in structure and size and that carry genetic information for the same set of hereditary characteristics (e.g., a pair of chromosome #1).  One homologue is inherited from the organism’s father, the other from the mother.
Mitosis: (Greek, meaning thread) Division of the nucleus

Cytokinesis: Division of the cytoplasm
Centrosome: 
Structure from which the spindle apparatus develops; contains the centrioles

Meiosis: Two-stage type of cell division in sexually reproducing organisms that results in cells with half the chromosome number of the original cell. Specialized division that produces haploid gametes

Crossing-over:  
Reciprocal exchange of material between chromosomes during 
prophase I of meiosis; results in genetic recombination
Basic cell types


Prokaryotes 



Unicellular 



Simple structure



DNA not complexed with histones


Eukaryotes



Unicellular or multicellular



Compartmentalized structure



DNA complexed with histones


From an evolutionary perspective, there are three major groups of organisms:



Eubacteria (true bacteria)



Archea (ancient bacteria)



Eukaryotes 


Viruses



Simple replicative structure 



protein coat surrounding nucleic acid (either DNA or RNA)



only reproduce within host cells

Life perpetuates by cell division

“omnis cellula e cellula” (every cell from a cell)  -Virchow

Cell division involves distribution of identical genetic material (DNA) to two daughter cells
Three steps of cellular reproduction:
Genetic information must be copied

Copies of genetic information must be separated from one another

Cell must divide


Prokaryotic cell division (binary fission)


Circular chromosome of bacterium replicates


Two chromosomes separate



Cell divides


Eukaryotic cell division


Also requires DNA replication, copy separation, and division of cytoplasm



More complex mechanism required due to presence of multiple DNA 
molecules (one copy of each molecule must end up in each of the new cells)
Functions of cell division


Reproduction 



Unicellular organisms (Amoeba)


Some plants reproduce vegetatively (potato)


Growth and development



Multicellular organisms




Fertilized egg to adult


Adult replacement of cells (erythrocytes, lining of small intestine, wound healing)

Mitosis 


Eukaryotic process of cellular reproduction 

Mitosis produces somatic (body) cells 



Produces genetically identical cells




Each cell has identical chromosomes




Same genes in adult cells as fertilized egg




Genetic differences acquired by mutation only

Meiosis*


a variation of cell division


produces new genetic combinations (sexual reproduction)



Specialized somatic cell (a mitotic cell) undergoes meiosis



Gametes (eggs and sperm) form from meiotic cells




Gametes: n chromosome number




Gamete mother cell: 2n chromosome number




Fertilization between egg and sperm: restores 2n chromosome number

*The events that occur in meiosis are the bases for the segregation and independent assortment of genes according to Mendel’s laws 

Chromosome number 


Characteristic for a given species – varies widely

Diploid somatic cells (2n)



Human (Homo sapiens): 46 chromosomes                  



Fruit fly (Drosophila melanogaster): eight chromosomes


Dog (Canis familiaris): 78 chromosomes



Horse: 64



Donkey: 62



Mule: 63 (sterile)

Haploid sperm and egg cells (n)



Human: 23 chromosomes each



Drosophila: four chromosomes each



Dog: 39 chromosomes each

Chromosome structure 

ID by size, centromere location, and banding pattern

Karyotype 


Complete set of chromosomes in a cell


Basic method in cytogenetics (use of microscopy to study chromosomes)


Human chromosome numbering: largest to smallest 1-22*, plus X and Y
*chromosome no 21 is actually the smallest human chromosome (the result of an early cytogenetical error that was doomed to forever be an exception to the rule)
 


Major structures

centromere


kinetochore



telomere


4 Major types based on position of centromere


Metacentric


Submetacentric


p arm: short arm 



q arm: long arm


Acrocentric


Telocentric


Chromosome banding patterns


Unique for each chromosome


Used to identify specific region
Homologous chromosomes

Identical in size, structure, centromere position, and staining pattern

Carry same genes controlling same inherited characters in same order

Nearly the same in nucleotide sequence

Homologs: the two chromosomes of homologous pair

X and Y chromosomes behave as homologous chromosomes

Y much smaller with fewer genes

Small part of nucleotide sequences match

X and Y carry different genes (except for homologous nucleotide segment)

