
GENETICS: A BASIC HUMAN GENETICS PRIMER: PART I

Goal:
Understand the basic principles of medical genetics.

After completing this activity participants will be able to:
• Define chromosome, DNA, RNA, and protein 
• Compare mitosis and meiosis 
• Explain the process of transcription and translation 

Professional Practice Gaps
There has been considerable discussion about the genetics revolution in healthcare, the insufficient 
numbers of genetics professionals to meet predicted demands, and the potential burden PCPs may 
experience. In an effort to define what healthcare providers need to know about medical genetics, 
several organizations developed core competencies (NCHPEG, 2000; ASHG, 2001). However, 
because clinical genetics is a relatively young and evolving field of medicine, many practitioners 
received insufficient formal genetics education. As a result, they express a lack of confidence in their 
clinical genetics knowledge and a lack of confidence in their ability to provide genetic counselling. Dr. 
Francis Collins, Director of the National Institutes of Health, has stated that it will be "critical to 
integrate genetics into continuing medical education so that current practitioners will have the 
knowledge and skills to effectively and responsibly incorporate new genetics knowledge and 
technologies into practice" (Collins, 1999, p.49).

WHAT ARE CHROMOSOMES?
Chromosomes are structures found in the nucleus of most human cells and contain each person's 
genetic blueprint (see illustration below left). People normally have a total of 46 chromosomes. One 
member of each of the 23 pairs of chromosomes comes from a person's father, and one member 
comes from the mother. Parents contribute chromosomes to their children at the time of conception 
(see illustration below right).
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KARYOTYPES
The 46 chromosomes can be arranged into 23 pairs. Pairs 1 through 22 are the same in males and 
females and are called autosomes. The chromosomes making up pair 23 are the sex chromosomes, 
the X and Y chromosomes. Females have two X chromosomes while males have one X and one Y 
chromosome. (Exceptions to this rule do exist and are addressed later in the course.) Pictures, or 
karyotypes, of the 46 chromosomes arranged into their 23 pairs can be created in the laboratory. A 
normal male karyotype is described as 46,XY and a normal female karyotype is described as 46,XX.

To create a karyotype, a special stain is first applied to the chromosomes. The stain leaves bands of 
dark and light stripes along each chromosome. Chromosomes are identified in the lab by their length,
shape, and banding pattern. These 3 characteristics are unique to each chromosome pair and are 
consistent in normal chromosomes from person to person. In other words, chromosome 1 from any 
given person has the same appearance as chromosome 1 from any other person. Chromosome 2 
from an individual resembles chromosome 2 from another individual, and so forth.

Normal Female Karyotype (46,XX)
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Normal Male Karyotype (46,XY)

CHROMOSOME ANATOMY
In addition to numbering chromosomes 1 through 23, distinct regions of the chromosomes also have 
standardized names. The tips of chromosomes are called telomeres, and the narrow area along the 
body of the chromosome is the centromere. On either side of the centromere are the arms of the 
chromosome. Because the centromere is not located precisely in the middle of the chromosome, one 
of the 2 arms will be longer than the other. The longer arm is the q arm and the short arm is the p 
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arm. For karyotypes, chromosomes are oriented so that the p arm is toward the top of the page (see 
illustration).

CHROMOSOME COILING
Each of the 46 chromosomes is formed from a single, continuous double strand of DNA and a myriad 
of proteins. The single strand of DNA is much longer than the actual chromosome. Through a process
called coiling, the DNA strand attaches to proteins. The coiling process is quite elaborate and 
consists of multiple levels of organization. During coiling, much wrapping and folding of the DNA 
occurs, which in turn allows it to be packaged into the shorter chromosomal structure (see illustration 
below).

Coiling begins when a small segment of DNA wraps around a complex of 8 proteins known as 
histones (two each of H2A, H2B, H3, and H4). The DNA wraps around each histone complex about 
1.8 times, forming a nucleosome. This wrapping occurs along the entire length of the chromosome, 
segment by segment, so that when viewed through a microscope the DNA and protein complexes 
resemble beads on a string. Long stretches of this string of beads are further compacted into helical 
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structures that resemble a telephone cord, called solenoids. For the final step in DNA coiling, the 
solenoids are arranged into large loops and are held into position by nonhistone proteins.

