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V. Molecular and Cellular Biology in the lab
1. Model organisms


2. Cell cultures


3. Studying proteins


4. Studying DNA 

‣ DNA sequencing


‣ DNA extraction


‣ DNA amplification


‣ DNA cloning
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Eukaryotic cloning systems

• Eukaryotic genes may not be expressed properly in bacteria (introns, post-translational modifications, …)


• Researchers have then to use eukaryotic cells, like yeasts 


• In some cases, yeasts do not have proteins required to modify a mammalian protein properly, in which case insect 

cells or cultured mammalian cells are used


• Recombinant DNA is introduced by electroporation or by injection (with microscopically thin needles)


• Once inside the cell, DNA is incorporated by natural recombination
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Method Principle Applications / Notes

Microinjection Direct injection of DNA into the nucleus or cytoplasm using 
a fine glass needle under a microscope.

Used for animal embryos, 
oocytes, and transgenic animals; 
highly precise but labor-intensive.

Electroporation
Cells are exposed to brief electric pulses that create 
temporary pores in the plasma membrane, allowing DNA to 
enter.

Works well with many cell types, 
including mammalian, plant, and 
yeast cells; efficient but may 
cause some cell death.

Biolistic (Gene Gun) 
Method

DNA-coated microscopic particles (usually gold or tungsten) 
are shot into cells using high pressure.

Common in plant and fungal cells 
with tough cell walls; also used in 
some animal tissues.

1. Physical Methods 
These methods use physical forces to deliver DNA into cells.


How to introduce DNA in eukaryotic cells? = Transfection
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How to introduce DNA in eukaryotic cells?

Method Principle Applications / Notes

Calcium Phosphate 
Precipitation

DNA forms a precipitate with calcium phosphate, which is 
taken up by endocytosis.

One of the oldest and simplest 
methods; often used in 
mammalian cell lines.

Liposome-Mediated 
Transfection 
(Lipofection)

DNA is enclosed in lipid vesicles (liposomes) that fuse 
with the cell membrane to deliver genetic material.

High efficiency and low toxicity; 
widely used in human and animal 
cells.

Polymer-Based 
Transfection

Uses cationic polymers (like PEI or DEAE-dextran) to form 
complexes with negatively charged DNA, which are 
endocytosed.

Versatile and cost-effective; used 
in research and production.

2. Chemical Methods 
These rely on chemical carriers or compounds that facilitate DNA uptake.
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How to introduce DNA in eukaryotic cells?

Viral Vector Type Key Features / Uses

Retrovirus / 
Lentivirus

RNA viruses that integrate 
into the host genome.

Long-term, stable expression in dividing and non-
dividing mammalian cells (e.g., in gene therapy).

Adenovirus DNA virus; does not 
integrate into the genome.

Transient, high-level expression; useful for gene delivery 
in vivo.

Adeno-
Associated Virus 
(AAV)

Small DNA virus with low 
immunogenicity. Safe and efficient; used in human gene therapy.

Herpes Simplex 
Virus (HSV)

Large DNA virus; targets 
neurons.

Used in neuroscience and gene therapy for the nervous 
system.

3. Biological (Viral) Methods 
These exploit the natural ability of viruses to deliver genetic material into host cells.
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How to introduce DNA in eukaryotic cells?

Technology Mechanism Applications / Notes

CRISPR-Cas9 System
Uses a guide RNA (gRNA) to target a specific DNA 
sequence, and Cas9 enzyme to cut DNA, enabling 
insertion, deletion, or correction.

Fast, accurate, inexpensive; used 
for gene knockout, knock-in, and 
therapy research.

RNA Interference (RNAi) Uses small interfering RNA (siRNA) or shRNA to silence 
gene expression post-transcriptionally.

Used to knock down genes (not 
permanently modify DNA).

4. Genome Editing Technologies 
Modern methods that allow precise, targeted modification of specific genes.
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Method Description

Agrobacterium 
tumefaciens–Mediated 
Transformation

Uses a soil bacterium that naturally transfers part of its 
DNA (T-DNA) into plant cells — the basis for many 
genetically modified crops.

Protoplast 
Transformation

DNA introduced into plant cells without cell walls using 
electroporation or PEG treatment.

5. Plant-Specific Methods 

How to introduce DNA in eukaryotic cells?
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Engineering animals: transgenic organisms
496 Chapter 8:  Analyzing Cells, Molecules, and Systems

!e ability to prepare transgenic mice lacking a known normal gene has been 
a major advance, and the technique has been used to determine the functions of 
many mouse genes (Figure 8–54). If the gene functions in early development, a 
knockout mouse will usually die before it reaches adulthood. !ese lethal defects 
can be carefully analyzed to help determine the function of the missing gene. 
As described in Chapter 5, an especially useful type of transgenic animal takes 
advantage of a site-speci"c recombination system to excise—and thus disable—
the target gene in a particular place or at a particular time (see Figure 5–66). In this 
case, the target gene in embryonic stem (ES) cells is replaced by a fully functional 
version of the gene that is #anked by a pair of the short DNA sequences, called lox 
sites, that are recognized by the Cre recombinase protein. !e transgenic mice that 
result are phenotypically normal. !ey are then mated with transgenic mice that 
express the Cre recombinase gene under the control of an inducible promoter. In 

TRANSGENIC MOUSE
WITH ONE COPY OF

TARGET GENE REPLACED
BY ALTERED GENE

IN GERM LINE

SOMATIC CELLS OF 
OFFSPRING TESTED FOR 
PRESENCE OF ALTERED 
GENE, AND SELECTED
MICE BRED TO TEST FOR
GENE IN GERM-LINE CELLS

BIRTH

female mouse

MATE AND HARVEST
EARLY EMBRYOS

HYBRID EARLY EMBRYO 
PARTLY FORMED FROM 
ES CELLS

INTRODUCE HYBRID 
EARLY EMBRYO INTO 
PSEUDOPREGNANT
MOUSE

isolated
early embryo

ES cells growing
in culture

(A) (B)

altered version
of target gene
constructed by

genetic
engineering

INTRODUCE A DNA
FRAGMENT CONTAINING
ALTERED GENE INTO
MANY CELLS

TEST FOR THE RARE
COLONY IN WHICH
THE DNA FRAGMENT
HAS REPLACED ONE
COPY OF THE
NORMAL GENE

LET EACH CELL
PROLIFERATE TO 
FORM A COLONY

ES cells with one copy of target
gene replaced by mutant gene

INJECT
ES CELLS

INTO
EARLY EMBRYO
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Figure 8–53 Summary of the procedures 
used for making gene replacements 
in mice. In the first step (A), an altered 
version of the gene is introduced into 
cultured ES (embryonic stem) cells. These 
cells are described in detail in Chapter 
22. Only a few ES cells will have their 
corresponding normal genes replaced by 
the altered gene through a homologous 
recombination event. These cells can be 
identified by PCR and cultured to produce 
many descendants, each of which carries 
an altered gene in place of one of its two 
normal corresponding genes. In the next 
step of the procedure (B), these altered ES 
cells are injected into a very early mouse 
embryo; the cells are incorporated into the 
growing embryo, and a mouse produced 
by such an embryo will contain some 
somatic cells (indicated by orange) that 
carry the altered gene. Some of these mice 
will also contain germ-line cells that contain 
the altered gene; when bred with a normal 
mouse, some of the progeny of these mice 
will contain one copy of the altered gene in 
all of their cells. 
     The mice with the transgene in their 
germ line are then bred to produce 
both a male and a female animal, each 
heterozygous for the gene replacement 
(that is, they have one normal and one 
mutant copy of the gene). When these two 
mice are mated (not shown), one-fourth of 
their progeny will be homozygous for the 
altered gene. 

• Transgenic organisms are organisms that have been 
genetically engineered


• A transgene is a foreign gene that has been added

Often inserts at random;

Needs lots of screening

Also remember the Cre-LoxP system, CRISPR, RNAi, …
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‣ Cas9 and guide RNA are expressed in culture cells


‣ They associate and mediate double-strand break of the 
chosen DNA region


‣ This is repaired by non-homologous end joining leading to 
errors and often a gene deletion phenotype


‣ An altered target gene can be provided to be added by 
homologous recombination


‣ Can also be added to turn genes on and off by fusing Cas9 
with transcription regulators

Engineering animals: the CRISPR system
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‣ easy to design guide RNAs


‣ numerous genes can be controlled simultaneously 
(one Cas9, different guide RNAs)


‣ can virtually be adapted to all organisms

Engineering animals: the CRISPR system
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Practical applications of DNA-based technology

• Medical application 


• identify genes/mutations involved in genetic 

diseases which are target for treatment or 

prevention


• diagnostic by PCR for disease-causing mutation


• gene therapy, i.e. repairing a “bad” gene - technical 

and ethical questions

Figure 19.22 Cloned gene 
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Retrovirus 
capsid 

Bone 
marrow 
cell from 
patient 

Viral RNA 

Bone 
marrow 

Insert RNA version of normal allele 
into retrovirus. 

Let retrovirus infect bone marrow cells 
that have been removed from the 
patient and cultured. 

Viral DNA carrying the normal 
allele inserts into chromosome. 