The mitotic cell cycle: life of a cell from its origin in division of a parent cell until its own division into two 


Interphase: G1, S, and G2

(G0: some cells exit from the active cell cycle and pass into non-dividing phase)

G1:
gap between last mitosis (cell division) and DNA synthesis


many cytoplasmic components (organelles, membranes, ribosomes) synthesized


S phase: DNA synthesis phase

Chromosomes duplicate (single DNA/chromosome → two DNAs/chromosome)


Chromosome → two sister chromatids each


G2: gap between DNA synthesis and mitosis


second period of cellular growth


M phase: mitosis and cytoplasmic division (cytokinesis)


cells spend most of time in interphase

MITOSIS


Prophase



Chromosomes coil and condense (shorten and thicken)



Sister chromatids seen attached at centromere



Nucleolus disappears



Protein synthesis nearly ceases



Spindle begins to form outside nucleus

Centrosomes divide and migrate to opposite poles

Nuclear membrane dissipates

Spindle fibers and chromosomes make contact


Metaphase

Spindle: spindle fibers radiate from two opposite poles meeting mid-cell

Kinetochores: spindle fiber attachment structure on chromosome centromeres


Attachment site on each chromatid


Attachments align sister chromatids to poles

Chromosomes moved into equator between poles of cell

Sister chromatid cohesion: sister chromatids adhere through prophase and metaphase


Anaphase


Separation of chromatid centromeres identifies anaphase

Centromeres pulled to opposite poles (at this point former chromatids are called “chromosomes”)


Chromosome arms dangle behind centromeres during movement to poles


Telophase



Chromosomes cluster at opposite poles



Chromosomes decondense to interphase state



Nuclear envelopes form around chromosome clusters

Cytokinesis (division of cytoplasm)



Plant cells: new cell membranes and cell walls form dividing cells



Animal cells: new membranes form dividing cells



Cells shift into G1 phase of cell cycle

See figure to follow change in no. of chromosomes and DNA molecules during 

cell cycle



Rules for counting chromosomes and DNA molecules during cell cycle:




No. of chromosomes = no. of centromeres




No. of DNA molecules = no. of chromatids

MEIOSIS

Contrast between mitosis and meiosis 

Genetic results of mitosis:



Daughter cells genetically identical to parent cell [2n → 2(2n)]



Somatic cells genetically identical to zygote [2n → 2(2n) → 4(2n)→ 8(2n)]


Genetic results of meiosis:



Parent cell 2n, 4 gametes n (2n → n + n + n + n)

Where meiosis takes place

Animals:


Spermatogenesis


In testes


Begins with undifferentiated diploid germ cell called spermatogonium



All sperm cells receive equal amount of genetic material and cytoplasm



Two divisions of spermatocytes directly follow each other


Oogenesis


In ovaries



Cytoplasmic divisions unequal; cytoplasm concentrated in one egg (for 


nourishment of embryo)


In humans




First division of oocytes in the embryonic ovary, but arrests in 



prophase I 



Meiosis resumes years later just prior to its ovulation



Second division completed after fertilization
Flowering plants:

Male and female organs (anthers and ovaries) differentiate in new floral buds

Events
Meiosis occurs in specialized tissues of gonads or anthers and ovaries
Specialized cell prepares for meiosis: DNA replicates in S phase

Meiosis I 


Prophase I

Chromosomes condense, homologous chromosomes pair and synapse (synapsis)

Crossing-over between nonsister chromatids of homologous chromosomes



Spindle attachments to kinetochore: one attachment per chromosome



Dissipation of nuclear envelope

Metaphase I



Paired chromosomes (tetrad) move into equatorial plane of cell



Orientation of nonsister chromatids of tetrads to opposite poles of cell



Maximum condensation of chromosomes


Anaphase I



Sister chromatids pulled together to same pole



Nonsister chromatids separate toward opposite poles of spindle

Homologous chromosomes separate at centromeres


Telophase I

Nuclear envelopes form around each cluster of chromosomes at the cell poles



Chromosomes may decondense

Meiosis II


Prophase II (no DNA replication between telophase I and prophase II)