DNA
The DNA strand coiled in each chromosome is made of 4 basic building blocks called nucleotides. 
Each nucleotide consists of a sugar (deoxyribose), a phosphate group, and a nitrogenous base (see 
illustration below right). The sugar group and the phosphate group are the same in all nucleotides. 
The base group, however, differs. There are 4 distinct bases:

• Adenine (A) 
• Thymine (T) 
• Cytosine (C) 
• Guanine (G) 

THE DOUBLE HELIX
The DNA strand exists as a double helix. The helix is created because nucleotides simultaneously 
bind to one another in 2 different directions, creating a 3-dimensional structure.

Nucleotides bind to each other sequentially, one after another. For example, the highlighted 
nucleotides shown in the left image below occur in the following order: A-G-T-A-C-G (reading from top
to bottom). The order of these nucleotides is described by geneticists as the sequence of 
nucleotides.

Nucleotides also bind to nucleotides directly across from themselves. There are rules, however, 
governing which nucleotide can bind to the nucleotide directly across from it. The nucleotide A only 
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binds to T (and vice versa) and C only binds to G (and vice versa). For the nucleotide sequence 
described in the previous paragraph, A-G-T-A-C-G, the nucleotides binding across from it will always 
be T-C-A-T-G-C.

DOUBLE-HELIX STRAND ORIENTATION
The nucleotides that create the double helix have an orientation. On one end of each nucleotide is 
the phosphate group. The phosphate group is attached to the fifth carbon of the sugar (deoxyribose). 
Thus, the end with the phosphate group is referred to as the 5' end. At the other end of the nucleotide
is the third carbon of the sugar. This end is referred to as the 3' end. Nucleotides in a sequence 
attach to one another at the 5' and 3' ends.

The DNA sequence that completes the other half of the double helix, the complementary strand, also 
has directionality. The complementary sequence runs 3' to 5'. By convention, double-stranded DNA 
sequences are read from the 5' to the 3' direction.

Page 6 of 26



WHAT ARE GENES?
Genes, messages to the body, are interspersed at irregular distances along the 46 DNA strands that 
create the chromosomes. In between genes, acting as spacers, is DNA that is not completely 
understood yet.

Individual genes are created by specific sequences of nucleotides. Gene A differs from Gene B, and 
so on, because of the unique order the 4 nucleotides are arranged in along the DNA strand. Each 
gene in the human genome, regardless of function, shares some features with other genes. For 
example, most genes have a promoter region, introns, and exons. Each of these components is 
necessary for proper gene function.

GENE FUNCTION
Genes provide the instructions for such processes as the following:

• Cellular maintenance 
• Cell growth 
• Cell differentiation 
• Programmed cell death (apoptosis) 

Disease can occur when one or more genes do not perform their normal function. Genes and their 
role in disease are discussed in depth later in the course.

INTRODUCTION TO CELL DIVISION
New cells are required for a variety of reasons throughout the course of a person's lifetime, so cells 
must replicate (although not all cell types replicate in adults). This replication is achieved through cell 
content duplication, including chromosome duplication, and then division.

Page 7 of 26



There are 2 distinct cell division processes. The first type of division involves mitosis and is used by 
the majority of body cells (somatic cells). The second type of cell division involves meiosis and is 
used by sperm and egg cell precursors. A comparison of mitosis and meiosis is shown below.

INTERPHASE
The period of time in a cell's lifecycle when it is not actively dividing is called interphase. Interphase is
composed of 3 separate phases: gap 1 (G1), synthesis (S), and gap 2 (G2). Interphase occurs in 
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both somatic cells preparing for mitosis and in germline cells preparing for meiosis. Greater detail 
about each of the 3 phases of interphase during mitosis is included below.

G1
Cellular contents, excluding the chromosomes, are duplicated.

S Phase
Each of the 46 chromosomes is carefully replicated by the cell. The original chromosome, from which 
the duplicate is made, remains attached to the newly generated chromosome at the centromere. This
continued attachment produces the familiar X appearance of chromosomes. Each of the 2 DNA 
strands (the original and the new strand) of the chromosome is referred to as a sister chromatid. By 
the end of S phase, the cell contains twice the genetic content that it started with.