Inject engineered 
cells into patient. 
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• Pharmacy


• transgenic animals as pharmaceutical factories, producing large amounts of rare substances 

➡ Goat produces anti-thrombin in their milk, which helps patients with genetic disease lacking this enzyme and that have 
blood clots in their vessels

Figure 19.23 

Practical applications of DNA-based technology



14

• Forensic science


• Each individual has a unique DNA sequence (=genetic 

profile) that can be obtained from body tissues or fluids


• DNA testing can identify individuals with a high 

degree of certainty


• As of 2013, more than 300 innocent people have 

been released from prison as a result of old DNA analysis

Practical applications of DNA-based technology
Figure 19.24 This photo shows 

Washington just before 
his release in 2001, 
after 17 years in prison. 

(a) 

(b) These and other STR data exonerated Washington 
and led Tinsley to plead guilty to the murder. 

Semen on victim 

Earl Washington 

Kenneth Tinsley 

17,19 

16,18 

17,19 

13,16 

14,15 

13,16 

12,12 

11,12 

12,12 

Source of 
sample 

STR 
marker 1 

STR 
marker 2 

STR 
marker 3 
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• Environmental science


• Genetic engineering to modify the metabolism 

of micro-organisms (degradation of toxic waste, 

mineral extraction, …)

Practical applications of DNA-based technology

Plant with new trait 

RESULTS 

TECHNIQUE 

Ti 
plasmid 

Site where 
restriction 
enzyme cuts 

DNA with 
the gene 
of interest 

Recombinant 
Ti plasmid 

T DNA 

Agrobacterium tumefaciens 

Research Method: 
Using the Ti 

Plasmid to Produce 
Transgenic Plants 

• Agriculture


• Improve productivity and food quality


• Herbicide resistance, resistance to pests, 

resistance to salinity, improved nutritional 

value, …

 Potential benefits must be weighed against potential hazards of creating harmful products or procedures
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V. Molecular and Cellular Biology in the lab

1. Model organisms


2. Cell cultures


3. Studying proteins


4. Studying DNA


5. Stem cells
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Stem cells (ES)

• Stem cells are unspecialized, reproduce themselves 

indefinitely and differentiate into specialized cells upon specific 

signals


• Stem cells from early embryos are called embryonic stem 

cells (ES) and can differentiate into all cell types


• In adult bodies, stem cells replace non-reproducing 

specialized cells


• ES are pluripotent, they can differentiate in many cell types


• The aim is to supply cell for the repair of diseased organs

Figure 19.20 

Cultured 
stem cells 
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Stem cells (iPS)

• Induced pluripotent stem cells (iPS) are differentiated cells 

that are reprogrammed to act as ES


• Retroviruses are used to induce extra copies of 4 master 

regulators to produce iPS


• They can be used as models to study certain diseases

Figure 19.21 Stem cell Precursor cell Experiment 

Skin 
fibroblast 
cell 

Four “stem cell” master regulator 
genes were introduced, using 
the retroviral cloning vector. 

Induced pluripotent 
stem (iPS) cell 

Oct3/4 Sox2 

c-Myc 
Klf4 
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Stem cells (iPS)

• Induced pluripotent stem cells (iPS) are differentiated cells 

that are reprogrammed to act as ES


• Retroviruses are used to induce extra copies of 4 master 

regulators to produce iPS


• They can be used as models to study certain diseases

Remove skin cells 
from patient. 2 

1 

3 

4 

Reprogram skin cells 
so the cells become 
induced pluripotent 
stem (iPS) cells. 

Patient with 
damaged heart 
tissue or other 
disease 

Return cells to 
patient, where 
they can repair 
damaged tissue. 

Treat iPS cells so 
that they differentiate 
into a specific 
cell type. 

Impact: The Impact of Induced 
Pluripotent Stem (iPS) Cells on 
Regenerative Medicine 
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V. Molecular and Cellular Biology in the lab

1. Model organisms


2. Cell cultures


3. Studying proteins


4. Studying DNA


5. Stem cells


6. Studying gene expression (mRNA)
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How to study gene expression ?

• by looking at the mRNAs: in situ hybridization


• Where and when is the RNA produced?


• Based on nucleic acid hybridization


• Tissues are fixed and probes added


• No genetic engineering required


• Not good for quantification

Figure 19.10 

Head 

50 µm 

Thorax Abdomen 

Segment 
boundary 

Head Thorax Abdomen 

T1 T2 T3 A1 A2 A3 A4 A5 

5′ 3′ 

3′ 3′ 

3′ 

5′ 5′ 

5′ 
TAACGGTTCCAGC 

ATTGCCAAGGTCG 

CTCAAGTTGCTCT 

GAGTTCAACGAGA 

Cells 
expressing 
the wg gene 

Cells 
expressing 
the en gene 

wg mRNA en mRNA 

Expression of specific 
regulatory genes in 

Drosophila early embryo



22

Studying gene expression

• using Northern Blotting: gel electrophoresis of mRNA 

followed by hybridization with a probe on a membrane

Research Method: Southern Blotting of DNA Fragments 

DNA + restriction enzyme 

3 2 1 

4 

TECHNIQUE 

I Normal 
β-globin 
allele 

II Sickle-cell 
allele 

III Heterozygote 
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fragments Nitrocellulose 

membrane (blot) 
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Gel 

Sponge 

Alkaline 
solution Paper 

towels 

II I III 

II I III II I III 

Preparation of 
restriction fragments 

Gel electrophoresis DNA transfer (blotting) 

Radioactively labeled 
probe for β-globin 
gene 

Nitrocellulose blot 

Probe base-pairs 
with fragments 

Fragment from  
sickle-cell 
 β-globin allele 

Fragment from  
normal β- globin  
allele 

Film 
over 
blot 

Hybridization with labeled probe Probe detection 5 

Here, southern blotting but same principle
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Studying gene expression
• using Reverse transcriptase-PCR or RT-PCR Figure 19.12 
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Studying gene expression

• or quantitative RT-PCR (qRT-PCR)


• Quantifying RNAs using quantitative reverse-transcription 
polymerase chain reaction


• Isolation of the whole pool of RNAs from a sample (no DNA!)


• Addition of primers specific to the RNA of interest + reverse 
transcriptase+ DNA polymerase+ nucleotides


• Addition of chemical dyes that are fluorescent when bound to 
dsDNA


• Direct relationship between the number of PCR cycles needed 
to detect the product and initial amount of RNA in the sample

  503

that are expressed at reasonably high levels, and it is di!cult to quantify (or even 
identify) rare RNAs. A more accurate method is based on the principles of PCR 
(Figure 8–63). Called quantitative RT-PCR (reverse transcription–polymerase 
chain reaction), this method begins with the total population of RNA molecules 
puri"ed from a tissue or a cell culture. It is important that no DNA be present in 
the preparation; it must be puri"ed away or enzymatically degraded. Two DNA 
primers that speci"cally match the mRNA of interest are added, along with reverse 
transcriptase, DNA polymerase, and the four deoxyribonucleoside triphosphates 
needed for DNA synthesis. #e "rst round of synthesis is the reverse transcription 
of the RNA into DNA using one of the primers. Next, a series of heating and cool-
ing cycles allows the ampli"cation of that DNA strand by PCR (see Figure 8–36). 
#e quantitative part of this method relies on a direct relationship between the 
rate at which the PCR product is generated and the original concentration of the 
mRNA species of interest. By adding chemical dyes to the PCR that $uoresce only 
when bound to double-stranded DNA, a simple $uorescence measurement can 
be used to track the progress of the reaction and thereby accurately deduce the 
starting concentration of the mRNA that is ampli"ed. Although it seems compli-
cated, this quantitative RT-PCR technique is relatively fast and simple to perform 
in the laboratory; it is currently the method of choice for accurately quantifying 
mRNA levels from any given gene.

Analysis of mRNAs by Microarray or RNA-seq Provides a 
Snapshot of Gene Expression
As discussed in Chapter 7, a cell expresses only a subset of the many thousands 
of genes available in its genome; moreover, this subset di%ers from one cell type 
to another or, in the same cell, from one environment to the next. One way to 
determine which genes are being expressed by a population of cells or a tissue is 
to analyze which mRNAs are being produced. 

#e "rst tool that allowed investigators to analyze simultaneously the thou-
sands of di%erent RNAs produced by cells or tissues was the DNA microarray. 
Developed in the 1990s, DNA microarrays are glass microscope slides that contain 
hundreds of thousands of DNA fragments, each of which serves as a probe for the 
mRNA produced by a speci"c gene. Such microarrays allow investigators to mon-
itor the expression of every gene in a genome in a single experiment. To do the 
analysis, mRNAs are extracted from cells or tissues and converted to cDNAs (see 
Figure 8–31). #e cDNAs are $uorescently labeled and allowed to hybridize to the 
fragments bound to the microarray. An automated $uorescence microscope then 
determines which mRNAs were present in the original sample based on the array 
positions to which the cDNAs are bound (Figure 8–64). 

Although microarrays are relatively inexpensive and easy to use, they su%er 
from one obvious drawback: the sequences of the mRNA samples to be analyzed 
must be known in advance and represented by a corresponding probe on the 
array. With the development of improved sequencing technologies, investigators 
increasingly use RNA-seq, discussed earlier, as a more direct approach for cata-
loging the RNAs produced by a cell. For example, this approach can readily detect 
alternative RNA splicing, RNA editing, and the many noncoding RNAs produced 
from a complex genome. 

