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• Teacher’s evaluation 


• improve next year class


• improve my teaching in general


• adapt the exam



Your evaluation
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• 30 multiple choice questions


• 30 True/False (negative points)


• French translation


• Automatic correction —> bring a black pencil and eraser


• Additional info on Moodle (room, place to sit, etc.)


• Open book 


• make sure to understand and know the basic concepts/terminology


• make sure to know how the course is organised, where to find the information



5

Summary

• Studying DNA


• DNA sequencing


• DNA extraction


• DNA amplification 


• DNA cloning


• Cloned organisms and stem cells


• Practical applications of DNA-based technology
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Plan

• Studying gene expression


• Determining gene function


• Functional genomics


• Visualizing cells and molecules
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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 
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Studying gene expression

• using Northern Blotting: gel electrophoresis of mRNA 

followed by hybridization with a probe on a membrane


• using in situ hybridization: fluorescent dyes attached to 

probes to identify the location of specific mRNAs in the intact 

organism


• using Reverse transcriptase-PCR or RT-PCR

Figure 19.11 
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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 
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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 
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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



12

Studying gene expression

• using microarrays
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Studying gene expression
Figure 19.13 
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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
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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).
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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
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sample 1
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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)

  505

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. 

STUDYING GENE EXPRESSION AND FUNCTION
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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

  507

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 
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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.

200
nucleotide pairs
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codes for a protein of 20 amino acids
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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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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 
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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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Plan

• Studying gene expression


• Determining gene function


• Functional genomics


• Visualizing cells and molecules
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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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• 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, …)
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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
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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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Building mutant libraries

498 Chapter 8:  Analyzing Cells, Molecules, and Systems

!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

MBoC6 m8.68/8.57

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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• Pooled library versus arrayed library

  499

In S. cerevisiae, the task of generating a complete set of 6000 mutants, each 
missing only one gene, was accomplished several years ago. Because each mutant 
strain has an individual barcode sequence embedded in its genome, a large mix-
ture of engineered strains can be grown under various selective test conditions—
such as nutritional deprivation, a temperature shift, or the presence of various 
drugs—and the cells that survive can be rapidly identi!ed by the unique sequence 
tags present in their genomes. By assessing how well each mutant in the mixture 
fares, one can begin to discern which genes are essential, useful, or irrelevant for 
growth under the various conditions (Figure 8–57). 

"e insights generated by examining mutant libraries can be considerable. 
For example, studies of an extensive collection of mutants in Mycoplasma gen-
italium—the organism with the smallest known genome—have identi!ed the 
minimum complement of genes essential for cellular life. Growth under labora-
tory conditions requires about three-quarters of the 480 protein-coding genes in 
M. genitalium. Approximately 100 of these essential genes are of unknown func-
tion, which suggests that a surprising number of the basic molecular mechanisms 
that underlie life have yet to be discovered.

Collections of mutant organisms are also available for many animal and plant 
species. For example, it is possible to “order,” by phone or email from a consortium 
of investigators, a deletion or insertion mutant for almost all coding genes in Dro-
sophila. Likewise, a nearly complete set of mutants exists for the “model” plant 
Arabidopsis. And the adaptation of the CRISPR system for use in mice means that, 
in the near future, we can expect to be able to turn on or o#—at will—each gene 
in the mouse genome. Although we are still ignorant about the function of most 
genes in most organisms, these technologies allow an exploration of gene func-
tion on a scale that was unimaginable a decade ago.

RNA Interference Is a Simple and Rapid Way to Test Gene 
Function
Although knocking out (or conditionally expressing) a gene in an organism and 
studying the consequences is the most powerful approach for understanding the 
functions of the gene, RNA interference (RNAi, for short), is an alternative, par-
ticularly convenient approach. As discussed in Chapter 7, this method exploits a 
natural mechanism used in many plants, animals, and fungi to protect themselves 
against viruses and transposable elements. "e technique introduces into a cell or 
organism a double-stranded RNA molecule whose nucleotide sequence matches 
that of part of the gene to be inactivated. After the RNA is processed, it hybrid-
izes with the target-gene RNA (either mRNA or noncoding RNA) and reduces its 
expression by the mechanisms shown in Figure 7–75.

RNAi is frequently used to inactivate genes in Drosophila and mammalian cell 
culture lines. Indeed, a set of 15,000 Drosophila RNAi molecules (one for every 
coding gene) allows researchers, in several months, to test the role of every $y 
gene in any process that can be monitored using cultured cells. RNAi has also been 
widely used to study gene function in whole organisms, including the nematode 
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Figure 8–57 Genome-wide screens for fitness using a large pool of 
barcoded yeast deletion mutants. A large pool of yeast mutants, each 
with a different gene deleted and present in equal amounts, is grown under 
conditions selected by the experimenter. Some mutants (blue) grow normally, 
but others show reduced growth (orange and green) or no growth at all (red). 
The fitness of each mutant is experimentally determined in the following way. 
After the growth phase is completed, genomic DNA (isolated from the mixture 
of strains) is purified and the relative abundance of each mutant is determined 
by quantifying the level of the DNA barcode matched to each deletion. 
This can be done by sequencing the pooled genomic DNA or hybridizing 
it to microarrays (see Figure 8–64) that contain DNA oligonucleotides 
complementary to each barcode. In this way, the contribution of every gene 
to growth under the specified condition can be rapidly ascertained. This type 
of study has revealed that of the approximately 6000 coding genes in yeast, 
only about 1000 are essential under standard growth conditions. 

STUDYING GENE EXPRESSION AND FUNCTION
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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

  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 
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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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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• 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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Complementation
• Different mutants can exhibit the same phenotype


• A complementation test can be used to test whether different mutations 
appear in the same gene or not


• In diploid organisms: mating of an individual that is homozygous for one 
mutations with an individual that is homozygous for the other mutation


‣ if the mutations occur in the same gene, the offspring will show the 
phenotype


‣ if the mutations occur in different genes, the offspring will not show the 
phenotype as it will have one copy of each WT gene

490 Chapter 8:  Analyzing Cells, Molecules, and Systems

of function. It is easy to determine if a mutation is dominant or recessive. One 
simply mates a mutant with a wild type to obtain diploid cells or organisms. !e 
progeny from the mating will be heterozygous for the mutation. If the mutant phe-
notype is no longer observed, one can conclude that the mutation is recessive and 
is very likely to be a loss-of-function mutation (see Panel 8–2).

