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A DNA molecule needs to display several features to be able to act as a vector for
gene cloning. Most importantly it must be able to replicate within the host cell, so that
numerous copies of the recombinant DNA molecule can be produced and passed to the
daughter cells. A cloning vector also needs to be relatively small, ideally less than 10 kb
in size, as large molecules tend to break down during purification, and are also more
difficult to manipulate. Two kinds of DNA molecule that satisfy these criteria can be
found in bacterial cells: plasmids and bacteriophage chromosomes.

2.1 Plasmids

Plasmids are circular molecules of DNA that lead an independent existence in the
bacterial cell (Figure 2.1). Plasmids almost always carry one or more genes, and often
these genes are responsible for a useful characteristic displayed by the host bacterium.
For example, the ability to survive in normally toxic concentrations of antibiotics
such as chloramphenicol or ampicillin is often due to the presence in the bacterium of
a plasmid carrying antibiotic resistance genes. In the laboratory, antibiotic resistance is
often used as a selectable marker to ensure that bacteria in a culture contain a particu-
lar plasmid (Figure 2.2).

Most plasmids possess at least one DNA sequence that can act as an origin of replica-
tion, so they are able to multiply within the cell independently of the main bacterial
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chromosome (Figure 2.3a). The smaller plasmids make use of the host cell’s own DNA
replicative enzymes in order to make copies of themselves, whereas some of the larger
ones carry genes that code for special enzymes that are specific for plasmid replication.
A few types of plasmid are also able to replicate by inserting themselves into the bac-
terial chromosome (Figure 2.3b). These integrative plasmids or episomes may be stably
maintained in this form through numerous cell divisions, but always at some stage exist
as independent elements.



Chapter 2 Vectors for Gene Cloning: Plasmids and Bacteriophages

(@) Non-integrative plasmid

Plasmids

Cell
division

Bacterial chromosome

(b) Episome
Plasmid
— .C?elll
division
N
Bacterial chromosome Chromosome carrying
integrated plasmid
Figure 2.3

Replication strategies for (a) a non-integrative plasmid, and (b) an episome.

Table 2.1

Sizes of representative plasmids.

SIZE

NUCLEOTIDE LENGTH MOLECULAR MASS
PLASMID (kb) (MDa)

2.1.1 Size and copy number

ORGANISM

The size and copy number of a plasmid are particularly important as far as cloning is
concerned. We have already mentioned the relevance of plasmid size and stated that less
than 10 kb is desirable for a cloning vector. Plasmids range from about 1.0 kb for the
smallest to over 250 kb for the largest plasmids (Table 2.1), so only a few are useful for
cloning purposes. However, as we will see in Chapter 7, larger plasmids can be adapted

for cloning under some circumstances.

The copy number refers to the number of molecules of an individual plasmid that are
normally found in a single bacterial cell. The factors that control copy number are not
well understood. Some plasmids, especially the larger ones, are stringent and have a
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low copy number of perhaps just one or two per cell; others, called relaxed plasmids,
are present in multiple copies of 50 or more per cell. Generally speaking, a useful
cloning vector needs to be present in the cell in multiple copies so that large quantities
of the recombinant DNA molecule can be obtained.

Plasmids fall into two groups: conjugative and non-conjugative. Conjugative plasmids
are characterized by the ability to promote sexual conjugation between bacterial cells
(Figure 2.4), a process that can result in a conjugative plasmid spreading from one cell
to all the other cells in a bacterial culture. Conjugation and plasmid transfer are con-
trolled by a set of transfer or tra genes, which are present on conjugative plasmids but
absent from the non-conjugative type. However, a non-conjugative plasmid may, under
some circumstances, be cotransferred along with a conjugative plasmid when both are
present in the same cell.