DNA microarrays and RNA-seq analysis have been used to examine everything 
from the changes in gene expression that make strawberries ripen to the gene 
expression “signatures” of di%erent types of human cancer cells; or from changes 

time (number of PCR cycles)

fl
uo
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Figure 8–63 RNA levels can be measured by quantitative RT-PCR. The 
fluorescence measured is generated by a dye that fluoresces only when 
bound to the double-stranded DNA products of the RT-PCR (see Figure 
8–36). The red sample has a higher concentration of the mRNA being 
measured than does the blue sample, since it requires fewer PCR cycles to 
reach the same half-maximal concentration of double-stranded DNA. Based 
on this difference, the relative amounts of the mRNA in the two samples can 
be precisely determined.

STUDYING GENE EXPRESSION AND FUNCTION
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Studying gene expression
• using microarrays

Isolate mRNA. 

2 

1 

3 

4 

TECHNIQUE 

Make cDNA by reverse 
transcription, using 
fluorescently labeled 
nucleotides. 

Apply the cDNA mixture to a  
microarray, a different gene 
in each spot. The cDNA hybridizes 
with any complementary DNA on 
the microarray. 

Rinse off excess cDNA; scan microarray 
for fluorescence. Each fluorescent spot 
(yellow) represents a gene expressed 
in the tissue sample. 

Tissue sample 

mRNA molecules 

Labeled cDNA molecules 
(single strands) 

DNA fragments 
representing a 
specific gene 

DNA microarray 

DNA microarray 
with 2,400 
human genes 

Research Method: DNA Microarray Assay of Gene Expression Levels 
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Studying gene expression
Figure 19.13 

Genes expressed 
in first tissue. 

Genes expressed 
in second tissue. 

Genes expressed 
in both tissues. 

Genes expressed 
in neither tissue. 

DNA microarray 
(actual size) 

Each dot is a well containing identical copies 
of DNA fragments that carry a specific gene. 

► 

• using microarrays
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Studying gene expression

• using reporter genes

  501

unknown reasons, RNAi does not e!ciently inactivate all genes. Moreover, within 
whole organisms, certain tissues may be resistant to the action of RNAi (for exam-
ple, neurons in nematodes). Another problem arises because many organisms 
contain large gene families, the members of which exhibit sequence similarity. 
RNAi therefore sometimes produces “o"-target” e"ects, inactivating related genes 
in addition to the targeted gene. One strategy to avoid such problems is to use 
multiple small RNA molecules matched to di"erent regions of the same gene. 
Ultimately, the results of any RNAi experiment must be viewed as a strong clue to, 
but not necessarily a proof of, normal gene function.

Reporter Genes Reveal When and Where a Gene Is Expressed 
In the preceding section, we discussed how genetic approaches can be used to 
assess a gene’s function in cultured cells or, even better, in the intact organism. 
Although this information is crucial to understanding gene function, it does not 
generally reveal the molecular mechanisms through which the gene product 
works in the cell. For example, genetics on its own rarely tells us all the places 
in the organism where the gene is expressed, or how its expression is controlled. 
It does not necessarily reveal whether the gene acts in the nucleus, the cytosol, 
on the cell surface, or in one of the numerous other compartments of the cell. 
And it does not reveal how a gene product might change its location or its expres-
sion pattern when the external environment of the cell changes. Key insights into 
gene function can be obtained by simply observing when and where a gene is 
expressed. A variety of approaches, most involving some form of genetic engi-
neering, can easily provide this critical information. 

As discussed in detail in Chapter 7, cis-regulatory DNA sequences, located 
upstream or downstream of the coding region, control gene transcription. #ese 
regulatory sequences, which determine precisely when and where the gene is 
expressed, can be easily studied by placing a reporter gene under their control 
and introducing these recombinant DNA molecules into cells (Figure 8–60). In 
this way, the normal expression pattern of a gene can be determined, as well as 

STUDYING GENE EXPRESSION AND FUNCTION

coding sequence 
for protein X

1 2 3

cis-regulatory
DNA sequences

that determine the
expression of gene X
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synthesis

pattern of normal gene X 
expression

A B C D E F
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pattern of reporter gene Y
expression

cells

1 2 3

3
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(A) STARTING DNA MOLECULES

(B) TEST DNA MOLECULES

(C) CONCLUSIONS —cis-regulatory sequence 3 normally turns on gene X in cell B
—cis-regulatory sequence 2 normally turns on gene X in cells D, E, and F
—cis-regulatory sequence 1 normally turns off gene X in cell D

EXPRESSION PATTERN OF
REPORTER GENE Y

EXPRESSION PATTERN 
OF GENE X

normal

recombinant
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A B C D E F
cells

Figure 8–60 Using a reporter protein 
to determine the pattern of a gene’s 
expression. (A) In this example, the coding 
sequence for protein X is replaced by 
the coding sequence for reporter protein 
Y. The expression patterns for X and Y 
are the same. (B) Various fragments of 
DNA containing candidate cis-regulatory 
sequences are added in combinations to 
produce test DNA molecules encoding 
reporter gene Y. These recombinant DNA 
molecules are then tested for expression 
after introducing them into a variety of 
different types of mammalian cells. The 
results are summarized in (C).
     For experiments in eukaryotic cells, two 
commonly used reporter proteins are the 
enzyme β-galactosidase (β-gal) (see Figure 
7–28) and green fluorescent protein (GFP) 
(see Figure 9–22). 
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Studying gene expression

• using RNA sequencing (RNA-seq)


• Measures which genes are being transcribed at a given time under given conditions


• Uses reverse transcriptase that to copy all RNAs into cDNAs


• cDNAs are then fragmented and sequenced by next-generation sequencing


• Abundant RNAs have more cDNA copies and therefore more sequencing reads
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Studying gene expression

• using RNA sequencing (RNA-seq)


➡ Identification of RNAs present and quantification


➡ Using cluster analysis (computational approach), one can identify genes that are regulated together

504 Chapter 8:  Analyzing Cells, Molecules, and Systems

that occur as cells progress through the cell cycle to those made in response to 
sudden shifts in temperature. Indeed, because these approaches allow the simul-
taneous monitoring of large numbers of RNAs, they can detect subtle changes in a 
cell, changes that might not be manifested in its outward appearance or behavior. 

Comprehensive studies of gene expression also provide information that is 
useful for predicting gene function. Earlier in this chapter, we discussed how iden-
tifying a protein’s interaction partners can yield clues about that protein’s func-
tion. A similar principle holds true for genes: information about a gene’s function 
can be deduced by identifying genes that share its expression pattern. Using an 
approach called cluster analysis, one can identify sets of genes that are coordi-
nately regulated. Genes that are turned on or turned o! together under di!erent 
circumstances are likely to work in concert in the cell: they may encode proteins 
that are part of the same multiprotein machine, or proteins that are involved in a 
complex coordinated activity, such as DNA replication or RNA splicing. Charac-
terizing a gene whose function is unknown by grouping it with known genes that 
share its transcriptional behavior is sometimes called “guilt by association.” Clus-
ter analyses have been used to analyze the gene expression pro"les that underlie 
many interesting biological processes, including wound healing in humans (Fig-
ure 8–65).

wound-healing genes cell-cycle genes

0
15 min
30 min
1 h
2 h
3 h
4 h
8 h
12 h
16 h
20 h
24 h

cholesterol biosynthesis
genes

time

MBoC6 m8.74/8.66

Figure 8–65 Using cluster analysis to identify sets of genes that are coordinately regulated. Genes that have the same expression pattern 
are likely to be involved in common pathways or processes. To perform a cluster analysis, RNA-seq or microarray data are obtained from cell 
samples exposed to a variety of different conditions, and genes that show coordinate changes in their expression pattern are grouped together. In 
this experiment, human fibroblasts were deprived of serum for 48 hours; serum was then added back to the cultures at time 0 and the cells were 
harvested for microarray analysis at different time points. Of the 8600 genes depicted here (each represented by a thin, vertical line), just over 300 
showed threefold or greater variation in their expression patterns in response to serum reintroduction. Here, red indicates an increase in expression; 
green is a decrease in expression. On the basis of the results of many other experiments, the 8600 genes have been grouped in clusters based 
on similar patterns of expression. The results of this analysis show that genes involved in wound healing are turned on in response to serum, while 
genes involved in regulating cell-cycle progression and cholesterol biosynthesis are shut down. (From M.B. Eisen et al., Proc. Natl Acad. Sci. USA 
94:14863–14868, 1998. With permission from National Academy of Sciences.)