Complementation Tests Reveal Whether Two Mutations Are in the 
Same Gene or Different Genes
A large-scale genetic screen can turn up many di"erent mutations that show the 
same phenotype. !ese defects might lie in di"erent genes that function in the 
same process, or they might represent di"erent mutations in the same gene. Alter-
native forms of the same gene are known as alleles. !e most common di"erence 
between alleles is a substitution of a single nucleotide pair, but di"erent alleles 
can also bear deletions, substitutions, and duplications. How can we tell, then, 
whether two mutations that produce the same phenotype occur in the same gene 
or in di"erent genes? If the mutations are recessive—if, for example, they repre-
sent a loss of function of a particular gene—a complementation test can be used 
to ascertain whether the mutations fall in the same gene or in di"erent genes. To 
test complementation in a diploid organism, an individual that is homozygous 
for one mutation—that is, it possesses two identical alleles of the mutant gene in 
question—is mated with an individual that is homozygous for the other muta-
tion. If the two mutations are in the same gene, the o"spring show the mutant 
phenotype, because they still will have no normal copies of the gene in question 
(Figure 8–48). If, in contrast, the mutations fall in di"erent genes, the resulting 
o"spring show a normal phenotype, because they retain one normal copy (and 
one mutant copy) of each gene; the mutations thereby complement one another 
and restore a normal phenotype. Complementation testing of mutants identi-
#ed during genetic screens has revealed, for example, that 5 di"erent genes are 
required for yeast to digest the sugar galactose, 20 genes are needed for E. coli to 
build a functional $agellum, 48 genes are involved in assembling bacteriophage 
T4 viral particles, and hundreds of genes are involved in the development of an 
adult nematode worm from a fertilized egg. 

Gene Products Can Be Ordered in Pathways by Epistasis Analysis
Once a set of genes involved in a particular biological process has been identi#ed, 
the next step is often to determine in which order the genes function. Gene order 
is perhaps easiest to explain for metabolic pathways, where, for example, enzyme 
A is necessary to produce the substrate for enzyme B. In this case, we would say 
that the gene encoding enzyme A acts before (upstream of) the gene encoding 
enzyme B in the pathway. Similarly, where one protein regulates the activity of 
another protein, we would say that the former gene acts before the latter. Gene 
order can, in many cases, be determined purely by genetic analysis without any 
knowledge of the mechanism of action of the gene products involved. 

Suppose we have a biosynthetic process consisting of a sequence of steps, 
such that performance of step B is conditional on completion of the preceding 
step A; and suppose gene A is required for step A, and gene B is required for step 
B. !en a null mutation (a mutation that abolishes function) in gene A will arrest 
the process at step A, regardless of whether gene B is functional or not, whereas 
a null mutation in gene B will cause arrest at step B only if gene A is still active. 
In such a case, gene A is said to be epistatic to gene B. By comparing the pheno-
types of the di"erent combinations of mutations, we can therefore discover the 
order in which the genes act. !is type of analysis is called epistasis analysis. As 
an example, the pathway of protein secretion in yeast has been analyzed in this 
way. Di"erent mutations in this pathway cause proteins to accumulate aberrantly 
in the endoplasmic reticulum (ER) or in the Golgi apparatus. When a yeast cell is 
engineered to carry both a mutation that blocks protein processing in the ER and 
a mutation that blocks processing in the Golgi apparatus, proteins accumulate in 
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Figure 8–48 A complementation test can 
reveal that mutations in two different 
genes are responsible for the same 
abnormal phenotype. When an albino 
(white) bird from one strain is bred with an 
albino from a different strain, the resulting 
offspring (bottom) have normal coloration. 
This restoration of the wild-type plumage 
indicates that the two white breeds lack 
color because of recessive mutations 
in different genes. (From W. Bateson, 
Mendel’s Principles of Heredity, 1st ed. 
Cambridge, UK: Cambridge University 
Press, 1913.)
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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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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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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
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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.)

500 Chapter 8:  Analyzing Cells, Molecules, and Systems
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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, 
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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.
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it has several potential limitations compared with true genetic knockouts. For 
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a different double-stranded RNA. Each 
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thereby inactivating it. About 10 worms 
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the RNAs time to inactivate their target 
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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
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Plan

• Studying gene expression


• Determining gene function


• Functional genomics


• Visualizing cells and molecules



39

Functional genomics
• Functional genomics is the study of how the genome, transcripts (genes), proteins and 
metabolites work together to to produce a particular phenotype.

https://www.ebi.ac.uk/training/online/
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Plan

• Studying gene expression


• Determining gene function


• Functional genomics


• Visualizing cells and molecules
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Cells sizes

  531

interfere with one another and cause optical di!raction e!ects. If two trains of 
waves reaching the same point by di!erent paths are precisely in phase, with crest 
matching crest and trough matching trough, they will reinforce each other so as 
to increase brightness. In contrast, if the trains of waves are out of phase, they will 
interfere with each other in such a way as to cancel each other partly or entirely 
(Figure 9–4). "e interaction of light with an object changes the phase relation-
ships of the light waves in a way that produces complex interference e!ects. At 
high magni#cation, for example, the shadow of an edge that is evenly illuminated 
with light of uniform wavelength appears as a set of parallel lines (Figure 9–5), 
whereas that of a circular spot appears as a set of concentric rings. For the same 
reason, a single point seen through a microscope appears as a blurred disc, and 
two point objects close together give overlapping images and may merge into one. 

LOOKING AT CELLS IN THE LIGHT MICROSCOPE

Figure 9–2 Resolving power. Sizes of cells and their components are drawn on a logarithmic scale, indicating the range of 
objects that can be readily resolved by the naked eye and in the light and electron microscopes. Note that new superresolution 
microscopy techniques, discussed in detail later, allow an improvement in resolution by an order of magnitude compared with 
conventional light microscopy. 
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ELECTRON MICROSCOPE

LIGHT MICROSCOPE
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super-

resolution

limit of
conventional

resolution
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eyepiece

image on retina
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(B)(A)

tube lens

objective

specimen

condenser

light
source

iris diaphragm

Figure 9–3 A light microscope.  
(A) Diagram showing the light path in a 
compound microscope. Light is focused on 
the specimen by lenses in the condenser. 
A combination of objective lenses, tube 
lenses, and eyepiece lenses is arranged to 
focus an image of the illuminated specimen 
in the eye. (B) A modern research light 
microscope. (B, courtesy of Carl Zeiss 
Microscopy, GmbH.)