G2
The cell double-checks the duplicated chromosomes for error, making any needed repairs. Once G2 
ends, the cell is ready to proceed into mitosis.

MITOSIS
After the cell contents and chromosomes replicate in interphase, mitosis can begin. During mitosis, 
the duplicated chromosomes separate from each other, resulting in 2 identical sets of chromosomes. 
Each set of chromosomes will become part of a new daughter cell. Daughter cells are created by 
equal division of the parent cell's cytoplasm through a process called cytokinesis. Cytokinesis 
immediately follows mitosis and precedes G1.
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Mitosis, like interphase, has distinct phases. Each of the phases are described in detail below.

Prophase
Except during mitosis, chromosomes exist in a loosely coiled form. During prophase in somatic cells, 
replicated chromosomes begin to condense into the more compact form used for karyotypes. In 
addition, spindle fibers form and the membrane surrounding the cell's nucleus dissolves.

Prometaphase
Spindle fibers begin to attach to the centromeres on each chromosome. Chromosomes continue to 
condense and begin to line up in the middle of the cell.

Metaphase
Chromosomes reach their most condensed state and are aligned in the middle of the cell. The 
spindle fibers attached to the centromeres begin to shorten. Karyotypes are usually made using 
metaphase chromosomes.

Anaphase
Spindle fibers shorten, causing the centromeres to split. Each sister chromatid is pulled to the 
opposite end of the cell, resulting in a single cell with 92 distinct chromatids. Forty-six of those 
chromatids are moving toward one end of the cell, and 46 are moving toward the opposite end.

Telophase
Spindle fibers begin to dissolve and nuclear membranes begin to form around the 2 distinct groups of
chromosomes. The chromosomes begin to loosen from their highly condensed state.
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MEIOSIS I
Meiosis is the process by which germline precursor cells generate mature egg and sperm cells. 
Meiosis consists of 2 phases, meiosis I and meiosis II. The number of chromosomes is reduced by 
half during meiosis I; and because of this, meiosis I is often described as a reduction division. Meiosis
I consists of prophase I, metaphase I, anaphase I, and telophase I. Prophase I is a complicated 
process for cells and is subdivided further into 5 distinct phases: leptotene, zygotene, pachytene, 
diplotene, and diakinesis.

Following meiosis I, cytokinesis occurs, dividing the original parent cell into 2 daughter cells. 
Cytokinesis during meiosis differs in males and females. In males, meiosis I results in 2 equal-sized 
daughter cells containing 23 duplicated chromosomes. In females, however, cytokinesis is unequal. 
One daughter cell receives the majority of cellular contents and 23 duplicated chromosomes. The 
other daughter cell receives very little cellular content and 23 duplicated chromosomes. The smaller 
daughter cell is known as a polar body. It will eventually degenerate instead of proceeding on to form 
a mature egg cell.

Prophase I
Chromosomes duplicated during interphase begin to condense into a more compact form. 
Homologous chromosomes begin to pair off in a process called synapsis. (Synapsis does not occur 
during mitosis.) During synapsis, random areas along the homologous chromosomes stick to each 
other, forming chiasma. At chiasma, homologous chromosomes exchange genetic information with 
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one another (crossing over). In addition, spindle fibers form and the nuclear membrane dissolves. At 
the end of prophase, chromosome pairs begin to move toward the center of the cell.

Metaphase I
Spindle fibers attach to each centromere. Chromosome pairs line up in the middle of the cell.

Anaphase I
The chiasma formed during prophase I disappear and the homologous chromosome pairs are pulled 
apart by shortening spindle fibers. Unlike anaphase during mitosis, the sister chromatids are not 
pulled apart. Instead, homologous chromosome pairs are separated, resulting in 23 duplicated 
chromosomes that move toward one end of the cell and 23 duplicated chromosomes that migrate 
toward the other end. Each end of the cell will contain 22 duplicated autosomes plus 1 duplicated sex
chromosome.

Telophase I
The duplicated chromosomes reach opposite ends of the cell. The tightly coiled chromosomes begin 
to unwind, and nuclear membranes begin to form around the chromosomes.
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MEIOSIS II
In between meiosis I and meiosis II, a brief interphase occurs. Unlike the interphase preceding 
mitosis and meiosis I, there is no replication of genetic information during interphase II.