MBoC6 m8.73/8.65

WASH; SCAN FOR RED AND GREEN FLUORESCENT
SIGNALS AND COMBINE IMAGES

small region of microarray
representing 676 genes

mRNA from 
sample 1

mRNA from 
sample 2

HYBRIDIZE TO MICROARRAY

convert to cDNA,
labeled with red

fluorochrome

convert to cDNA,
labeled with green

fluorochrome

Figure 8–64 DNA microarrays are used to analyze the production of 
thousands of different mRNAs in a single experiment. In this example, 
mRNA is collected from two different cell samples—for example, cells 
treated with a hormone and untreated cells of the same type—to allow for 
a direct comparison of the specific genes expressed under both conditions. 
The mRNAs are converted to cDNAs that are labeled with a red fluorescent 
dye for one sample and a green fluorescent dye for the other. The labeled 
samples are mixed and then allowed to hybridize to the microarray. Each 
microscopic spot on the microarray is a 50-nucleotide DNA molecule of 
defined sequence made by chemical synthesis and spotted on the array. 
The DNA sequence represented by each spot is different, and the hundreds 
of thousands of such spots are designed to span the sequence of the 
genome. The DNA sequence of each spot is kept track of by computer. After 
incubation, the array is washed and the fluorescence scanned. Only a small 
proportion of the microarray, representing 676 genes, is shown. Red spots 
indicate that the gene in sample 1 is expressed at a higher level than the 
corresponding gene in sample 2, and the green spots indicate the opposite. 
Yellow spots reveal genes that are expressed at about equal levels in both cell 
samples. The intensity of the fluorescence provides an estimate of how much 
RNA is present from a gene. Dark spots indicate little or no expression of the 
gene whose probe is located at that position in the array. 
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Studying gene expression

• using single cell RNA sequencing (RNA-seq)


‣Tissue dissociated into single cells


‣ Microfluidics to separate single cells


‣ Each cell is processed for RNA-seq


‣ Cluster analysis algorithm that group cells with similar 
gene expression patterns
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Studying gene expression
• Using genome-wide chromatin immunoprecipitation (ChiP) to identify sites on 
the genome occupied by transcription factors


‣ transcription regulators are responsible for changing transcription 
patterns


‣ Proteins are cross-linked to DNA


‣ Cells are open


‣ DNA is fragmented


‣ Antibodies that recognise a specific transcription regulator are used to 
precipitate it with its bound DNA


‣ DNA is sequenced


‣ Can also be used to identify positions bound to specific modified histones 
(using antibodies that recognise those modifications)
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Genome-wide Chromatin Immunoprecipitation Identifies Sites on 
the Genome Occupied by Transcription Regulators
We have discussed several strategies to measure the levels of individual RNAs in a 
cell and to monitor changes in their levels in response to external signals. But this 
information does not tell us how such changes are brought about. We saw in Chap-
ter 7 that transcription regulators, by binding to cis-regulatory sequences in DNA, 
are responsible for establishing and changing patterns of transcription. Typically, 
these proteins do not occupy all of their potential cis-regulatory sequences in 
the genome under all conditions. For example, in some cell types, the regulatory 
protein may not be expressed, or it may be present but lack an obligatory part-
ner protein, or it may be excluded from the nucleus until an appropriate signal is 
received from the cell’s environment. Even if the protein is present in the nucleus 
and is competent to bind DNA, other transcription regulators or components of 
chromatin can occupy overlapping DNA sequences and thereby occlude some of 
its cis-regulatory sequences in the genome.

Chromatin immunoprecipitation provides a way to experimentally deter-
mine all the cis-regulatory sequences in a genome that are occupied by a given 
transcription regulator under a particular set of conditions (Figure 8–66). In this 
approach, proteins are covalently cross-linked to DNA in living cells, the cells are 
broken open, and the DNA is mechanically sheared into small fragments. Anti-
bodies directed against a given transcription regulator are then used to purify the 
DNA that became covalently cross-linked to that protein in the cell. !is DNA is 
then sequenced using the rapid methods discussed earlier; the precise location 
of each precipitated DNA fragment along the genome is determined by compar-
ing its DNA sequence to that of the whole genome sequence (Figure 8–67). In 
this way, all of the sites occupied by the transcription regulator in the cell sample 
can be mapped across the cell’s genome (see Figure 7–37). In combination with 
microarray or RNA-seq information, chromatin immunoprecipitation can iden-
tify the key transcriptional regulator responsible for specifying a particular pat-
tern of gene expression.

Chromatin immunoprecipitation can also be used to deduce the cis-regula-
tory sequences recognized by a given transcription regulator. Here, all the DNA 
sequences precipitated by the regulator are lined up (by computer) and features 
in common are tabulated to produce the spectrum of cis-regulatory sequences 
recognized by the protein (see Figure 7–9A). Chromatin immunoprecipitation is 
also used routinely to identify the positions along a genome that are bound by the 
various types of modi"ed histones discussed in Chapter 4. In this case, antibodies 
speci"c to the particular histone modi"cation are employed (see Figure 8–67). A 
variation of the technique can also be used to map positions of chromosomes that 
are in physical proximity (see Figure 4–48). 

Ribosome Profiling Reveals Which mRNAs Are Being Translated in 
the Cell
In preceding sections, we discussed several ways that RNA levels in the cell can be 
monitored. But for mRNAs, this represents only one step in gene expression, and 
we are often more interested in the "nal level of the protein produced by the gene. 
As described in the "rst part of this chapter, mass-spectroscopy methods can be 
used to monitor the levels of all proteins in the cell, including modi"ed forms of 
the proteins. However, if we want to understand how synthesis of proteins is con-
trolled by the cell, we need to consider the translation step of gene expression. 

An approach called ribosome pro!ling provides an instantaneous map of the 
position of ribosomes on each mRNA in the cell and thereby identi"es those 
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Figure 8–66 Chromatin immunoprecipitation. This method allows the 
identification of all the sites in a genome that a transcription regulator 
occupies in vivo. The identities of the precipitated, amplified DNA fragments 
are determined by DNA sequencing. 
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32

Studying gene expression

• Using genome-wide chromatin 
immunoprecipitation (ChiP) to identify sites on the 
genome occupied by transcription factors

506 Chapter 8:  Analyzing Cells, Molecules, and Systems

mRNAs that are being actively translated. To accomplish this, total RNA from a 
cell line or tissue is exposed to RNAses under conditions where only those RNA 
sequences covered by ribosomes are spared. !e protected RNAs are released 
from ribosomes, converted to DNA, and the nucleotide sequence of each is deter-
mined (Figure 8–68). When these sequences are mapped on the genome, the 
position of ribosomes across each mRNA species can be ascertained. 

Ribosome pro"ling has revealed many cases where mRNAs are abundant but 
are not translated until the cell receives an external signal. It has also shown that 
many open reading frames (ORFs) that were too short to be annotated as genes 
are actively translated and probably encode functional, albeit very small, proteins 
(Figure 8–69). Finally, ribosome pro"ling has revealed the ways that cells rapidly 
and globally change their translation patterns in response to sudden changes in 
temperature, nutrient availability, or chemical stress.

Recombinant DNA Methods Have Revolutionized Human Health
We have seen that nucleic acid methodologies developed in the past 40 years have 
completely changed the way that cell and molecular biology is studied. But they 
have also had a profound e#ect on our day-to-day lives. Many human pharma-
ceuticals in routine use (insulin, human growth hormone, blood-clotting factors, 
and interferon, for example) are based on cloning human genes and expressing 
the encoded proteins in large amounts. As DNA sequencing continues to drop 
in cost, more and more individuals will elect to have their genome sequenced; 
this information can be used to predict susceptibility to diseases (often with the 
option of minimizing this possibility by appropriate behavior) or to predict the 
way an individual will respond to a given drug. !e genomes of tumor cells from 
an individual can be sequenced to determine the best type of anticancer treat-
ment. And mutations that cause or greatly increase the risk of disease continue 
to be identi"ed at an unprecedented pace. Using the recombinant DNA technol-
ogies discussed in this chapter, these mutations can then be introduced into ani-
mals, such as mice, that can be studied in the laboratory. !e resulting transgenic 
animals, which often mimic some of the phenotypic abnormalities associated 
with the condition in patients, can be used to explore the cellular and molecular 
basis of the disease and to screen for drugs that could potentially be used thera-
peutically in humans. 
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Figure 8–67 Results of several chromatin 
immunoprecipitations showing proteins 
bound to the control region that control 
expression of the Oct4 gene. In this 
series of chromatin immunoprecipitation 
experiments, antibodies directed against 
a transcription regulator (first three panels) 
or a particular histone modification (fourth 
panel) were used to precipitate bound, 
cross-linked DNA. Precipitated DNA was 
sequenced, and the positions across the 
genome were mapped. (Only the small part 
of the mouse genome containing the Oct4 
gene is shown.) The results show that, in 
the embryonic stem cells analyzed in these 
experiments, Oct4 binds upstream of its 
own gene and that Sox2 and Nanog are 
bound in close proximity. Oct4, Sox2, and 
Nanog are key regulators in embryonic 
stem cells (discussed in Chapter 22) and 
this experiment reveals the position on 
the genome through which they exert 
their effects on Oct4 expression. In the 
fourth panel, the positions of a histone 
modification associated with actively 
transcribed genes is shown (see Figure 
4–39). Finally, the bottom panel shows the 
RNA produced from the Oct4 gene under 
the same conditions used for the chromatin 
immunoprecipitations. Note that the introns 
and exons are relatively easy to identify 
from these RNA-seq data. 
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Studying gene expression

• Using ribosome profiling to identify RNAs being 
transcribed at a given moment in the cell


‣ Gives a map of the instantaneous position of 
ribosomes on each mRNA in the cells


‣ Total RNA is exposed to a ribonuclease


‣ RNA sequences covered by ribosomes are 
spared


‣ Protected RNAs are converted to DNA and 
sequenced


‣ Allowed the discovery of new (small) ORFs
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Transgenic Plants Are Important for Agriculture
Although we tend to think of recombinant DNA research in terms of animal biol-
ogy, these techniques have also had a profound impact on the study of plants. In 
fact, certain features of plants make them especially amenable to recombinant 
DNA methods. 