The following units of length are 
commonly employed in microscopy: 
μm (micrometer) = 10–6 m
nm (nanometer) = 10–9 m 
Å (Ångström unit) = 10–10 m

530 Chapter 9:  Visualizing Cells

The Light Microscope Can Resolve Details 0.2 μm Apart
For well over 100 years, all microscopes were constrained by a fundamental lim-
itation: that a given type of radiation cannot be used to probe structural details 
much smaller than its own wavelength. A limit to the resolution of a light micro-
scope was therefore set by the wavelength of visible light, which ranges from 
about 0.4 μm (for violet) to 0.7 μm (for deep red). In practical terms, bacteria and 
mitochondria, which are about 500 nm (0.5 μm) wide, are generally the small-
est objects whose shape we can clearly discern in the light microscope; details 
smaller than this are obscured by e!ects resulting from the wavelike nature of 
light. To understand why this occurs, we must follow the behavior of a beam of 
light as it passes through the lenses of a microscope (Figure 9–3).

Because of its wave nature, light does not follow the idealized straight ray 
paths that geometrical optics predicts. Instead, light waves travel through an 
optical system by many slightly di!erent routes, like ripples in water, so that they 
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20 mm 2 mm 0.2 mm

20 µm 2 µm 0.2 µm

20 nm 2 nm 0.2 nm

Figure 9–1 A sense of scale between 
living cells and atoms. Each diagram 
shows an image magnified by a factor of 
ten in an imaginary progression from a 
thumb, through skin cells, to a ribosome, 
to a cluster of atoms forming part of 
one of the many protein molecules in 
our body. Atomic details of biological 
macromolecules, as shown in the last two 
panels, are usually beyond the power of 
the electron microscope. While color has 
been used here in all the panels, it is not a 
feature of objects much smaller than the 
wavelength of light, so the last five panels 
should really be in black and white.
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Light microscope

• Details 0.2 um apart


• In practical terms, bacteria or mitochondria are the 
smallest objects that can be seen


• Phase-contrast microscopy increases the contrast in a 
sample


• Digital imaging systems improve light microscopy 
(camera detects dim lights and small intensity changes in 
light better than the eye)
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Preparing tissues

• Tissues are too thick, they are cut in slices or 
sections


• Tissues are fixed, then frozen or embedded in wax 
or resin (as they are fragile)


• Tissues are sliced with a microtome


• Cells are typically transparent


‣ Can be stained with organic dyes that have 
affinity for specific compartments


‣ Use of fluorescent probes and markers
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the eye’s limitations in detecting small di!erences in light intensity, and back-
ground irregularities in the optical system can be digitally subtracted. "is proce-
dure reveals small transparent objects that were previously impossible to distin-
guish from the background.

Intact Tissues Are Usually Fixed and Sectioned Before Microscopy
Because most tissue samples are too thick for their individual cells to be examined 
directly at high resolution, they are often cut into very thin transparent slices, or 
sections. To preserve the cells within the tissue they must be treated with a !xa-
tive. Common #xatives include glutaraldehyde, which forms covalent bonds with 
the free amino groups of proteins, cross-linking them so they are stabilized and 
locked into position. 

Because tissues are generally soft and fragile, even after #xation, they need to 
be either frozen or embedded in a supporting medium before being sectioned. 
"e usual embedding media are waxes or resins. In liquid form, these media both 
permeate and surround the #xed tissue; they can then be hardened (by cooling or 
by polymerization) to form a solid block, which is readily sectioned with a micro-
tome. "is is a machine with a sharp blade, usually of steel or glass, which oper-
ates like a meat-slicer (Figure 9–9). "e sections (typically 0.5–10 μm thick) are 
then laid $at on the surface of a glass microscope slide.

"ere is little in the contents of most cells (which are 70% water by weight) to 
impede the passage of light rays. "us, most cells in their natural state, even if #xed 
and sectioned, are almost invisible in an ordinary light microscope. We have seen 
that cellular components can be made visible by techniques such as phase-con-
trast and di!erential-interference-contrast microscopy, but these methods tell us 
almost nothing about the underlying chemistry. "ere are three main approaches 
to working with thin tissue sections that reveal di!erences in types of molecules 
that are present.

First, and traditionally, sections can be stained with organic dyes that have 
some speci#c a%nity for particular subcellular components. "e dye hematox-
ylin, for example, has an a%nity for negatively charged molecules and therefore 
reveals the distribution of DNA, RNA, and acidic proteins in a cell (Figure 9–10). 
"e chemical basis for the speci#city of many dyes, however, is not known.
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Figure 9–8 Four types of light microscopy. Four images are shown of the same fibroblast cell in culture. All images can 
be obtained with most modern microscopes by interchanging optical components. (A) Bright-field microscopy, in which light 
is transmitted straight through the specimen. (B) Phase-contrast microscopy, in which phase alterations of light transmitted 
through the specimen are translated into brightness changes. (C) Differential-interference-contrast microscopy, which highlights 
edges where there is a steep change of refractive index. (D) Dark-field microscopy, in which the specimen is lit from the side and 
only the scattered light is seen.
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Figure 9–9 Making tissue sections. 
This illustration shows how an embedded 
tissue is sectioned with a microtome in 
preparation for examination in the light 
microscope. 
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Second, sectioned tissues can be used to visualize speci!c patterns of di"er-
ential gene expression. In situ hybridization, discussed earlier (see Figure 8–34), 
reveals the cellular distribution and abundance of speci!c expressed RNA mol-
ecules in sectioned material or in whole mounts of small organisms or organs. 
#is is particularly e"ective when used in conjunction with $uorescent probes 
(Figure 9–11). 

A third and very sensitive approach, generally and widely applicable for local-
izing proteins of interest, also depends on using $uorescent probes and markers, 
as we explain next.

Specific Molecules Can Be Located in Cells by Fluorescence 
Microscopy
Fluorescent molecules absorb light at one wavelength and emit it at another, lon-
ger wavelength (Figure 9–12A). If we illuminate such a molecule at its absorbing 
wavelength and then view it through a !lter that allows only light of the emitted 
wavelength to pass, it will glow against a dark background. Because the back-
ground is dark, even a minute amount of the glowing $uorescent dye can be 
detected. In contrast, the same number of molecules of a non$uorescent stain, 
viewed conventionally, would be practically indiscernible because the absorption 
of light by molecules in the stain would result in only the faintest tinge of color in 
the light transmitted through that part of the specimen.