The second half of meiosis, meiosis II, is sometimes referred to as the equational division. During 
meiosis II, sister chromatids are separated and distributed into daughter cells, but there is no 
chromosome number reduction. Meiosis II consists of prophase II, metaphase II, anaphase II, and 
telophase II.

Following meiosis II, cytokinesis occurs. Similar to cytokinesis after meiosis I, the process is different 
in males and in females. In males, cytokinesis results in 2 equal-sized daughter cells containing 23 
chromosomes. In females, cytokinesis is again unequal. The egg cell precursor generated during 
cytokinesis after meiosis I undergoes a second division, resulting in another polar body and a single 
mature egg.
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Prophase II
Prophase II is very similar to the prophase of mitosis. The chromosomes that were duplicated in 
interphase I and decondensed in interphase II begin to recondense into a more tightly compact form. 
The membrane surrounding the cell nucleus dissolves and spindle fibers form. At the end of prophase
II, chromosomes begin to move toward the center of the cell.

Metaphase II
Spindle fibers attach to each centromere. Chromosomes reach the middle of the cell.

Anaphase II
Spindle fibers shorten during anaphase II, causing the centromeres to split. When the centromere 
splits, each sister chromatid is pulled to the opposite end of the cell, resulting in a single cell with 46 
distinct chromatids. Twenty-three of those chromatids will be at one end of the cell, and 23 will be at 
the opposite end of the cell.

Telophase II
Spindle fibers begin to dissolve and nuclear membranes begin to form around the 2 distinct groups of
chromosomes. The chromosomes begin to loosen from their highly condensed state.

AFTER MEIOSIS
Once meiosis is complete, 4 daughter cells exist. Each daughter cell contains 23 chromosomes. The 
4 daughter cells are not genetically identical to the original parent cell.
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In males, each of the 4 daughter cells is a viable gamete. In females, however, only one of the 
daughter cells is a viable egg cell. The other 3 cells are polar bodies. During meiosis, the polar bodies
received equal chromosomal material but received very little of the cytoplasmic contents needed for 
survival. The egg cell retains nearly all of the cytoplasmic material from the original cell.

INTRODUCTION TO REPLICATION, TRANSCRIPTION, AND
TRANSLATION

Important cellular processes, such as DNA replication, transcription, and translation, occur during 
interphase of the cell cycle. These processes occur during interphase because during that period of 
time DNA exists in a loosely coiled form (in contrast to DNA during metaphase of mitosis). The loose 
coiling allows enzymes access to the DNA nucleotides.

Cell With Condensed (Compacted)

Chromosomes

Cell With Decondensed (Not Compacted)

Chromosomes

DNA REPLICATION
In humans, DNA replication is initiated simultaneously at a great many sites. These sites of DNA 
replication initiation are called origins of replication (ORIs) and are scattered along the double strand 
of DNA contained in each chromosome.

When DNA replication begins, the double strand of DNA "unzips" at each ORI. As the 2 strands 
separate, it appears as if a bubble has formed within the DNA double helix. These unzipped areas 
have therefore been termed replication bubbles (see illustration below on the left). Within each 
replication bubble, new strands of DNA are generated. Remembering that A and T always pair and 
that G and C always pair, each separated double strand of DNA is used as a template to create a 
new double helix of DNA (see illustration below on the right). DNA replication starts at the ORI and 
moves in both directions away from the ORI until the replication bubble runs into the nearest 
replication bubble on either side of it. Because one original strand is used to create the new double 
helix, human DNA replication is considered semiconservative.
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DNA REPLICATION (CONTINUED)
The 2 newly generated strands of DNA within the replication bubble are described as the leading 
strand and the lagging strand (see illustration to the right). The leading strand is synthesized in a 
continuous process, from a 5' to 3' direction. The lagging strand is synthesized from many small 
segments, called Okazaki fragments. The lagging strand is synthesized from many small pieces 
because DNA sequences can only be created in a 5' to 3' direction, not 3' to 5'. As the replication 
bubble grows, new Okazaki fragments are made. These Okazaki fragments are later joined together 
to create a longer continuous strand of DNA.