When a piece of plant tissue is cultured in a sterile medium containing nutri-
ents and appropriate growth regulators, some of the cells are stimulated to pro-
liferate inde!nitely in a disorganized manner, producing a mass of relatively 
undi"erentiated cells called a callus. If the nutrients and growth regulators are 
carefully manipulated, one can induce the formation of a shoot within the callus, 
and in many species a whole new plant can be regenerated from such shoots. In a 
number of plants—including tobacco, petunia, carrot, potato, and Arabidopsis—a 
single cell from such a callus (known as a totipotent cell) can be grown into a small 
clump of cells from which a whole plant can be regenerated (see Figure 7–2B). Just 
as mutant mice can be derived by the genetic manipulation of embryonic stem 

UGA AAAAAAAAAAAAAUG

UGA AAAAAAAAAAAAAUG

UGA AAAAAAAAAAAAAUG

UGA AAAAAAAAAAAAAUG

nuclease digestion

remove ribosomes
convert RNA to DNA and sequence

map sequence reads on genome

position along genome

gene being actively transcribed and translated

nu
m

be
r

of
 r

ea
ds

MBoC6 n8.950/8.69

Figure 8–68 Ribosome profiling. RNA 
is purified from cells and digested with 
an RNAse to leave only those portions 
of the mRNAs that are protected by a 
bound ribosome. These short pieces 
of protected RNA (approximately 20 
nucleotides in length) are converted to DNA 
and sequenced. The resulting information 
is displayed as the number of sequence 
reads along each position of the genome. 
In the diagram here, the data for only one 
gene, whose mRNA is being efficiently 
translated, are shown. Ribosome profiling 
provides this type of information for every 
mRNA produced by the cell.
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Figure 8–69 Ribosome profiling can 
identify new genes. This experiment 
shows the discovery of a previously 
unrecognized gene—one that encodes a 
protein of only 20 amino acids. At the top is 
shown a portion of a viral genome with two 
previously annotated genes. Below are the 
results of a ribosome profiling experiment, 
displayed across the same section of the 
genome, after the virus was infected into 
human cells. The results show that the 
left-hand gene is not expressed under 
these conditions, the right-hand gene is 
expressed at low levels, and a previously 
unrecognized gene that lies between them 
is expressed at high levels. 
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shown a portion of a viral genome with two 
previously annotated genes. Below are the 
results of a ribosome profiling experiment, 
displayed across the same section of the 
genome, after the virus was infected into 
human cells. The results show that the 
left-hand gene is not expressed under 
these conditions, the right-hand gene is 
expressed at low levels, and a previously 
unrecognized gene that lies between them 
is expressed at high levels. 
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V. Molecular and Cellular Biology in the lab
1. Model organisms


2. Cell cultures


3. Studying proteins


4. Studying DNA


5. Stem cells


6. Studying gene expression (mRNA)


7. Uncovering gene function
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Determining gene function

• The classical approach is to mutate or delete a gene and look for associated phenotype


• Mutations/deletions are introduced by the cloning methods described before


• Gene expression can be silenced by RNA interference
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• We want to understand how genes (and the proteins they encode) function


• One of the most direct way is to remove the gene (=deletion mutant) and see what happens


• Basis of genetics

GENES AND PHENOTYPES
Gene:       a functional unit of inheritance, usually corresponding 
                 to the segment of DNA coding for a single protein.
Genome: all of an organism’s DNA sequences.

locus: the site of the gene in the genome

alleles: alternative forms of a gene
Wild-type: the normal,
naturally occurring type

Mutant: differing from the
wild-type because of a genetic
change (a mutation)

GENOTYPE: the specific set of
alleles forming the genome of
an individual

PHENOTYPE: the visible
character of the individual

allele A is dominant (relative to a); allele a is recessive (relative to A)

homozygous A/A heterozygous a/A homozygous a/a

In the example above, the phenotype of the heterozygote is the same as that of one of the
homozygotes; in cases where it is different from both, the two alleles are said to be co-dominant.

A normal diploid chromosome set, as 
seen in a metaphase spread, prepared 
by bursting open a cell at metaphase 
and staining the scattered
chromosomes. In the example shown 
schematically here, there are three 
pairs of autosomes (chromosomes 
inherited symmetrically from 
both parents, regardless of sex) and 
two sex chromosomes—an X from the 
mother and a Y from the father. The 
numbers and types of sex 
chromosomes and their role in sex 
determination are variable from one 
class of organisms to another, as is the 
number of pairs of autosomes.

CHROMOSOMES

centromere

a chromosome at the beginning of the cell 
cycle, in G1 phase; the single long bar 
represents one long double helix of DNA

short “p” arm long “q” arm

a chromosome near the end of the cell cycle, in 
metaphase; it is duplicated and condensed, consisting of 
two identical sister chromatids (each containing one DNA 
double helix) joined at the centromere.

short 
“p” arm

long 
“q” arm

maternal 1

maternal 3

maternal 2

paternal 2

paternal 1 paternal 3

X

Y

pair of
autosomes

sex chromosomes

THE HAPLOID–DIPLOID CYCLE 
OF SEXUAL REPRODUCTION

mother father

DIPLOID

MEIOSIS

HAPLOID

egg sperm

SEXUAL FUSION (FERTILIZATION)

DIPLOID

zygote

For simplicity, the cycle is shown for only 
one chromosome/chromosome pair.

maternal
chromosome

paternal
chromosome

MEIOSIS AND GENETIC RECOMBINATION

paternal chromosome

a b

maternal chromosome

A B

diploid germ cell

genotype AB
ab

A b

a B

site of crossing-over

genotype Ab

haploid gametes (eggs or sperm)

MEIOSIS AND
RECOMBINATION

The greater the distance 
between two loci on a single 
chromosome, the greater is the 
chance that they will be 
separated by crossing over 
occurring at a site between them. 
If two genes are thus reassorted 
in x% of gametes, they are said 
to be separated on a 
chromosome by a genetic map 
distance of x map units (or 
x centimorgans).

genotype aB
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Determining gene function: deletion mutants
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• We want to understand how genes (and the proteins they encode) function


• One of the most direct way is to remove the gene (=deletion mutant) and see what happens


• Basis of genetics

GenotypePhenotype
Forward Genetics

Reverse Genetics

Determining gene function: deletion mutants
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Determining gene function: creating mutations

• With chemicals or radiations that mutate DNA


• By insertional mutagenesis (with external DNA such as transposons)


• Using gene cloning (knock-out, knock-down, CRISPRi, …)



39

Identification of the mutated gene
• Insertional mutagenesis: by PCR


• For random mutations: whole genome sequencing


➡ re-introduction of the identified mutation in a clean WT background to prove causality
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Gene mutations
• Can lead to gene loss-of-function = gene product does not work


• Can lead to gene gain-of-function = works too much or in a different way
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conditional mutations. !e mutant individuals function normally as long as 
“permissive” conditions prevail, but demonstrate abnormal gene function when 
subjected to “nonpermissive” (restrictive) conditions. In organisms with tem-
perature-sensitive mutations, for example, the abnormality can be switched on 
and o" experimentally simply by changing the ambient temperature; thus, a cell 
containing a temperature-sensitive mutation in a gene essential for survival will 
die at a nonpermissive temperature but proliferate normally at the permissive 
temperature (Figure 8–46). !e temperature-sensitive gene in such a mutant usu-
ally contains a point mutation that causes a subtle change in its protein product; 
for example, the mutant protein may function normally at low temperatures but 
unfold at higher temperatures.

Temperature-sensitive mutations were crucial to #nd the bacterial genes that 
encode the proteins required for DNA replication. !e mutants were identi#ed 
by screening populations of mutagen-treated bacteria for cells that stop making 
DNA when they are warmed from 30°C to 42°C. !ese mutants were later used 
to identify and characterize the corresponding DNA replication proteins (dis-
cussed in Chapter 5). Similarly, screens for temperature-sensitive mutations led 
to the identi#cation of many proteins involved in regulating the cell cycle, as well 
as many proteins involved in moving proteins through the secretory pathway 
in yeast. Related screening approaches demonstrated the function of enzymes 
involved in the principal metabolic pathways of bacteria and yeast (discussed in 
Chapter 2) and identi#ed many of the gene products responsible for the orderly 
development of the Drosophila embryo (discussed in Chapter 21).

Mutations Can Cause Loss or Gain of Protein Function
Gene mutations are generally classed as “loss of function” or “gain of function.” A 
loss-of-function mutation results in a gene product that either does not work or 
works too little; thus, it can reveal the normal function of the gene. A gain-of-func-
tion mutation results in a gene product that works too much, works at the wrong 
time or place, or works in a new way (Figure 8–47).