#e $uorescent dyes used for staining cells are visualized with a !uorescence 
microscope. #is microscope is similar to an ordinary light microscope except 
that the illuminating light, from a very powerful source, is passed through two 
sets of !lters—one to !lter the light before it reaches the specimen and one to 

50 µm 100 µm
(A) (B)

MBoC6 m9.11/9.10

Figure 9–10 Staining of cell components. 
(A) This section of cells in the urine-
collecting ducts of the kidney was stained 
with hematoxylin and eosin, two dyes 
commonly used in histology. Each duct 
is made of closely packed cells (with 
nuclei stained red) that form a ring. 
The ring is surrounded by extracellular 
matrix, stained purple. (B) This section 
of a young plant root is stained with two 
dyes, safranin and fast green. The fast 
green stains the cellulosic cell walls while 
the safranin stains the lignified xylem cell 
walls bright red. (A, from P.R. Wheater et 
al., Functional Histology, 2nd ed. London: 
Churchill Livingstone, 1987; B, courtesy of 
Stephen Grace.)
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100 µm

Figure 9–11 RNA in situ hybridization. 
As described in Chapter 8 (see 
Figure 8–62), it is possible to visualize 
the distribution of different RNAs in 
tissues using in situ hybridization. Here, 
the transcription pattern of five different 
genes involved in patterning the early fly 
embryo is revealed in a single embryo. 
Each RNA probe has been fluorescently 
labeled in a different way, some directly 
and some indirectly; the resulting images 
are displayed each in a different color 
(“false-colored”) and combined to give an 
image where different color combinations 
represent different sets of genes expressed. 
The genes whose expression pattern 
is revealed here are wingless (yellow), 
engrailed (blue), short gastrulation (red), 
intermediate neuroblasts defective (green), 
and muscle specific homeobox (purple). 
(From D. Kosman et al., Science 305:846, 
2004. With permission from AAAS.)
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Fluorescence microscopy
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!lter the light obtained from the specimen. "e !rst !lter passes only the wave-
lengths that excite the particular #uorescent dye, while the second !lter blocks 
out this light and passes only those wavelengths emitted when the dye #uoresces 
(Figure 9–12B).

Fluorescence microscopy is most often used to detect speci!c proteins or 
other molecules in cells and tissues. A very powerful and widely used technique 
is to couple #uorescent dyes to antibody molecules, which then serve as highly 
speci!c and versatile staining reagents that bind selectively to the particular mac-
romolecules they recognize in cells or in the extracellular matrix. Two #uorescent 
dyes that have been commonly used for this purpose are !uorescein, which emits 
an intense green #uorescence when excited with blue light, and rhodamine, which 
emits deep red #uorescence when excited with green–yellow light (Figure 9–13). 
By coupling one antibody to #uorescein and another to rhodamine, the distribu-
tions of di$erent molecules can be compared in the same cell; the two molecules 
are visualized separately in the microscope by switching back and forth between 
two sets of !lters, each speci!c for one dye. As shown in Figure 9–14, three #u-
orescent dyes can be used in the same way to distinguish among three types of 
molecules in the same cell. Many newer #uorescent dyes, such as Cy3, Cy5, and 
the Alexa dyes, have been speci!cally developed for #uorescence microscopy 
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Figure 9–12 Fluorescence and the fluorescence microscope. (A) An orbital electron of a fluorochrome molecule can be 
raised to an excited state following the absorption of a photon. Fluorescence occurs when the electron returns to its ground 
state and emits a photon of light at a longer wavelength. Too much exposure to light, or too bright a light, can also destroy 
the fluorochrome molecule, in a process called photobleaching. (B) In the fluorescence microscope, a filter set consists of two 
barrier filters (1 and 3) and a dichroic (beam-splitting) mirror (2). This example shows the filter set for detection of the fluorescent 
molecule fluorescein. High-numerical-aperture objective lenses are especially important in this type of microscopy because, 
for a given magnification, the brightness of the fluorescent image is proportional to the fourth power of the numerical aperture 
(see also Figure 9–6).

DAPI

GFP

CFP

FITC

Cy3

YFP

rhodamine B

RFP

Alexa 568

Cy5

EMISSIONEXCITATION

420 nm

460 nm

500 nm

540 nm

580 nm

620 nm

660 nm

MBoC6 m9.14/9.13

Figure 9–13 Fluorescent probes. The maximum excitation and emission 
wavelengths of several commonly used fluorescent probes are shown in 
relation to the corresponding colors of the spectrum. The photon emitted 
by a fluorescent molecule is necessarily of lower energy (longer wavelength) 
than the absorbed photon and this accounts for the difference between the 
excitation and emission peaks. CFP, GFP, YFP, and RFP are cyan, green, 
yellow, and red fluorescent proteins, respectively. DAPI is widely used as a 
general fluorescent DNA probe, which absorbs ultraviolet light and fluoresces 
bright blue. FITC is an abbreviation for fluorescein isothiocyanate, a widely 
used derivative of fluorescein, which fluoresces bright green. The other 
probes are all commonly used to fluorescently label antibodies and other 
proteins. The use of fluorescent proteins will be discussed later in the chapter.
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by a fluorescent molecule is necessarily of lower energy (longer wavelength) 
than the absorbed photon and this accounts for the difference between the 
excitation and emission peaks. CFP, GFP, YFP, and RFP are cyan, green, 
yellow, and red fluorescent proteins, respectively. DAPI is widely used as a 
general fluorescent DNA probe, which absorbs ultraviolet light and fluoresces 
bright blue. FITC is an abbreviation for fluorescein isothiocyanate, a widely 
used derivative of fluorescein, which fluoresces bright green. The other 
probes are all commonly used to fluorescently label antibodies and other 
proteins. The use of fluorescent proteins will be discussed later in the chapter.

• Typically used to detect specific molecules or 
proteins

In situ hybridization with fluorescent probe:

RNAs in the fruit fly embryo
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Fluorescence microscopy
• Antibodies can be coupled to fluorescent 
probes 


• Multiple dyes specifically bind to different 
types of molecules in the cell

Epithelial cell 

 - Actin (cytoskeleton) is labelled in green

- Mitochondria in ref

- Nucleus in blue
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Fluorescence microscopy
• Individual proteins can be fluorescently tagged

Fluorescent proteins as reporter molecules. (A) For this experiment, carried out in the fruit fly, the GFP gene was joined (using recombinant DNA techniques) to a fly promoter that is active only in a specialized set of neurons. This image of a live 
fly embryo was captured by a fluorescence microscope and shows approximately 20 neurons, each with long projections (axons and dendrites) that communicate with other (nonfluorescent) cells. These neurons are located just under the 
surface of the animal and allow it to sense its immediate environment. (B) In a variation of this method, three different fluorescent proteins, red, yellow, and cyan, can be expressed at random in neurons of the live fly embryo. The genetic 
constructs have been arranged such that a strong pulse of blue light will activate the expression of one or other of the three fluorescent proteins at random in neuronal cells, where they are then targeted to the plasma membrane. This 
noninvasive control of the timing of cell labeling allows the behavior of individual cells to be followed subsequently over time. The fine detail of all the dendrites of individual sensory neurons can be clearly seen. The lines of pale dots arise from 
the autofluorescence of the bands of denticles in the cuticle that define the segments of the embryo 
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FRET
• FRET = fluorescence resonance energy transfer


• Monitors interactions between proteins  545

becomes !uorescent, so that its movement along the spindle microtubules can be 
readily followed (Figure 9–27). 