TRANSCRIPTION AND TRANSLATION
DNA contains the genetic instructions vital to every aspect of cellular function and survival. However, 
DNA itself does not actually perform any cellular tasks. Instead, the instructions contained in the DNA 
are carried out by other cellular components, RNA (ribonucleic acid), and proteins.
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Messages contained in DNA are initially converted into another form of nucleic acid, RNA. Several 
different types of RNA exist: messenger RNA, transfer RNA, and ribosomal RNA. Some types of RNA
(transfer and ribosomal) perform necessary cellular functions. Messenger RNA, however, is 
converted into a protein product and the protein performs the necessary cellular function(s).

The process of converting DNA into RNA is known as transcription and the process of converting 
RNA into a protein product is called translation. Transcription occurs in the nucleus of the cell, where 
the DNA is located. Translation occurs in the cytoplasm of the cell.

TRANSCRIPTION
Transcription is initiated when an enzyme, RNA polymerase, attaches itself to the promoter region of 
a gene. RNA polymerase then separates the 2 strands of DNA from each other in the double helix. 
Using the DNA strand as a template, similar to the way in which the original DNA strand is used to 
create a new strand during DNA replication, an RNA transcript is generated.

The RNA transcript is very similar to DNA, but there are a few important distinctions. RNA, like DNA, 
is composed of 4 different nucleotides. However, the sugar used to form RNA nucleotides is ribose, 
instead of deoxyribose. In addition, RNA uses the base uracil instead of thymine. The third difference 
between RNA and DNA is the fact that RNA exists as a single stand while DNA exists as a double 
strand.

Differences between DNA and RNA:

DNA RNA

Deoxyribose Ribose

Thymine (T) Uracil (U)
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Double strand Single strand

TYPES OF RNA
There are 3 major categories of RNA:

• Transfer RNA (tRNA) 
• Ribosomal RNA (rRNA) 
• Messenger RNA (mRNA) 

Each type of RNA has a specific function, although all 3 types of RNA participate in translation. Both 
tRNA and rRNA actively function in the translation process. The mRNA, however, has a more passive
role during translation, serving as a template. Its ribonucleic acid sequence is literally translated into 
protein product by tRNA and rRNA.
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MRNA
Once an mRNA strand has been generated by copying a sequence of DNA, it undergoes some 
modifications. These modifications are a necessary step along the path of converting the mRNA into 
a functional protein product. The first modification is the addition of a guanine nucleotide to the 
beginning of the mRNA. This guanine is sometimes referred to as a 5' cap. It helps to protect the 
mRNA from being degraded by the cell. At the other end of the mRNA strand, the 3' end, another cap 
is added. This second cap is composed of 100 to 200 adenines. It also helps to protect the mRNA 
and is usually referred to as the poly-A tail. Once the poly-A tail has been added, the mRNA is called
the primary transcript.

While still in the nucleus, introns are removed from the primary transcript, leaving the 5' cap, exons, 
and poly-A tail. The shortened mRNA strand is now referred to as a mature transcript. The mature 
transcript moves out of the nucleus into the cytoplasm, where translation can begin.
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THE GENETIC CODE
During translation, the sequence of the mature mRNA transcript is used as a template to create a 
protein product. The mRNA sequence is important to the message and is read by the cell. The order 
of the mRNA nucleotides dictates the protein product, much like the order of words in a sentence is 
critical to the meaning.

Every 3 consecutive mRNA nucleotides, called codons , are interpreted by the cell as a single word. 
Because there are 4 different nucleotides (G, C, A, and U) read in groups of three, there are 64 
possible nucleotide combinations. Sixty-one of these combinations are translated into an amino acid, 
a subunit of protein. Three of the combinations do not code for an amino acid. Instead, they are stop 
codons and indicate that the mRNA message is complete.