An important early step in the genetic analysis of any mutant cell or organ-
ism is to determine whether the mutation causes a loss or a gain of function. A 
standard test is to determine whether the mutation is dominant or recessive. A 
dominant mutation is one that still causes the mutant phenotype in the presence 
of a single copy of the wild-type gene. A recessive mutation is one that is no longer 
able to cause the mutant phenotype in the presence of a single wild-type copy of 
the gene. Although cases have been described in which a loss-of-function muta-
tion is dominant or a gain-of-function mutation is recessive, in the vast majority of 
cases, recessive mutations are loss of function and dominant mutations are gain 
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Figure 8–46 Screening for temperature-
sensitive bacterial or yeast mutants. 
Mutagenized cells are plated out at the 
permissive temperature. They divide 
and form colonies, which are transferred 
to two identical Petri dishes by replica 
plating. One of these plates is incubated 
at the permissive temperature, the other 
at the nonpermissive temperature. Cells 
containing a temperature-sensitive 
mutation in a gene essential for proliferation 
can divide at the normal, permissive 
temperature but fail to divide at the 
elevated, nonpermissive temperature. 
Temperature-sensitive mutations of this 
type were especially useful for identifying 
genes needed for DNA replication, an 
essential process. 
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Figure 8–47 Gene mutations that affect 
their protein product in different ways. 
In this example, the wild-type protein has 
a specific cell function denoted by the red 
rays. Mutations that eliminate this function 
or inactivate it at higher temperatures are 
shown. The conditional mutant protein 
carries an amino acid substitution (red) 
that prevents its proper folding at 37ºC, 
but allows the protein to fold and function 
normally at 25ºC. Such temperature-
sensitive conditional mutations are 
especially useful for studying essential 
genes; the organism can be grown under 
the permissive condition and then be moved 
to the nonpermissive condition to study the 
consequences of losing the gene product.

wild type loss-of-function mutation
conditional loss-

of-function mutation

deletionpoint mutation truncation 37oC 25oC
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  489

conditional mutations. !e mutant individuals function normally as long as 
“permissive” conditions prevail, but demonstrate abnormal gene function when 
subjected to “nonpermissive” (restrictive) conditions. In organisms with tem-
perature-sensitive mutations, for example, the abnormality can be switched on 
and o" experimentally simply by changing the ambient temperature; thus, a cell 
containing a temperature-sensitive mutation in a gene essential for survival will 
die at a nonpermissive temperature but proliferate normally at the permissive 
temperature (Figure 8–46). !e temperature-sensitive gene in such a mutant usu-
ally contains a point mutation that causes a subtle change in its protein product; 
for example, the mutant protein may function normally at low temperatures but 
unfold at higher temperatures.

Temperature-sensitive mutations were crucial to #nd the bacterial genes that 
encode the proteins required for DNA replication. !e mutants were identi#ed 
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Figure 8–47 Gene mutations that affect 
their protein product in different ways. 
In this example, the wild-type protein has 
a specific cell function denoted by the red 
rays. Mutations that eliminate this function 
or inactivate it at higher temperatures are 
shown. The conditional mutant protein 
carries an amino acid substitution (red) 
that prevents its proper folding at 37ºC, 
but allows the protein to fold and function 
normally at 25ºC. Such temperature-
sensitive conditional mutations are 
especially useful for studying essential 
genes; the organism can be grown under 
the permissive condition and then be moved 
to the nonpermissive condition to study the 
consequences of losing the gene product.

wild type loss-of-function mutation
conditional loss-

of-function mutation

deletionpoint mutation truncation 37oC 25oC
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• Conditional mutant only shows a phenotype in a given condition
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Gene mutations
• A mutation can be dominant or recessive


• Dominant mutations cause the mutant phenotype when only present in one copy


• Recessive mutations cannot cause the mutant phenotype when a wild-type copy is also present

GENES AND PHENOTYPES
Gene:       a functional unit of inheritance, usually corresponding 
                 to the segment of DNA coding for a single protein.
Genome: all of an organism’s DNA sequences.

locus: the site of the gene in the genome

alleles: alternative forms of a gene
Wild-type: the normal,
naturally occurring type

Mutant: differing from the
wild-type because of a genetic
change (a mutation)

GENOTYPE: the specific set of
alleles forming the genome of
an individual

PHENOTYPE: the visible
character of the individual

allele A is dominant (relative to a); allele a is recessive (relative to A)

homozygous A/A heterozygous a/A homozygous a/a

In the example above, the phenotype of the heterozygote is the same as that of one of the
homozygotes; in cases where it is different from both, the two alleles are said to be co-dominant.

A normal diploid chromosome set, as 
seen in a metaphase spread, prepared 
by bursting open a cell at metaphase 
and staining the scattered
chromosomes. In the example shown 
schematically here, there are three 
pairs of autosomes (chromosomes 
inherited symmetrically from 
both parents, regardless of sex) and 
two sex chromosomes—an X from the 
mother and a Y from the father. The 
numbers and types of sex 
chromosomes and their role in sex 
determination are variable from one 
class of organisms to another, as is the 
number of pairs of autosomes.

CHROMOSOMES

centromere

a chromosome at the beginning of the cell 
cycle, in G1 phase; the single long bar 
represents one long double helix of DNA

short “p” arm long “q” arm

a chromosome near the end of the cell cycle, in 
metaphase; it is duplicated and condensed, consisting of 
two identical sister chromatids (each containing one DNA 
double helix) joined at the centromere.

short 
“p” arm

long 
“q” arm

maternal 1

maternal 3

maternal 2

paternal 2

paternal 1 paternal 3

X

Y

pair of
autosomes

sex chromosomes

THE HAPLOID–DIPLOID CYCLE 
OF SEXUAL REPRODUCTION

mother father

DIPLOID

MEIOSIS

HAPLOID

egg sperm

SEXUAL FUSION (FERTILIZATION)

DIPLOID

zygote

For simplicity, the cycle is shown for only 
one chromosome/chromosome pair.

maternal
chromosome

paternal
chromosome

MEIOSIS AND GENETIC RECOMBINATION

paternal chromosome

a b

maternal chromosome

A B

diploid germ cell

genotype AB
ab

A b

a B

site of crossing-over

genotype Ab

haploid gametes (eggs or sperm)

MEIOSIS AND
RECOMBINATION

The greater the distance 
between two loci on a single 
chromosome, the greater is the 
chance that they will be 
separated by crossing over 
occurring at a site between them. 
If two genes are thus reassorted 
in x% of gametes, they are said 
to be separated on a 
chromosome by a genetic map 
distance of x map units (or 
x centimorgans).

genotype aB
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Epistasis analysis
• A set of genes participates in a given biological pathway - in which order?

Step A

gene A

Step B

gene B gene A acts upstream of gene B; gene B acts downstream of gene A

Step A

gene A*

Step B

gene B gene A null mutation — the process is stopped at step A even if gene B is functional

Step A

gene A

Step B

gene B* gene B null mutation — the process is stopped at step B

• The term epistasis describes a certain relationship between genes, where one gene hides or masks 
the visible output, or phenotype, of another gene  491

the ER. !is indicates that proteins must pass through the ER before being sent to 
the Golgi before secretion (Figure 8–49). Strictly speaking, an epistasis analysis 
can only provide information about gene order in a pathway when both muta-
tions are null alleles. When the mutations retain partial function, their epistasis 
interactions can be di"cult to interpret.

Sometimes, a double mutant will show a new or more severe phenotype than 
either single mutant alone. !is type of genetic interaction is called a synthetic 
phenotype, and if the phenotype is death of the organism, it is called synthetic 
lethality. In most cases, a synthetic phenotype indicates that the two genes act in 
two di#erent parallel pathways, either of which is capable of mediating the same 
cell process. !us, when both pathways are disrupted in the double mutant, the 
process fails altogether, and the synthetic phenotype is observed. 

Mutations Responsible for a Phenotype Can Be Identified Through 
DNA Analysis
Once a collection of mutant organisms with interesting phenotypes has been 
obtained, the next task is to identify the gene or genes responsible for the altered 
phenotype. If the phenotype has been produced by insertional mutagenesis, 
locating the disrupted gene is fairly simple. DNA fragments containing the inser-
tion (a transposon or a retrovirus, for example) are ampli$ed by PCR, and the 
nucleotide sequence of the %anking DNA is determined. !e gene a#ected by 
the insertion can then be identi$ed by a computer-aided search of the complete 
genome sequence of the organism. 

If a DNA-damaging chemical was used to generate the mutations, identifying 
the inactivated gene is often more laborious, but there are several powerful strate-
gies available. If the genome size of the organism is small (for example, for bacte-
ria or simple eukaryotes), it is possible to simply determine the genome sequence 
of the mutant organism and identify the a#ected gene by comparison with the 
wild-type sequence. Because of the continuous accumulation of neutral muta-
tions, there will probably be di#erences between the two genome sequences in 
addition to the mutation responsible for the phenotype. One way of proving that 
a mutation is causative is to introduce the putative mutation back into a normal 
organism and determine whether or not it causes the mutant phenotype. We will 
discuss how this is accomplished later in the chapter. 

Rapid and Cheap DNA Sequencing Has Revolutionized Human 
Genetic Studies
Genetic screens in model experimental organisms have been spectacularly suc-
cessful in identifying genes and relating them to various phenotypes, including 
many that are conserved between these organisms and humans. But how can we 
study humans directly? !ey do not reproduce rapidly, cannot be treated with 
mutagens, and, if they have a defect in an essential process such as DNA replica-
tion, would die long before birth. 