A further development in photoactivation is the discovery that the genes 
encoding GFP and related !uorescent proteins can be engineered to produce 
protein variants, usually with one or more amino acid changes, that !uoresce 
only weakly under normal excitation conditions, but can be induced to !uoresce 
either more strongly or with a color shift (for example, from green to red) by acti-
vating them with a strong pulse of light at a di"erent wavelength. In principle, 
the microscopist can then follow the local in vivo behavior of any protein that 
can be expressed as a fusion with one of these GFP variants. #ese genetically 
encoded, photoactivatable !uorescent proteins allow the lifetime and behavior 
of any protein to be studied independently of other newly synthesized proteins 
(Figure 9–28).

A third way to exploit GFP fused to a protein of interest is known as !uores-
cence recovery after photobleaching (FRAP). Here, one uses a strong focused 
beam of light from a laser to extinguish the GFP !uorescence in a speci$ed region 
of the cell, after which one can analyze the way in which remaining unbleached 
!uorescent protein molecules move into the bleached area as a function of time. 
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Figure 9–26 Fluorescence resonance 
energy transfer (FRET). To determine 
whether (and when) two proteins interact 
inside a cell, the proteins are first produced 
as fusion proteins attached to different 
color variants of green fluorescent protein 
(GFP). (A) In this example, protein X is 
coupled to a blue fluorescent protein, which 
is excited by violet light (370–440 nm) and 
emits blue light (440–480 nm); protein Y 
is coupled to a green fluorescent protein, 
which is excited by blue light (440–480 nm) 
and emits green light (510 nm). (B) If protein 
X and Y do not interact, illuminating the 
sample with violet light yields fluorescence 
from the blue fluorescent protein only. 
(C) When protein X and protein Y interact, 
the resonance transfer of energy, FRET, 
can now occur. Illuminating the sample 
with violet light excites the blue fluorescent 
protein, which transfers its energy to the 
green fluorescent protein, resulting in an 
emission of green light. The fluorochromes 
must be quite close together—within about 
1–5 nm of one another—for FRET to occur. 
Because not every molecule of protein X 
and protein Y is bound at all times, some 
blue light may still be detected. But as the 
two proteins begin to interact, emission 
from the donor blue fluorescent protein 
falls as the emission from the acceptor 
GFP rises.
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Figure 9–27 Determining microtubule 
flux in the mitotic spindle with caged 
fluorescein linked to tubulin.  
(A) A metaphase spindle formed in vitro 
from an extract of Xenopus eggs has 
incorporated three fluorescent markers: 
rhodamine-labeled tubulin (red) to mark 
all the microtubules, a blue DNA-binding 
dye that labels the chromosomes, and 
caged-fluorescein-labeled tubulin, which is 
also incorporated into all the microtubules 
but is invisible because it is nonfluorescent 
until activated by ultraviolet (UV) light. 
(B) A beam of UV light activates, or 
“uncages,” the caged-fluorescein-labeled 
tubulin locally, mainly just to the left side 
of the metaphase plate. Over the next 
few minutes—after 1.5 minutes in (C) and 
after 2.5 minutes in (D)—the uncaged-
fluorescein–tubulin signal moves toward 
the left spindle pole, indicating that tubulin 
is continuously moving poleward even 
though the spindle (visualized by the red 
rhodamine-labeled tubulin fluorescence) 
remains largely unchanged. (From  
K.E. Sawin and T.J. Mitchison, J. Cell Biol. 
112:941–954, 1991. With permission  
from The Rockefeller University Press.)
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FRAP
• FRAP = fluorescence recovery after photobleaching


• Provides quantitative data about a protein’s kinetics

Use of a powerful laser beam 
to bleach a specific area
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Confocal microscope

• Instead of illuminating the whole sample, it focuses 
a point of light onto a single point at a specific 
depth of the specimen

  541

far superior to those obtained by conventional light microscopy (Figure 9–20A 
and B).

!e confocal microscope is generally used with "uorescence optics (see Fig-
ure 9–12), but instead of illuminating the whole specimen at once, in the usual 
way, the optical system at any instant focuses a spot of light onto a single point at 
a speci#c depth in the specimen. !is requires a source of pinpoint illumination 
that is usually supplied by a laser whose light has been passed through a pinhole. 
!e "uorescence emitted from the illuminated material is collected at a suitable 
light detector and used to generate an image. A pinhole aperture is placed in front 
of the detector, at a position that is confocal with the illuminating pinhole—that 
is, precisely where the rays emitted from the illuminated point in the specimen 
come to a focus. !us, the light from this point in the specimen converges on this 
aperture and enters the detector. 