Several different kinds of plasmid may be found in a single cell, including more than
one different conjugative plasmid at any one time. In fact, cells of E. coli have been
known to contain up to seven different plasmids at once. To be able to coexist in the
same cell, different plasmids must be compatible. If two plasmids are incompatible then
one or the other will be rapidly lost from the cell. Different types of plasmid can there-
fore be assigned to different incompatibility groups on the basis of whether or not they
can coexist, and plasmids from a single incompatibility group are often related to each
other in various ways. The basis of incompatibility is not well understood, but events
during plasmid replication are thought to underlie the phenomenon.

The most useful classification of naturally occurring plasmids is based on the main char-
acteristic coded by the plasmid genes. The five major types of plasmid according to this
classification are as follows:

Fertility or F plasmids carry only #ra genes and have no characteristic beyond
the ability to promote conjugal transfer of plasmids. A well-known example is the
F plasmid of E. coli.
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Resistance or R plasmids carry genes conferring on the host bacterium resistance
to one or more antibacterial agents, such as chloramphenicol, ampicillin, and
mercury. R plasmids are very important in clinical microbiology as their spread
through natural populations can have profound consequences in the treatment
of bacterial infections. An example is RP4, which is commonly found in
Pseudomonas, but also occurs in many other bacteria.

Col plasmids code for colicins, proteins that kill other bacteria. An example is
ColE1 of E. coli.

Degradative plasmids allow the host bacterium to metabolize unusual molecules
such as toluene and salicylic acid, an example being TOL of Pseudomonas putida.

Virulence plasmids confer pathogenicity on the host bacterium; these include the
Ti plasmids of Agrobacterium tumefaciens, which induce crown gall disease on
dicotyledonous plants.

2.1.4 Plasmids in organisms other than bacteria

Although plasmids are widespread in bacteria they are by no means as common in other
organisms. The best characterized eukaryotic plasmid is the 2 pm circle that occurs in
many strains of the yeast Saccharomyces cerevisiae. The discovery of the 2 um plasmid
was very fortuitous as it allowed the construction of cloning vectors for this very import-
ant industrial organism (p. 105). However, the search for plasmids in other eukaryotes
(such as filamentous fungi, plants and animals) has proved disappointing, and it is sus-
pected that many higher organisms simply do not harbor plasmids within their cells.

Bacteriophages, or phages as they are commonly known, are viruses that specifically
infect bacteria. Like all viruses, phages are very simple in structure, consisting merely of
a DNA (or occasionally ribonucleic acid (RNA)) molecule carrying a number of genes,
including several for replication of the phage, surrounded by a protective coat or capsid
made up of protein molecules (Figure 2.5).

(a) Head-and-tail (b) Filamentous

The two main types of phage structure: (a) head-and-
protein  tail (€.0. A); (b) filamentous (e.g. M13).

Head
(contains molecules
DNA) (capsid)
DNA
molecule

Tail
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The general pattern of infection of a bacterial cell by a bacteriophage.

The general pattern of infection, which is the same for all types of phage, is a three-step
process (Figure 2.6):

The phage particle attaches to the outside of the bacterium and injects its DNA
chromosome into the cell.

The phage DNA molecule is replicated, usually by specific phage enzymes coded by
genes in the phage chromosome.

Other phage genes direct synthesis of the protein components of the capsid, and
new phage particles are assembled and released from the bacterium.

With some phage types the entire infection cycle is completed very quickly, possibly
in less than 20 minutes. This type of rapid infection is called a lytic cycle, as release of
the new phage particles is associated with lysis of the bacterial cell. The characteristic
feature of a lytic infection cycle is that phage DNA replication is immediately followed
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by synthesis of capsid proteins, and the phage DNA molecule is never maintained in a
stable condition in the host cell.

In contrast to a lytic cycle, lysogenic infection is characterized by retention of the phage
DNA molecule in the host bacterium, possibly for many thousands of cell divisions.
With many lysogenic phages the phage DNA is inserted into the bacterial genome, in a
manner similar to episomal insertion (see Figure 2.3b). The integrated form of the phage
DNA (called the prophage) is quiescent, and a bacterium (referred to as a lysogen) that
carries a prophage is usually physiologically indistinguishable from an uninfected cell.
However, the prophage is eventually released from the host genome and the phage
reverts to the lytic mode and lyses the cell. The infection cycle of lambda (1), a typical
lysogenic phage of this type, is shown in Figure 2.7.