Although there are 64 codons, there only 20 amino acids. This discrepancy between the number of 
codons and the number of amino acids means that more than 1 codon is translated into the same 
amino acid. The 64 possible combinations and the corresponding amino acid or stop signal are 
shown to the right.
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TRANSLATION
During translation, the mature mRNA transcript interacts with ribosomes and tRNA to generate 
proteins. Ribosomes bind to the mRNA at the beginning of the genetic message (the 5' end) and 
slowly move down the mRNA codon by codon. At each codon, the ribosome pauses long enough to 
facilitate tRNA in temporarily binding to the mRNA. The tRNA is responsible for bringing the amino 
acid that corresponds to the mRNA codon. As the ribosome moves down the mRNA sequence (5' to 
3'), amino acids that the tRNA brings become sequentially attached to each other, and a chain of 
amino acids is created. These amino acids, linked to each other, are proteins. The mRNA sequence 
is literally translated into protein product by tRNA and rRNA (see illustration at right).
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POST-TRANSITIONAL MODIFICATIONS
Once a protein has been generated, it usually requires additional processing before it is ready to 
perform the task it was created to do. This final stage of processing is known as post-translational 
modification. The most common forms of modification include the following:

• Breaking the protein into smaller proteins 
• Combining multiple protein products together, forming a larger protein 
• Adding sugars to the protein product 
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NOTE TO LEARNER
You have completed Part I of a 2-part course. For an optimal learning experience, it is recommended 
that you also take A Basic Human Genetics Primer: Part II. Continue to the next page for the course 
summary and post-course evaluation.

SUMMARY AND KEY POINTS
• People normally have 46 chromosomes that come in 23 pairs. Pairs 1 through 22 are 

autosomes, and members of pair 23 are the sex chromosomes (X and/or Y). Chromosomes 
have a long arm (q arm), a short arm (p arm), a centromere, and telomeres. A chromosome 
map, or a karyotype, can be created to examine the number and structure of a patient's 
chromosomes. 

• Occasionally, people are born with 47 chromosomes. The extra chromosome is an extra 13, 
18, 21, X, or Y. People born with an extra autosome (13, 18, or 21) have organ anomalies and 
have mental retardation. People with an extra sex chromosome (Y or X) do not have organ 
anomalies and do not have mental retardation. 

• Monosomy occurs when an individual is born with only 45 chromosomes. The only example of
a viable monosomy is Turner syndrome (45,X). People with Turner syndrome have 2 copies of
chromosome numbers 1 through 22 and only 1 sex chromosome, X. All individuals with Turner
syndrome are female. 
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• People can also be born with a structural chromosome problem. Structural problems can be 
either balanced or unbalanced. People with balanced chromosome rearrangements may not 
have any clinical symptoms. People with unbalanced chromosome rearrangements are likely 
to have organ anomalies and mental retardation. Structural chromosome problems include the
following: 

• Complex rearrangements 
• Deletions 
• Duplications 
• Insertions 
• Inversions 
• Isochromosomes 
• Translocations 

• The majority of a cell's time is spent in interphase, and chromosomes exist in a loosely coiled 
state. During body cell division, or mitosis, the chromosomes condense into a more tightly 
coiled state. Chromosomes are also condensed when precursors to mature sperm and egg 
cells undergo meiosis. Meiosis has 2 distinct phases, meiosis I and meiosis II. Meiosis I is 
described as a reduction division and meiosis II is described as an equational division. 

• Chromosomes each have a single, continuous strand of DNA. The DNA exists as a double-
stranded helix and is supercoiled and folded upon itself many times. DNA is composed of the 
following 4 basic building blocks, or nucleotides: 

• Adenine 
• Thymine 
• Cytosine 
• Guanine 

• Along the DNA strands, spaced at irregular distances, are genes. Genes are messages 
dictating how the human body develops, grows, and functions. Genes themselves do not 
actually perform any work in the body. Instead, the message contained in genes is copied from
the DNA into mRNA. This process is called transcription. The mRNA is also composed of 
nucleotides. However, in contrast to DNA, mRNA exists as a single stranded molecule and in 
place of thymine uses the base uracil. 

• The mRNA is converted into a functional product, a protein. Proteins are made of amino acids.
The conversion of mRNA's message into protein is called translation. Two other forms of RNA 
assist in the translation process, rRNA and tRNA. 

• Transcription, translation, and DNA replication occur during interphase while the DNA is less 
densely coiled. 

• Genetic disease can result from mutations in vital DNA sequences. 
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RESOURCES AVAILABLE THROUGH THIS MODULE:
• National Human Genome Research Institute

This website contains information about the Human Genome Project and also provides free 
online educational materials. 
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