Condensing of chromosomes in each nucleus



Formation of spindles 



Dissipation of nuclear envelopes



Spindle fibers attach to kinetochores


Metaphase II



Chromosomes (two chromatids/chromosome) pulled into equator of cell


Anaphase II



Sister chromatids separated at centromeres



Chromosomes moved to opposite poles 


Telophase II

Nuclear membranes organize around four clusters of chromosomes at poles 



Chromosomes decondense



Cytokinesis separates the four nuclei

Closer look at prophase I


Leptotene 

Sister chromatids of each chromosome associate tightly with each other (chromosomes appear as single threads)



Telomeres attach to nuclear envelope


Zygotene


Homologous chromosomes begin pairing but remain ~300 nm apart (called 

“rough pairing”)


Synaptonemal complex begins to form



Synaptonemal complex: vehicle for pairing of homologs





consists of central element and lateral elements 





lateral elements intimately associated with synapsed homologs 



on either side


Pachytene


Synaptonemal complex extends along entire length of paired chromosomes


Intimate association between homologs, characteristic of synapsis


Crossing-over probably at this point

Diplotene


Homologous chromosomes held together at chiasma points
Chromosome segments (including centromeres) separate between chiasma


Diakinesis



Nuclear envelope breaks down

Chromosomes continue condensation



Chiasma terminalize (move) toward telomeres

Consequences of crossing-over



Mechanism that can give rise to genetic recombination
No loss or addition of genetic material (crossing-over involves reciprocal exchanges)

Occurs at different points each meiosis

Crossing over produces hybrid patchworks of maternal and paternal homologous chromosomes

Sexual Life Cycles

Life cycles consist of alternation of haploid stage and diploid stage

Timing of meiosis and fertilization varies, depending on species


Three main types of life cycles



Animals




Gametes are the only haploid cells

Meiosis occurs during the production of gametes




Gametes undergo no further cell division prior to fertilization

The diploid zygote divides by mitosis, producing a multicellular diploid organism



Plants 

Both diploid and haploid multicellular stages

Alternation of generations

Two phases: gametophyte (haploid) stage produces haploid gametes by mitosis; sporophyte (diploid) stage produces haploid spores by meiosis

Fertilization results in a diploid zygote



Fungi, protists and algae




The zygote is the only diploid stage

Meiosis occurs immediately after gametes fuse to form a diploid zygote (before offspring develop) 
Meiosis produces new combinations of genes (genetic recombination) in two ways
1.
During crossing over if the genes are located on the same chromosome
2.
By random assortment if the genes are located on different chromosomes
These two processes can produce tremendous amounts of genetic variation
About Gregor Johann Mendel

1822: born in Heinzendorf bei Odrau (now Hyncice, Czech Republic; peasant family, farming, orchards. etc.)

1843: Entered St. Thomas Monastery, Brunn (now Brno, Czech Republic)

1850: Failed examination for teacher certification

Enrolled Univ. Vienna to study math, physics, chemistry, biology

1856: began experiments with peas

1865: results presented Brunn Society of Natural History

Published paper (English translation ”Experiments on Plant Hybrids”)


Received little attention


Did not resurface until 1900

Mendel’s further studies and correspondence with Karl von Nägeli


The hawkweed paper


Concluded pea findings not universal

Much of original research data burned after Mendel’s death (1884)
Rebirth of Mendelian genetics

Three botanists confirmed Mendel’s experiments in plants 1900 (deVries, Correns, von Tschermak)


Confirmation in animals 1902 (Bateson)


Mendelism accepted rapidly throughout world


1905: term “genetics” coined (Bateson)


1909: first textbook in genetics

1913: first department of genetics in U.S. Univ. of California, Berkley

Criticism of Mendel’s work


Sir Ronald Fisher


Most criticism dismissed by careful reading of Mendel’s paper

Conclusion: Mendel can be remembered as a careful and meticulous scientist

Mendel also remembered as a devoted teacher, used position and resources to assist those in need

MENDELIAN GENETICS

Basic genetic terminology

Character or characteristic: An attribute or feature


Gene: A genetic factor (region of DNA) that helps determine a characteristic


Locus (plural: loci): The position occupied by a gene on a chromosome


Allele: specific DNA sequence found at a gene locus.