A limited number of lysogenic phages follow a rather different infection cycle. When
M13 or a related phage infects E. coli, new phage particles are continuously assembled
and released from the cell. The M13 DNA is not integrated into the bacterial genome
and does not become quiescent. With these phages, cell lysis never occurs, and the
infected bacterium can continue to grow and divide, albeit at a slower rate than
uninfected cells. Figure 2.8 shows the M 13 infection cycle.

Although there are many different varieties of bacteriophage, only A and M13 have
found a major role as cloning vectors. We will now consider the properties of these two
phages in more detail.

Gene organization in the A DNA molecule

L is a typical example of a head-and-tail phage (see Figure 2.5a). The DNA is contained
in the polyhedral head structure and the tail serves to attach the phage to the bacterial
surface and to inject the DNA into the cell (see Figure 2.7).

The » DNA molecule is 49 kb in size and has been intensively studied by the tech-
niques of gene mapping and DNA sequencing. As a result the positions and identities
of all of the genes in the A DNA molecule are known (Figure 2.9). A feature of the A
genetic map is that genes related in terms of function are clustered together in the
genome. For example, all of the genes coding for components of the capsid are grouped
together in the left-hand third of the molecule, and genes controlling integration of the
prophage into the host genome are clustered in the middle of the molecule. Clustering
of related genes is profoundly important for controlling expression of the A genome, as
it allows genes to be switched on and off as a group rather than individually. Clustering
is also important in the construction of A-based cloning vectors, as we will discover
when we return to this topic in Chapter 6.

The linear and circular forms of A DNA

A second feature of A that turns out to be of importance in the construction of cloning
vectors is the conformation of the DNA molecule. The molecule shown in Figure 2.9 is
linear, with two free ends, and represents the DNA present in the phage head struc-
ture. This linear molecule consists of two complementary strands of DNA, base-paired
according to the Watson—Crick rules (that is, double-stranded DNA). However, at either
end of the molecule is a short 12-nucleotide stretch in which the DNA is single-stranded
(Figure 2.10a). The two single strands are complementary, and so can base pair with one
another to form a circular, completely double-stranded molecule (Figure 2.10b).

19
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The lysogenic infection cycle of bacteriophage A.

Complementary single strands are often referred to as “sticky” ends or cohesive ends,
because base pairing between them can “stick” together the two ends of a DNA molecule
(or the ends of two different DNA molecules). The A cohesive ends are called the cos
sites and they play two distinct roles during the A infection cycle. First, they allow the
linear DNA molecule that is injected into the cell to be circularized, which is a neces-
sary prerequisite for insertion into the bacterial genome (see Figure 2.7).
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The A genetic map, showing the positions of the important genes and the functions of the gene clusters.

The second role of the cos sites is rather different, and comes into play after the
prophage has excised from the host genome. At this stage a large number of new A DNA
molecules are produced by the rolling circle mechanism of replication (Figure 2.10c),
in which a continuous DNA strand is “rolled off” the template molecule. The result
is a catenane consisting of a series of linear A genomes joined together at the cos sites.
The role of the cos sites is now to act as recognition sequences for an endonuclease
that cleaves the catenane at the cos sites, producing individual A genomes. This endonu-
clease, which is the product of gene A on the A DNA molecule, creates the single-
stranded sticky ends, and also acts in conjunction with other proteins to package each
L genome into a phage head structure. The cleavage and packaging processes recognize
just the cos sites and the DNA sequences to either side of them, so changing the
structure of the internal regions of the A genome, for example by inserting new genes,
has no effect on these events so long as the overall length of the A genome is not altered
too greatly.