By contrast, the light from regions out of the plane of focus of the spotlight is 
also out of focus at the pinhole aperture and is therefore largely excluded from 
the detector (see Figure 9–19). To build up a two-dimensional image, data from 
each point in the plane of focus are collected sequentially by scanning across the 
#eld from left to right in a regular pattern of pixels and are displayed on a com-
puter screen. Although not shown in Figure 9–19, the scanning is usually done by 
de"ecting the beam with an oscillating mirror placed between the dichroic mir-
ror and the objective lens in such a way that the illuminating spotlight and the 
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Figure 9–19 The confocal fluorescence 
microscope. (A) This simplified diagram 
shows that the basic arrangement of 
optical components is similar to that of the 
standard fluorescence microscope shown 
in Figure 9–12, except that a laser is used 
to illuminate a small pinhole whose image 
is focused at a single point in the three-
dimensional (3-D) specimen. (B) Emitted 
fluorescence from this focal point in the 
specimen is focused at a second (confocal) 
pinhole. (C) Emitted light from elsewhere 
in the specimen is not focused at the 
pinhole and therefore does not contribute 
to the final image. By scanning the beam 
of light across the specimen, a very sharp 
two-dimensional image of the exact plane 
of focus is built up that is not significantly 
degraded by light from other regions of the 
specimen.
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Figure 9–20 Confocal fluorescence 
microscopy produces clear optical 
sections and three-dimensional data 
sets. The first two micrographs are of the 
same intact gastrula-stage Drosophila 
embryo, which has been stained with a 
fluorescent probe for actin filaments.  
(A) The conventional, unprocessed image 
is blurred by the presence of fluorescent 
structures above and below the plane 
of focus. (B) In the confocal image, this 
out-of-focus information is removed, 
resulting in a crisp optical section of 
the cells in the embryo. (C) A three-
dimensional reconstruction of an object 
can be assembled from a stack of such 
optical sections. In this case, the complex 
branching structure of the mitochondrial 
compartment in a single live yeast cell 
is shown. (A and B, courtesy of Richard 
Warn and Peter Shaw; C, courtesy of 
Stefan Hell.)
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far superior to those obtained by conventional light microscopy (Figure 9–20A 
and B).

!e confocal microscope is generally used with "uorescence optics (see Fig-
ure 9–12), but instead of illuminating the whole specimen at once, in the usual 
way, the optical system at any instant focuses a spot of light onto a single point at 
a speci#c depth in the specimen. !is requires a source of pinpoint illumination 
that is usually supplied by a laser whose light has been passed through a pinhole. 
!e "uorescence emitted from the illuminated material is collected at a suitable 
light detector and used to generate an image. A pinhole aperture is placed in front 
of the detector, at a position that is confocal with the illuminating pinhole—that 
is, precisely where the rays emitted from the illuminated point in the specimen 
come to a focus. !us, the light from this point in the specimen converges on this 
aperture and enters the detector. 

By contrast, the light from regions out of the plane of focus of the spotlight is 
also out of focus at the pinhole aperture and is therefore largely excluded from 
the detector (see Figure 9–19). To build up a two-dimensional image, data from 
each point in the plane of focus are collected sequentially by scanning across the 
#eld from left to right in a regular pattern of pixels and are displayed on a com-
puter screen. Although not shown in Figure 9–19, the scanning is usually done by 
de"ecting the beam with an oscillating mirror placed between the dichroic mir-
ror and the objective lens in such a way that the illuminating spotlight and the 
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is shown. (A and B, courtesy of Richard 
Warn and Peter Shaw; C, courtesy of 
Stefan Hell.)
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Superresolution fluorescence techniques
• Resolution of light microscopy is limited (0.2 um)


• Superresolution approaches:


• The concept of the point spread function
  551

To get around the di!raction limit, the other two superresolution techniques 
exploit aspects of the point spread function, a property of the optical system men-
tioned earlier. "e point spread function is the distribution of light intensity within 
the three-dimensional, blurred image that is formed when a single point source 
of light is brought to a focus with a lens. Instead of being identical to the point 
source, the image has an intensity distribution that is approximately described 
by a Gaussian distribution, which in turn determines the resolution of the lens 
system (Figure 9–36). Two points that are closer than the width at half-maximum 
height of this distribution will become hard to resolve because their images over-
lap too much (see Figure 9–36C). 

In #uorescence microscopy, the excitation light is focused to a spot on the 
specimen by the objective lens, which then captures the photons emitted by any 
#uorescent molecule that the beam has raised from a ground state to an excited 
state. Because the excitation spot is blurred according to the point spread func-
tion, #uorescent molecules that are closer than about 200 nm will be imaged as 
a single blurred spot. One approach to increasing the resolution is to switch all 
the #uorescent molecules at the periphery of the blurry excitation spot back to 
their ground state, or to a state where they no longer #uoresce in the normal way, 
leaving only those at the very center to be recorded. "is can be done in practice 
by adding a second, very bright laser beam that wraps around the excitation beam 
like a torus. "e wavelength and intensity of this second beam are adjusted so as 
to switch the #uorescent molecules o! everywhere except at the very center of 
the point spread function, a region that can be as small as 20 nm across (Figure 
9–37). "e #uorescent probes used must be in a special class that is photoswitch-
able: their emission can be reversibly switched on and o! with lights of di!erent 
wavelengths. As the specimen is scanned with this arrangement of lasers, #uo-
rescent molecules are switched on and o!, and the small point spread function at 
each location is recorded. "e di!raction limit is breached because the technique 
ensures that similar but very closely spaced molecules are in one of two di!erent 
states, either #uorescing or dark. "is approach is called STED (stimulated emis-
sion depletion microscopy) and various microscopes using versions of the general 
method are now in wide use. Resolutions of 20 nm have been achieved in biologi-
cal specimens, and even higher resolution attained with nonbiological specimens 
(see Figure 9–37).

Superresolution Can Also be Achieved Using Single-Molecule 
Localization Methods
If a single #uorescent molecule is imaged, it appears as a circular blurry disc, but 
if su$cient photons have contributed to this image, the precise mathematical 
center of the disclike image can be determined very accurately, often to within a 
few nanometers. But the problem with a specimen that contains a large number 
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Figure 9–36 The point spread function of 
a lens determines resolution. (A) When a 
point source of light is brought to a focus 
by a lens system, diffraction effects mean 
that, instead of being imaged as a point, 
it is blurred in all dimensions. (B) In the 
plane of the image, the distribution of light 
approximates a Gaussian distribution, 
whose width at half-maximum height under 
ideal conditions is about 200 nm. (C) Two 
point sources that are about 200 nm apart 
can still just be distinguished as separate 
objects in the image, but if they are any 
nearer than that, their images will overlap 
and not be resolvable. 
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Superresolution fluorescence techniques
• Resolution of light microscopy is limited (0.2 um)


• Superresolution approaches:

• use of a depletion beam (very bright laser beam 
around the excitation beam)


• switch off the fluorescent molecules around the 
excitation spot


• Increases resolution

An enlargement of the boxed region shows the 
clear eightfold symmetry of the membrane ring 
proteins and the central fibrillar region with a 
resolution of about 20 nm. 
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Superresolution fluorescence techniques
• Single molecule localization

  553

development of novel !uorescent probes that exhibit the appropriate switching 
behavior. All these methods are now being extended to incorporate multicolor 
imaging, three-dimensional imaging (Figure 9–39), and live-cell imaging in real 
time. Ending the long reign of the di"raction limit has certainly reinvigorated light 
microscopy and its place in cell biology research.