One of the possible alternative forms of a gene (usually distinguished from other alleles by its phenotypic effects)


Homozygous: identical alleles on homologous chromosomes



True breeding individuals are homozygous



Example: AA and aa plants in Mendel’s F1 for flower color


(Homozygote: An individual possessing two of the same alleles at a locus)


Heterozygous: different alleles on homologous chromosomes



Example: Aa plants in Mendel’s F2 for flower color


(Heterozygote: An individual possessing two different alleles at a locus)


Monohybrid cross: mating between individuals who are heterozygous at a given locus



Example: (Aa X Aa)



Dihybrid cross: mating between two individuals who are heterozygous at two loci


Example: (AaBb X AaBb)

Genotype: a description of alleles an individual is carrying


genetic makeup of an organism

Phenotype: observed features or outward appearance of a trait; anything that you could measure by any device you have (a ruler, a color wheel, a band on a electrophoresis gel, a nutritional requirement) is a phenotype
Carrier: most often used in human genetics to describe an individual heterozygous for a recessive allele, so the allele is “carried” in the individual’s genome without being detected at the phenotypic level

Segregation: each individual diploid organism possesses two alleles that separate in meiosis, with one allele going into each gamete
Independent Assortment: provides additional information about the process of segregation: it tells us that the two alleles separate independently of alleles at other loci; independent assortment results in genetic recombination
Several key terms in Mendelian genetics can be defined in the context of molecular biology.  A locus is the position of a gene in the DNA of a chromosome.  Different DNA sequences at the same locus are called different alleles.  Because there are two homologs for each chromosome, there are two copies of each locus, one on each of the homologs. If both homologs have the same allele at a locus, the individual is homozygous for that allele.  If the homologs have different alleles at a locus, the individual is heterozygous for those alleles.  If one allele masks the effect of another in a heterozygous individual, then the masking allele is dominant to the other allele.  The masked allele is recessive to the dominant allele.  Genotype describes the genetic composition of alleles at a locus. Whereas the phenotype is what we actually see in the individual.  

“Hybrids follow a definite law”


Segregation of dominant and recessive characters predictable


Independent assortment of characters predictable

Self-pollinating, true-breeding pea varieties selected


Different alleles not introduced during reproduction

Mendel chose 34 pea varieties with different traits and confirmed “true-breeding” by growing two seasons

Mendel’s Principle of Segregation 

Monohybrid experiments

Parents that differed for a single trait 


Parental generation: true-breeding parents 



First generation progeny: each F1 generation was monohybrid




Dominant phenotype expressed in F1



Recessive phenotype not expressed in F1
F2 Generation: progeny of self pollinated or intercrossed F1s


Mathematical series of all possible combinations of gametes from F1 parents

¾ dominant phenotype expressed in F1



¼ recessive phenotype like the recessive parent




Phenotypic ratio of F2:  3:1
`



Genotypic ratio of F2:  1:2:1



Mendel’s “Principle of segregation” of differing alleles




“Differing elements” segregate at gamete formation




“Differing elements” recombine at fertilization (F2 ratios)

Cellular basis for segregation: Because homologous chromosomes segregate from each other during meiosis, alleles at the same locus on homologous chromosomes also segregate from each other so that half the gametes receive one allele and half receive the other.


Mendel’s segregation: a consequence of chromosome segregation at meiosis



Purple flowered plant is male parent (AA, diploid)



White flowered plant is female parent (aa, diploid)




All sperm nuclei of purple flowered plant (AA) carry A allele)




All egg nuclei of white flowered plant (aa) carry a allele




Pollination produces Aa hybrid seed (F1 generation)



Summarizing these events by Punnett square
 


Union of F1 gametes produce F2 generation




Four equally likely possibilities segregate in F2 genotypes 





25% chance of AA homozygote (purple flowers)





50% chance of Aa heterozygote (purple flowers)





25% chance of aa homozygote (white flowers)

Testcross experiments

Testcross purpose: determine whether a dominant phenotype is homozygous or heterozygous for a specific allele (e.g., is a purple-flowered plant homozygous (AA) or heterozygous (Aa)

Devised by Mendel and continues to be an important tool of geneticists

Plant with dominant trait crossed with homozygous recessive (aa) plant


Only Aa parent can have white-flowered offspring

Offspring of an Aa X aa cross:  1:1 phenotypic ratio
Molecular basis of dominance: Most dominant alleles encode a functional protein and most recessive alleles are mutant and fail to encode a functional protein.  When an individual is heterozygous, the dominant phenotype appears because the functional protein encoded by the dominant allele compensates for the recessive allele.