21
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between the cohesive ends results in the circular form of the molecule. (c) Rolling circle replication produces a catenane
of new linear A, DNA molecules, which are individually packaged into phage heads as new A particles are assembled.

M13—a filamentous phage
M13 is an example of a filamentous phage (see Figure 2.5b) and is completely different
in structure from A. Furthermore, the M13 DNA molecule is much smaller than the
A genome, being only 6407 nucleotides in length. It is circular and is unusual in that it
consists entirely of single-stranded DNA.

The smaller size of the M13 DNA molecule means that it has room for fewer genes
than the A genome. This is possible because the M13 capsid is constructed from multiple
copies of just three proteins (requiring only three genes), whereas synthesis of the A
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head-and-tail structure involves over 15 different proteins. In addition, M13 follows a
simpler infection cycle than A, and does not need genes for insertion into the host
genome.

Injection of an M13 DNA molecule into an E. coli cell occurs via the pilus, the
structure that connects two cells during sexual conjugation (see Figure 2.4). Once inside
the cell the single-stranded molecule acts as the template for synthesis of a comple-
mentary strand, resulting in normal double-stranded DNA (Figure 2.11a). This molecule
is not inserted into the bacterial genome, but instead replicates until over 100 copies are
present in the cell (Figure 2.11b). When the bacterium divides, each daughter cell
receives copies of the phage genome, which continues to replicate, thereby maintaining
its overall numbers per cell. As shown in Figure 2.11c, new phage particles are continu-
ously assembled and released, about 1000 new phages being produced during each
generation of an infected cell.

Several features of M13 make this phage attractive as a cloning vector. The genome
is less than 10 kb in size, well within the range desirable for a potential vector. In addi-
tion, the double-stranded replicative form (RF) of the M13 genome behaves very much
like a plasmid, and can be treated as such for experimental purposes. It is easily prepared
from a culture of infected E. coli cells (p. 43) and can be reintroduced by transfection
(p. 81). Most importantly, genes cloned with an M13-based vector can be obtained in
the form of single-stranded DNA. Single-stranded versions of cloned genes are useful
for several techniques, notably DNA sequencing and in vitro mutagenesis (pp. 169 and
203). Cloning in an M13 vector is an easy and reliable way of obtaining single-stranded
DNA for this type of work. M13 vectors are also used in phage display, a technique for
identifying pairs of genes whose protein products interact with one another (p. 220).
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2.2.3 Viruses as cloning vectors for other organisms

Most living organisms are infected by viruses and it is not surprising that there has been
great interest in the possibility that viruses might be used as cloning vectors for higher
organisms. This is especially important when it is remembered that plasmids are not
commonly found in organisms other than bacteria and yeast. Several eukaryotic viruses
have been employed as cloning vectors for specialized applications: for example, human
adenoviruses are used in gene therapy (p. 259), baculoviruses are used to synthesize
important pharmaceutical proteins in insect cells (p. 240), and caulimoviruses and
geminiviruses have been used for cloning in plants (p. 120). These vectors are discussed
more fully in Chapter 7.

Further reading

Dale, J.W. & Park, S.T. (2004) Molecular Genetics of Bacteria, 4th edn. Wiley Blackwell,
Chichester. [Provides a detailed description of plasmids and bacteriophages.]

Willey, J., Sherwood, L. & Woolverton, C. (2007) Prescott’s Microbiology, 7th edn. McGraw
Hill Higher Education, Maidenhead. [A good introduction to microbiology, including
plasmids and phages.]
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The vertebrate body plan

The vertebrate body plan consists of the antero-posterior axis
(segmented vertebral column and skull) and the dorso-ventral
axis (including the ventrally located mouth).

All vertebrate embryos pass through the phylotypic stage when the
embryos are all similar in appearance.

These embryos share

1) the head,

2) the neural tube (under which is the notochord) and

3) mesodermal somites (flanking the notochord) .