Despite their limitations compared to model organisms, humans are becom-
ing increasingly attractive subjects for genetic studies. Because the human 

protein secreted

normal cell

protein accumulates
in ER

secretory mutant A secretory mutant B

ER
Golgi

apparatus
secretory
vesicles

protein accumulates
in Golgi apparatus

double mutant AB

protein accumulates
in ER
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secretory
protein

Figure 8–49 Using genetics to determine 
the order of function of genes. In normal 
cells, secretory proteins are loaded into 
vesicles, which fuse with the plasma 
membrane to secrete their contents into 
the extracellular medium. Two mutants, A 
and B, fail to secrete proteins. In mutant A, 
secretory proteins accumulate in the ER. In 
mutant B, secretory proteins accumulate 
in the Golgi. In the double mutant AB, 
proteins accumulate in the ER; this 
indicates that the gene defective in mutant 
A acts before the gene defective in mutant 
B in the secretory pathway.

STUDYING GENE EXPRESSION AND FUNCTION

Do secreted proteins first go into the ER or the Golgi?
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Epistasis analysis
• Synthetic phenotype: the phenotype of a double mutant is more severe than each of the 
single mutants


• Synthetic lethality: the phenotype of a double mutant is death, whereas each of the single 
mutants survives 

Step A

gene A

Step B

gene B

Step C

gene C

Parallel pathways
Step A

gene A

Step B

gene B

Step C

gene C

Parallel pathways
Step A

gene A

Step B

gene B

Step C

gene C

Parallel pathways
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Starting from a known gene - reverse genetics
• Starting with a gene —> making mutations —> observing the phenotype


‣ gene deletions (or gene knock-out) are only possible is the gene is not essential


‣ inducible gene expression
  495

animal. For example, a gene can be fused to the gene for a !uorescent protein. 
When this altered gene is introduced into the genome, the protein can be tracked 
in the living organism by monitoring its !uorescence. 

Altered genes can be created in several ways. Perhaps the simplest is to chem-
ically synthesize the DNA that makes up the gene. In this way, the investigator 
can specify any type of variant of the normal gene. It is also possible to construct 
altered genes using recombinant DNA technology, as described earlier in this 
chapter. Once obtained, altered genes can be introduced into cells in a variety 
of ways. DNA can be microinjected into mammalian cells with a glass micropi-
pette or introduced by a virus that has been engineered to carry foreign genes. In 
plant cells, genes are frequently introduced by a technique called particle bom-
bardment: DNA samples are painted onto tiny gold beads and then literally shot 
through the cell wall with a specially modi"ed gun. Electroporation is the method 
of choice for introducing DNA into bacteria and some other cells. In this tech-
nique, a brief electric shock renders the cell membrane temporarily permeable, 
allowing foreign DNA to enter the cytoplasm.

To be most useful to experimenters, the altered gene, once it is introduced into 
a cell, must recombine with the cell’s genome so that the normal gene is replaced. 
In simple organisms such as bacteria and yeasts, this process occurs with high fre-
quency using the cell’s own homologous recombination machinery, as described 
in Chapter 5. In more complex organisms that have elaborate developmental 
programs, the procedure is more complicated because the altered gene must be 
introduced into the germ line, as we next describe.

Animals and Plants Can Be Genetically Altered
Animals and plants that have been genetically engineered by gene deletion or 
gene replacement are called transgenic organisms, and any foreign or modi"ed 
genes that are added are called transgenes. We discuss transgenic plants later in 
this chapter and, for now, concentrate our discussion on transgenic mice, as enor-
mous progress has been made in this area. If a DNA molecule carrying a mutated 
mouse gene is transferred into a mouse cell, it often inserts into the chromosomes 
at random, but methods have been developed to direct the mutant gene to replace 
the normal gene by homologous recombination. By exploiting these “gene target-
ing” events, any speci"c gene can be altered or inactivated in a mouse cell by a 
direct gene replacement. In the case in which both copies of the gene of interest 
are completely inactivated or deleted, the resulting animal is called a “knockout” 
mouse. #e technique is summarized in Figure 8–53.

GENE ON

gene X

GENE OFF

gene X

Tet repressor
DNA-binding

domain

cis-regulatory sequences
for Tet repressor

transcriptional
activator domain

doxycycline

(A) (B)

MBoC6 n8.300/8.53

Figure 8–52 Engineered genes can be turned on and off with small molecules. Here, the DNA-binding portion of a bacterial 
protein (the tetracycline, Tet, repressor) has been fused to a portion of a mammalian transcriptional activator and expressed 
in cultured mammalian cells. The engineered gene X, present in place of the normal gene, has its usual gene control region 
replaced by cis-regulatory sequences recognized by the tetracycline repressor. In the absence of doxycycline (a particularly 
stable version of tetracycline), the engineered gene is expressed; in the presence of doxycycline, the gene is turned off because 
the drug causes the tetracycline repressor to dissociate from the DNA. This strategy can also be used in mice by incorporating 
the engineered genes into the germ line. In many tissues, the gene can be turned on and off simply by adding or removing 
doxycycline from the animal’s water. If the tetracycline repressor construct is placed under the control of a tissue-specific gene 
control region, the engineered gene will be turned on and off only in that tissue. 

STUDYING GENE EXPRESSION AND FUNCTION

‣ cell-type dependent gene expression


‣ overexpression


‣ any other more “subtle” mutation (catalytic site, structure, fusing a marker,…)
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• Introduction of a dsRNA molecule with a sequence that matches the target sequence


• RNA processing


• RNA binding to complementary sequence (mRNA or non-coding RNA)


• Expression is reduced


• Frequently used in Drosophila, mammalian cells or C. elegans

Determining gene function: RNA interference
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• In C. elegans, the dsRNA can be injected directly in the intestine or it can be fed with E. coli 
producing the RNA

500 Chapter 8:  Analyzing Cells, Molecules, and Systems

C. elegans. When working with worms, introducing the double-stranded RNA is 
quite simple: the RNA can be injected directly into the intestine of the animal, or 
the worm can be fed with E. coli engineered to produce the RNA (Figure 8–58). !e 
RNA is ampli"ed (see p. 431) and distributed throughout the body of the worm, 
where it inhibits expression of the target gene in di#erent tissue types. RNAi is 
being used to help in assigning functions to the entire complement of worm genes 
(Figure 8–59). 

A related technique has also been applied to mice. In this case, the RNAi mol-
ecules are not injected or fed to the mouse; rather, recombinant DNA techniques 
are used to make transgenic animals that express the RNAi under the control of an 
inducible promoter. Often this is a specially designed RNA that can fold back on 
itself and, through base-pairing, produce a double-stranded region that is recog-
nized by the RNAi machinery. In the simplest cases, the process inactivates only 
the genes that exactly match the RNAi sequence. Depending on the inducible 
promoter used, the RNAi can be produced only in a speci"ed tissue or only at a 
particular time in development, allowing the functions of the target genes to be 
analyzed in elaborate detail.

RNAi has made reverse genetics simple and e$cient in many organisms, but 
it has several potential limitations compared with true genetic knockouts. For 

each well contains
E. coli expressing
a different dsRNA

C. elegans

ADD TO WELLS IN PLATE

WORMS INGEST E. coli;
RESULTING PHENOTYPES
RECORDED AND ANALYZED

96-well plate

wild type sterile
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Figure 8–59 RNA interference provides 
a convenient method for conducting 
genome-wide genetic screens. In this 
experiment, each well in this 96-well 
plate is filled with E. coli that produce 
a different double-stranded RNA. Each 
interfering RNA matches the nucleotide 
sequence of a single C. elegans gene, 
thereby inactivating it. About 10 worms 
are added to each well, where they ingest 
the genetically modified bacteria. The plate 
is incubated for several days, which gives 
the RNAs time to inactivate their target 
genes—and the worms time to grow, mate, 
and produce offspring. The plate is then 
examined in a microscope, which can be 
controlled robotically, to screen for genes 
that affect the worms’ ability to survive, 
reproduce, develop, and behave. Shown 
here are normal worms alongside worms 
that show an impaired ability to reproduce 
due to inactivation of a particular “fertility” 
gene. (From B. Lehner et al., Nat. Genet. 
38:896–903, 2006. With permission from 
Macmillan Publishers Ltd.)

E. coli, expressing 
double-stranded
RNA, eaten by worm

(A)
(B)

(C)

20 µm

MBoC6 e10.34/8.59

Figure 8–58 Gene function can be tested by RNA interference. (A) Double-stranded RNA 
(dsRNA) can be introduced into C. elegans by (1) feeding the worms E. coli that express the dsRNA 
or (2) injecting the dsRNA directly into the animal’s gut. (B) In a wild-type worm embryo, the egg and 
sperm pronuclei (red arrowheads) come together in the posterior half of the embryo shortly after 
fertilization. (C) In an embryo in which a particular gene has been inactivated by RNAi, the pronuclei 
fail to migrate. This experiment revealed an important but previously unknown function of this gene 
in embryonic development. (B and C, from P. Gönczy et al., Nature 408:331–336, 2000. With 
permission from Macmillan Publishers Ltd.)
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Figure 8–58 Gene function can be tested by RNA interference. (A) Double-stranded RNA 
(dsRNA) can be introduced into C. elegans by (1) feeding the worms E. coli that express the dsRNA 
or (2) injecting the dsRNA directly into the animal’s gut. (B) In a wild-type worm embryo, the egg and 
sperm pronuclei (red arrowheads) come together in the posterior half of the embryo shortly after 
fertilization. (C) In an embryo in which a particular gene has been inactivated by RNAi, the pronuclei 
fail to migrate. This experiment revealed an important but previously unknown function of this gene 
in embryonic development. (B and C, from P. Gönczy et al., Nature 408:331–336, 2000. With 
permission from Macmillan Publishers Ltd.)