Purple flowers contain anthocyanin



Anthocyanin synthesized by enzymes (proteins) in biochemical pathway



White flowers due to a defective pathway enzyme



Gene A on chromosome I encodes enzyme



Allele a encodes defective enzyme




AA encodes functional enzyme (flowers purple)

Aa encodes functional and defective enzymes (A is dominant, flowers purple)

aa encodes defective enzyme (flowers white)

Mendel’s dihybrid experiments and the principle of independent assortment

Dihybrid experiment

Parents differ by two pairs of contrasting traits (e.g., smooth, yellow seeds X wrinkled, green seeds)

Gametes: one genotype from each pure breeding parent

Gametes combine to produce heterozygous offspring

F1 offspring had both dominant phenotypes (smooth, yellow seeds)

Selfing or intercrossing F1 produced F2 generation

F2 generation




Four kinds of gametes produced in equal proportions



Recombine at random in fertilization



Gametes: four haploid gamete types from each parent

F2 Generation segregates as predicted by Mendel’s ”Principle of independent assortment”


Applies to characters encoded by loci located on different chromosomes (in 
other words, genes located on the same chromosome do not assort 
independently)

Different pairs of alleles assort independently of each other at gamete formation

F2 phenotypes follow mathematically predictable proportions:


9/16 both dominant traits (yellow, round seeds)


3/16 dominant trait and recessive trait (yellow, wrinkled seeds)


3/16 recessive trait and dominant trait (green, smooth seeds)


1/16 both recessive traits (green, wrinkled seeds)



Cellular basis of independent assortment: Because genes located on nonhomologous chromosomes assort independently during meiosis, the inheritance of alleles at one locus does not influence the inheritance of alleles at another locus.


Based wholly on the behavior of chromosomes during meiosis



Segregation (separation) of homologous chromosomes



Independent assortment of nonhomologous chromosomes


So, genes located on different pairs of homologs will assort independently

Mendel’s seed color and seed shape in peas



SS, Ss: seeds smooth



ss: seed wrinkled



YY, Yy: seeds yellow



yy: seeds green



Homozygous diploid parents and F1 hybrid 

Self-pollinated or intercrossed F1 plants produce F2

F1  parents produce four gamete types in equal proportions: SY, Sy, sY, sy


Phenotypic ratios of F2:  9:3:3:1
Trihybrid experiments


Mendel’s principles apply


Original true-breeding parents differ by three traits (AABBCC X aabbcc)


Gametes produced by pure breeding parents: ABC and abc

Kinds of gametes produced by F1 AaBbCc: 8 kinds
2n gametes  
n = no. of heterozygous loci (ie, each with one dominant and one recessive allele)
Branch diagram method of calculating genotypic and phenotypic proportions


Can involve any number of gene pairs


All gene pairs must assort independently from each other
Chi-square test (see Chi-square under Handouts/Study Aids)

Mendel’s data


Assume that data will fit a given ratio such as 1:1, 3:1, or 9:3:3:1



Use statistical analysis to test assumption

((OE)E(chi-square, O = number observed, E = number expected


The greater the deviation between O and E, the higher the chi-square value


Chi-square table and degrees of freedom


Level of significance (how much error can we accept?)

HUMAN GENETIC DISORDERS
Pedigree Analysis: Diagram used in study of human heredity

use of family history to determine how a trait is inherited

used to determine risk factors for family members

basic method of genetic analysis in humans

standardized symbols

Autosomal Recessive Traits and Phenotypes


Albinism: absence of pigment in skin, eyes, hair

Cystic fibrosis: mucous production that blocks duct of certain glands, lung passages; often fatal by early adulthood


Sickle cell anemia: Abnormal hemoglobin; blood vessel blockage


Tay-sachs disease: Improper metabolism of gangliosides in nerve cells


Xeroderma pigmentosum: Lack of DNA repair enzymes; sensitivity to UV light

Autosomal Dominant Traits and Phenotypes

Brachydactyly: malformed hands with shortened fingers

Familial hypercholesterolemia: elevated levels of cholesterol; may be most prevalent genetic disease

Huntington’s disease: progressive degeneration of nervous system; dementia 


Marfan syndrome: connective tissue defect
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