The large eggs of fish, frogs and bird have large yolks that provide
nutrients to the developing embryo.

Mammalian eggs are small and obtain nutrients from the ovoduct
then the placenta.

Phylotypic stage
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The three main stages of vertebrate development (pattern
formation)

1) setting up the main body axes (1.A/P; 2.D/V; 3.RI/L, bilateral)

2) specification of three germ layers (endoderm, mesoderm and
ectoderm)

3) germ layer patterning (mesoderm and early nervous system)

Maternal genes provide factor (RNA and proteins) to the egg
during oogenesis (including sub-cellular localization to specific
regions. It expressed in the mother during the development of
the egg.

Zygotic genes are expressed by the embryo's genes.

Both maternal and zygotic genes may have long term effects upon
the embryo's development.




Animal-model, amphibian
Xenopus animal/vegetal axis is maternally determined

Before fertilization (in mother), the animal pole being different from
the vegetal pole is clearly set up.

Animal pole: pigmented (no function),uppermost, contain nucle

Vegetal pole: unpigmented,

Holoblastic, displaced radial cleavage (mesolecithal)

Cleavage of the embryo divides the contents of the egg into distinct
regions.

1st cleavage - parallel to (with) the axis (Animal-vegetal) (vertical
division) about sperm entry-Nieukwoop center

2nd cleavage - 90° to 1st cleavage (vertical division) 360/2 =180, 90

3rd cleavage - 90° to both above cleavages to separate the animal
from the vegetal poles (horizontal division). 23=8

Animal-vegetal axis of the egg is certainly related to the antero-
posterior axis

Summary of the main patterns of cleavage
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The cleavage of Xenopus egg
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Isolated blastomere fate in Xenopus

Animal cap

Vegetal core

(a) 32-cell stage

(b) 128-cell stage  (c) Midblastula stage
(~4000 cells)

Marginal zone

Axis formation in Xenopus

Animal vegetal axis
- originates during oogenesis
- will develop into the anterior posterior axis during
gastrulation

Dorsoventral
- forms after fertilization and fixed before the first
cleavage

Left-right symmetry
- not recognizable until early organogenesis
will see as internal structures are laid our

Xenopus animal/vegetal axis is maternally determined

Maternal mRNAs and proteins include:
1) abundant housekeeping proteins which are concerned with
'normal’ cellular activities.
2) small amounts of mMRNAs or Protein with developmental roles.
Box 3A Intercellular signal-protein
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Technique: In situ hybridization

Purpose: To determine when and where a particular gene's mRNA
is present.

Details: Complementary single-stranded nucleic acid strands (RNA
or DNA), commonly known as "probes”, will bind tightly
(hybridize) to a specific mRNA.

This can be visualized if the probe is labeled (or tagged) with an
isotope, a fluorescent dye or an enzyme that produces a
coloured substance.

When embryos (or another tissue) are fixed, permeabilized and
then allowed to undergo such a hybridization the pattern of gene
expression is revealed.

Whole mount and tissue sections can be visualized.
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Xenopus animal/vegetal axis: localized mRNAs

Localized mRNAs control determination of the animal/vegetal axis
in Xenopus.

Many are signaling molecules which specify early polarity and
induction of the mesoderm.

Vg-1 of the TGF-beta (transforming growth factor) family of growth
factors.

Vg-1is synthesized during early oogenesis and is localized to the
vegetal cortex of the oocyte. — It is maternally signaling

By early after fertilization, Vg-1 has moved to the vegetal
cytoplasm to drive animal/vegetal identity.

The animal-vegetal axis of the egg is certainly related to the antero-
posterior axis of the tadpole ,

As the head forms the animal region.

Fig. 3.2 Vg-1 distribution

Untreated

Epidermis + CNS

Mesoderm + CNS

Effect of VegT mRNA depletion on germ layer development in Xenopus

VegT-depleted

Animal pole
Epidermis
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Vegetal pole
VegT mRNA
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Dorso-ventral axis of amphibian is determined by the site of sperm
entry

In Xenopus, before fertilization, the egg has a radial symmetry.