LOOKING AT CELLS IN THE LIGHT MICROSCOPE

the exact center of each fluorescent molecule is determined and its position added to the map

successive cycles of activation and bleaching allow well-separated single fluorescent molecules 
to be detected

a super-resolution image of the fluorescent structure is built up as the positions of successive small
groups of molecules are added to the map
(B)

(A)
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Figure 9–38 Single fluorescent molecules can be located with great accuracy. (A) Determining the exact mathematical 
center of the blurred image of a single fluorescent molecule becomes more accurate the more photons contribute to the final 
image. The point spread function described in the text dictates that the size of the molecular image is about 200 nm across, 
but in very bright specimens, the position of its center can be pinpointed to within a nanometer. (B) In this imaginary specimen, 
sparse subsets of fluorescent molecules are individually switched on briefly and then bleached. The exact positions of all these 
well-spaced molecules can be gradually built up into an image at superresolution. (C) In this portion of a cell, the microtubules 
have been fluorescently labeled and imaged at the top in a TIRF microscope (see Figure 9–32) and below, at superresolution,  
in a PALM microscope. The diameter of the microtubules in the lower panel now resembles their true size, about 25 nm,  
rather than the 250 nm in the blurred image at the top. (A, from A.L. McEvoy et al., BMC Biol. 8:106, 2010; C, courtesy of  
Carl Zeiss Ltd.)
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Figure 9–39 Small fluorescent structures can be imaged in three 
dimensions with superresolution. (A) The image of two touching 
180-nm-diameter clathrin-coated pits on the plasma membrane of a cultured 
cell is diffraction-limited, and the individual pits cannot be distinguished in 
this conventional fluorescence image. (B) Using STORM superresolution 
microscopy, however, the pits are clearly resolvable. Not only can such pits 
be imaged using probes of different colors, but additional three-dimensional 
information can also be obtained. (C) and (D) Shown are two different 
orthogonal views of one single coated pit. The clathrin is labeled red and 
transferrin—the cargo within the pit—is labeled green. Images of this sort can 
be acquired in less than one second, making possible dynamic observations 
on living cells. These techniques depend heavily on the development of new, 
very fast-switching, and extremely bright fluorescent probes. (A and  
B, from M. Bates et al., Science 317:1749–1753, 2007; C and D, from 
S.A. Jones et al., Nat. Methods 8:499–508, 2011. With permission from 
Macmillan Publishers Ltd.)
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Electron Microscopy
• Resolution 0.05 nm


• Based on an electron beam


• Staining with electron-dense material

  555

!e source of illumination is a "lament or cathode that emits electrons at the top 
of a cylindrical column about 2 m high. Since electrons are scattered by collisions 
with air molecules, air must "rst be pumped out of the column to create a vac-
uum. !e electrons are then accelerated from the "lament by a nearby anode and 
allowed to pass through a tiny hole to form an electron beam that travels down the 
column. Magnetic coils placed at intervals along the column focus the electron 
beam, just as glass lenses focus the light in a light microscope. !e specimen is put 
into the vacuum, through an airlock, into the path of the electron beam. As in light 
microscopy, the specimen is usually stained—in this case, with electron-dense 
material. Some of the electrons passing through the specimen are scattered by 
structures stained with the electron-dense material; the remainder are focused 
to form an image, in a manner analogous to the way an image is formed in a light 
microscope. !e image can be observed on a phosphorescent screen or recorded 
with a high-resolution digital camera. Because the scattered electrons are lost 
from the beam, the dense regions of the specimen show up in the image as areas 
of reduced electron #ux, which look dark.

Biological Specimens Require Special Preparation for Electron 
Microscopy
In the early days of its application to biological materials, the electron microscope 
revealed many previously unimagined structures in cells. But before these discov-
eries could be made, electron microscopists had to develop new procedures for 
embedding, cutting, and staining tissues.

Since the specimen is exposed to a very high vacuum in the electron micro-
scope, living tissue is usually killed and preserved by "xation—"rst with glutar-
aldehyde, which covalently cross-links protein molecules to their neighbors, and 
then with osmium tetroxide, which binds to and stabilizes lipid bilayers as well as 
proteins (Figure 9–42). Because electrons have very limited penetrating power, 
the "xed tissues normally have to be cut into extremely thin sections (25–100 nm 
thick, about 1/200 the thickness of a single cell) before they are viewed. !is is 
achieved by dehydrating the specimen, permeating it with a monomeric resin 
that polymerizes to form a solid block of plastic, then cutting the block with a "ne 
glass or diamond knife on a special microtome. !e resulting thin sections, free of 
water and other volatile solvents, are supported on a small metal grid for viewing 
in the microscope (Figure 9–43).
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Figure 9–41 The principal features of 
a light microscope and a transmission 
electron microscope. These drawings 
emphasize the similarities of overall 
design. Whereas the lenses in the light 
microscope are made of glass, those in the 
electron microscope are magnetic coils. 
The electron microscope requires that the 
specimen be placed in a vacuum. The inset 
shows a transmission electron microscope 
in use. (Photograph courtesy of JEOL Ltd.)
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Figure 9–42 Two common chemical 
fixatives used for electron microscopy. 
The two reactive aldehyde groups of 
glutaraldehyde enable it to cross-link 
various types of molecules, forming 
covalent bonds between them. Osmium 
tetroxide forms cross-linked complexes 
with many organic compounds, and in the 
process becomes reduced. This reaction is 
especially useful for fixing cell membranes, 
since the C=C double bonds present 
in many fatty acids react with osmium 
tetroxide.

556 Chapter 9:  Visualizing Cells

!e steps required to prepare biological material for electron microscopy are 
challenging. How can we be sure that the image of the "xed, dehydrated, resin-em-
bedded specimen bears any relation to the delicate, aqueous biological system 
present in the living cell? !e best current approaches to this problem depend on 
rapid freezing. If an aqueous system is cooled fast enough and to a low enough 
temperature, the water and other components in it do not have time to rearrange 
themselves or crystallize into ice. Instead, the water is supercooled into a rigid but 
noncrystalline state—a “glass”—called vitreous ice. !is state can be achieved by 
slamming the specimen onto a polished copper block cooled by liquid helium, by 
plunging it into or spraying it with a jet of a coolant such as liquid propane, or by 
cooling it at high pressure.