Determining gene function: RNA interference



47

Building mutant libraries

Construction of Escherichia coli K-12 in-frame,
single-gene knockout mutants: the Keio collection
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We have systematically made a set of precisely defined, single-gene deletions of all nonessential
genes in Escherichia coli K-12. Open-reading frame coding regions were replaced with a kanamycin
cassette flanked by FLP recognition target sites by using a one-step method for inactivation of
chromosomal genes and primers designed to create in-frame deletions upon excision of the
resistance cassette. Of 4288 genes targeted, mutants were obtained for 3985. To alleviate problems
encountered in high-throughput studies, two independent mutants were saved for every deleted
gene. These mutants—the ‘Keio collection’—provide a new resource not only for systematic
analyses of unknown gene functions and gene regulatory networks but also for genome-wide
testing of mutational effects in a common strain background, E. coli K-12 BW25113.Wewere unable
to disrupt 303 genes, including 37 of unknown function, which are candidates for essential genes.
Distribution is being handled via GenoBase (http://ecoli.aist-nara.ac.jp/).
Molecular Systems Biology 21 February 2006; doi:10.1038/msb4100050
Subject Categories: functional genomics
Keywords: bacterial functional genomics; E. coli/gene; essential gene; knockout mutants; resources;
systems biology

Introduction

The increased availability of genome sequences has provided
the basis for comprehensive understanding of organisms at the
molecular level. Besides sequence data, a large number of
experimental and computational resources are required for
genome-scale analyses. Escherichia coli K-12 has been one of
the best-characterized organisms in molecular biology. Yet,
many key resources for functional genomics and systems
biology studies of E. coli are still lacking.
Whole genome sequences are now available for two closely

related K-12 strains, MG1655 (Blattner et al, 1997) and W3110
(Hayashi et al, 2006). Whole-genome comparative sequencing
and reconciliation of differences by re-sequencing selected
regions from both strains have recently provided the most
accurate genome of any organism (accompanying manuscript;
Hayashi et al, 2006). Of 267 regions that were initially found to
have short insertion or deletion (indel) and nucleotide (nt)
disparities, only eight sites were found to be true differences.
The vast majority (243) were due to errors in the original 4.5-
Mb E. coli K-12 MG1655 genome (an error rate of less than 1
per 13 000 nt 8 years later); 16 were due to errors in the 2.6Mb
of the W3110 genome reported from 1992 to 1997. Sequence
corrections resulted in major changes in the translation of 111

MG1655 open-reading frames (ORFs), mostly due to frame
shifting (85), but also due to gene fissions (2), gene fusions
(23), and inversion (1; Hayashi et al, 2006).
The availability of highly accurate E. coli K-12 genomes

(Hayashi et al, 2006) provided an impetus for the cooperative
re-annotation of both MG1655 and W3110 (Riley et al, 2006).
Sequence corrections also changed many gene boundaries,
which led to dropping 31 previously annotated genes and
adding 66 new ones. The composite K-12 genome has 4453
genes, encoding 4296 ORFs (including 74 pseudogenes), 156
RNAs, and one annotated feature (oriC). Major differences
between the MG1655 and W3110 genomes are the 12
additional sites of an insertion sequence (IS) in W3110, and
one additional IS site and the defective CPZ-55 phage (seven
prophage genes) only in MG1655. Consequently, MG1655 and
W3110 have two and 17 extra copies of IS genes, respectively,
and MG1655 has 11 andW3110 has 21 unique genes (including
seven additional pseudogenes). Thus, on the basis of the 2005
annotation snapshot, MG1655 has a total of 4464 genes and
W3110 has 4474 (Hayashi et al, 2006). In addition to updating
annotations of gene functions, start sites were changed for 682
MG1655 ORFs (Riley et al, 2006). An additional 76 ORFs that
have been predicted in W3110 have been targeted, for a total
of 4550 genes encoding 4390 ORFs (Hayashi et al, 2006),
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!e CRISPR system has several advantages over other strategies for experi-
mentally manipulating gene expression. First, it is relatively easy for the experi-
menter to design the guide RNA: it simply follows standard base pairing conven-
tion. Second, the gene to be controlled does not have to be modi"ed; the CRISPR 
strategy exploits DNA sequences already present in the genome. !ird, numer-
ous genes can be controlled simultaneously. Cas9 has to be expressed only once, 
but many guide RNAs can be expressed in the same cell; this strategy allows the 
experimenter to turn on or o# a whole set of genes at once. 

!e export of the CRISPR system from bacteria to virtually all other experi-
mental organisms (including mice, zebra"sh, worms, $ies, rice, and wheat) has 
revolutionized the study of gene function. Like the earlier discovery of restriction 
enzymes, this breakthrough came from scientists studying a fascinating phenom-
enon in bacteria without—at "rst—realizing the enormous impact these discov-
eries would have on all aspects of biology. 

Large Collections of Engineered Mutations Provide a Tool for 
Examining the Function of Every Gene in an Organism
Extensive collaborative e#orts have produced comprehensive libraries of muta-
tions in a variety of model organisms, including S. cerevisiae, C. elegans, Drosoph-
ila, Arabidopsis, and even the mouse. !e ultimate aim in each case is to produce a 
collection of mutant strains in which every gene in the organism has been system-
atically deleted or altered in such a way that it can be conditionally disrupted. Col-
lections of this type provide an invaluable resource for investigating gene function 
on a genomic scale. For example, a large collection of mutant organisms can be 
screened for a particular phenotype. Like the classic genetic approaches described 
earlier, this is one of the most powerful ways to identify the genes responsible for 
a particular phenotype. Unlike the classical genetic approach, however, the set of 
mutants is “pre-engineered,” so that there is no need to rely on chance events such 
as spontaneous mutations or transposon insertions. In addition, each of the indi-
vidual mutations within the collection is often engineered to contain a distinct 
molecular “barcode”—in the form of a unique DNA sequence—designed to make 
identi"cation of the altered gene rapid and routine (Figure 8–56). 

sequence
homologous to
yeast target
gene x

selectable
marker gene

unique “barcode”
sequence
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yeast
chromosome

yeast target gene x

HOMOLOGOUS
RECOMBINATION

target gene x replaced by selectable marker gene and
associated “barcode” sequence

Figure 8–56 Making barcoded collections of mutant organisms. A deletion construct for use 
in yeast contains DNA sequences (red) homologous to each end of a target gene x, a selectable 
marker gene (blue), and a unique “barcode” sequence approximately 20 nucleotide pairs in 
length (green). This DNA is introduced into yeast cells, where it readily replaces the target gene 
by homologous recombination. Cells that carry a successful gene replacement are identified by 
expression of the selectable marker gene, typically a gene that provides resistance to a drug. By 
using a collection of such constructs, each specific for one gene, a library of yeast mutants was 
constructed containing a mutant for every gene. Essential genes cannot be studied this way, as 
their deletion from the genome causes the cells to die. In this case, the target gene is replaced by a 
version of the gene that can be regulated by the experimenter (see Figure 8–52). The gene can then 
be turned off and the effect of this can be monitored before the cells die. 

• Efforts to produce this in more complex organisms


• Invaluable resource to investigate gene function on a genomic scale


• Use of DNA barcodes to facilitate mutant identification
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V. Molecular and Cellular Biology in the lab
1. Model organisms


2. Cell cultures


3. Studying proteins


4. Studying DNA


5. Stem cells


6. Studying gene expression (mRNA)


7. Uncovering gene function


8. Omics methods
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(Multi-)omics approaches
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(Multi-)omics approaches
“Omics” methods are techniques used to study all the molecules of a certain type in a living organism at once. Instead of 
looking at one gene or one protein, omics looks at the whole set to see the big picture.


• Genomics – studies all the DNA in an organism - based on sequencing 
Question it answers: What genes are there?

• Transcriptomics – studies all the RNA produced from DNA - based on sequencing 

Question it answers: Which genes are turned on or off?

• Proteomics – studies all the proteins made by the organism - based on mass spectrometry 

Question it answers: What proteins are present and what are they doing?

• Metabolomics – studies all the small molecules (metabolites) like sugars, fats, and amino acids - typically based on 

mass spectrometry 
Question it answers: What chemical reactions are happening in the cell?

• Epigenomics – studies chemical modifications on DNA and chromatine that affect how genes are used - based on 

different methods, including Chip-seq 
Question it answers: How is gene activity controlled without changing the DNA sequence?


Omics methods give a complete, system-wide view of how living things work, helping with disease research, drug 
development, agriculture, and understanding how organisms respond to the environment.




Have a nice holiday/exam prep ! 
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