Some rapidly frozen specimens can be examined directly in the electron micro-
scope using a special cooled specimen holder. In other cases, the frozen block can 
be fractured to reveal interior cell surfaces, or the surrounding ice can be sublimed 
away to expose external surfaces. However, we often want to examine thin sec-
tions. A compromise is therefore to rapid-freeze the tissue, replace the water with 
organic solvents, embed the tissue in plastic resin, and "nally cut sections and 
stain. Although technically still di#cult, this approach stabilizes and preserves the 
tissue in a condition very close to its original living state (Figure 9–44).

Image clarity in an electron micrograph depends upon having a range of con-
trasting electron densities within the specimen. Electron density in turn depends 
on the atomic number of the atoms that are present: the higher the atomic num-
ber, the more electrons are scattered and the darker that part of the image. Bio-
logical tissues are composed mainly of atoms of very low atomic number (pri-
marily carbon, oxygen, nitrogen, and hydrogen). To make them visible, tissues 
are usually impregnated (before or after sectioning) with the salts of heavy metals 
such as uranium, lead, and osmium. !e degree of impregnation, or “staining,” 
with these salts will vary for di$erent cell constituents. Lipids, for example, tend 
to stain darkly after osmium "xation, revealing the location of cell membranes.

Specific Macromolecules Can Be Localized by Immunogold 
Electron Microscopy
We have seen how antibodies can be used in conjunction with %uorescence micros-
copy to localize speci"c macromolecules. An analogous method—immunogold 
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Figure 9–43 The metal grid that supports 
the thin sections of a specimen in a 
transmission electron microscope.
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Figure 9–44 Thin section of a cell. This 
thin section is of a yeast cell that has been 
very rapidly frozen and the vitreous ice 
replaced by organic solvents and then by 
plastic resin. The nucleus, mitochondria, cell 
wall, Golgi stacks, and ribosomes can all 
be readily seen in a state that is presumed 
to be as lifelike as possible. (Courtesy of 
Andrew Staehelin.)
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Electron Microscopy
• Resolution 0.05 nm


• Based on an electron beam


• Staining with electron-dense material (heavy metals)

  555

!e source of illumination is a "lament or cathode that emits electrons at the top 
of a cylindrical column about 2 m high. Since electrons are scattered by collisions 
with air molecules, air must "rst be pumped out of the column to create a vac-
uum. !e electrons are then accelerated from the "lament by a nearby anode and 
allowed to pass through a tiny hole to form an electron beam that travels down the 
column. Magnetic coils placed at intervals along the column focus the electron 
beam, just as glass lenses focus the light in a light microscope. !e specimen is put 
into the vacuum, through an airlock, into the path of the electron beam. As in light 
microscopy, the specimen is usually stained—in this case, with electron-dense 
material. Some of the electrons passing through the specimen are scattered by 
structures stained with the electron-dense material; the remainder are focused 
to form an image, in a manner analogous to the way an image is formed in a light 
microscope. !e image can be observed on a phosphorescent screen or recorded 
with a high-resolution digital camera. Because the scattered electrons are lost 
from the beam, the dense regions of the specimen show up in the image as areas 
of reduced electron #ux, which look dark.

Biological Specimens Require Special Preparation for Electron 
Microscopy
In the early days of its application to biological materials, the electron microscope 
revealed many previously unimagined structures in cells. But before these discov-
eries could be made, electron microscopists had to develop new procedures for 
embedding, cutting, and staining tissues.

Since the specimen is exposed to a very high vacuum in the electron micro-
scope, living tissue is usually killed and preserved by "xation—"rst with glutar-
aldehyde, which covalently cross-links protein molecules to their neighbors, and 
then with osmium tetroxide, which binds to and stabilizes lipid bilayers as well as 
proteins (Figure 9–42). Because electrons have very limited penetrating power, 
the "xed tissues normally have to be cut into extremely thin sections (25–100 nm 
thick, about 1/200 the thickness of a single cell) before they are viewed. !is is 
achieved by dehydrating the specimen, permeating it with a monomeric resin 
that polymerizes to form a solid block of plastic, then cutting the block with a "ne 
glass or diamond knife on a special microtome. !e resulting thin sections, free of 
water and other volatile solvents, are supported on a small metal grid for viewing 
in the microscope (Figure 9–43).
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especially useful for fixing cell membranes, 
since the C=C double bonds present 
in many fatty acids react with osmium 
tetroxide.
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!e steps required to prepare biological material for electron microscopy are 
challenging. How can we be sure that the image of the "xed, dehydrated, resin-em-
bedded specimen bears any relation to the delicate, aqueous biological system 
present in the living cell? !e best current approaches to this problem depend on 
rapid freezing. If an aqueous system is cooled fast enough and to a low enough 
temperature, the water and other components in it do not have time to rearrange 
themselves or crystallize into ice. Instead, the water is supercooled into a rigid but 
noncrystalline state—a “glass”—called vitreous ice. !is state can be achieved by 
slamming the specimen onto a polished copper block cooled by liquid helium, by 
plunging it into or spraying it with a jet of a coolant such as liquid propane, or by 
cooling it at high pressure.

Some rapidly frozen specimens can be examined directly in the electron micro-
scope using a special cooled specimen holder. In other cases, the frozen block can 
be fractured to reveal interior cell surfaces, or the surrounding ice can be sublimed 
away to expose external surfaces. However, we often want to examine thin sec-
tions. A compromise is therefore to rapid-freeze the tissue, replace the water with 
organic solvents, embed the tissue in plastic resin, and "nally cut sections and 
stain. Although technically still di#cult, this approach stabilizes and preserves the 
tissue in a condition very close to its original living state (Figure 9–44).

Image clarity in an electron micrograph depends upon having a range of con-
trasting electron densities within the specimen. Electron density in turn depends 
on the atomic number of the atoms that are present: the higher the atomic num-
ber, the more electrons are scattered and the darker that part of the image. Bio-
logical tissues are composed mainly of atoms of very low atomic number (pri-
marily carbon, oxygen, nitrogen, and hydrogen). To make them visible, tissues 
are usually impregnated (before or after sectioning) with the salts of heavy metals 
such as uranium, lead, and osmium. !e degree of impregnation, or “staining,” 
with these salts will vary for di$erent cell constituents. Lipids, for example, tend 
to stain darkly after osmium "xation, revealing the location of cell membranes.

Specific Macromolecules Can Be Localized by Immunogold 
Electron Microscopy
We have seen how antibodies can be used in conjunction with %uorescence micros-
copy to localize speci"c macromolecules. An analogous method—immunogold 
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Summary

• Studying gene expression


• Determining gene function


• Functional genomics


• Visualizing cells and molecules



Have a nice day! 
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