Sperm entry sets up the D/V axis with the dorsal side of the embryo at a
place opposite of the sperm entry point.

Within the first 90 minutes after fertilization, the cortex rotates
approximately 30 degrees and is toward the site of sperm entry.

The cortex is a gel-like layer of actin filaments about 5 micrometres thick
just under the membrane.

The vegetal cortex opposite the sperm entry point moves towards the animal
pole.

This leads to the formation of a 'signaling centre' opposite the site of sperm
entry known as the Nieuwkoop Centre.

| |




Cortical rotation in amphibian eggs

Fertilization Cortical rotation First cleavage
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Cell movement during Xenopus gastrulation
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Mesoderm induction in Xenopus blastula The importance of the Nieuwkoop Centre

Nieuwkoop Centre sets up D/V polarity in the blastula.

Animal cap 1 :
Edioderm | The 1st cleavage cuts through the site of sperm entry and the
i Nieuwkoop Centre.
Fluorescent A The 2nd cleavage splits the embryo into 4 cells (2 with the Nieuwkoop
A Masddearm Centre and 2 without).
induction
Meso-
derm
1st cleavage
A AN AN
l ! sperm &
Endoderm :
Vegetal core |_____________ ‘;
(a) (b)

Nieuwkoop center
2
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The importance of the Nieuwkoop Centre (Dorsal-ventral) Nieuwkoop Centre: dorsal and anterior structures
» Experiment 2: Nieuwkoop Centre grafts.

1) When cells of the Nieuwkoop Centre are grafted onto the ventral side,
The half with the Nieuwkoop Centre develops fairly normally missing only twinned embryos with two 'dorsal sides’ are produced.
some ventral structures. 2) When cells of the ventral side are grafted onto the dorsal side, normal
The half without the Nieuwkoop Centre develops very abnormally to produce embryos are produced (no effect).
diall tri bl ithout d | terior struct .
a radially symmetric embryo without dorsal or anterior structures Therefore, signal from the Nieuwkoop

Experiment 1: Divide the 4 cell embryo into two halves, one dorsal and one
ventral.

Fig.3.4 The Nieuwkoop centers is essential for normal development (Dorsal part Centre must be required for developing

dorsal and anterior structures. - =
T— [ravesn = A .
—— " " To recall Roux’s experiment, a hot needle | == 4@ — {@

[ e
¥!

i was used to kill one of two embryonic b |
W 4
T
T

K

cells (but it was not removed).

NO dorsal and anterio
.
If the cell would have been removed

(separated) then regulation would have

dorsalized ambne
= lead to a small embryo.
1Ir 4 e
&) \ No gut . v e
. P | et e || e e e e | — . - Y s
N — | g -
'\ I e}

First cleavage, passes through sperm entry-Nieuwkoop center axis — | !
Nieuwkoop left and right — bilateral symmetry pr | A | ays
Second cleavage, divides the egg into the ventral and dorsal axis 3 Nieuwkoop center ) o -
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Transplantation experiments on 64-cell amphibian embryos demonstrating
that the vegetal cell underlying the prospective dorsal blastopore lip region
are responsible for causing the initiation of gastrulation

) NORMAL  UV-IRRADIATED (4} NORMAL NORMAL
DONOR RECIPIENT DONOR
,,"“\ - i Poi .
t:" ; s
y
o _d
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Disruption of the Nieuwkoop Centre

Blocking rotation (and Nieuwkoop Centre formation) by exposing the
embryos to ultraviolet light (which disrupts microtubules) produces
"ventralized" embryos which have an excess of ventral blood-forming
mesoderm. (Nieuwkoop centre is important role of induction of dorsal
region)

In general, an increase in U.V. light results in a decrease in dorsal and
anterior structures.

The effects of U.V. can be rescued by:

1) re-orienting the eggs to mimic cortical rotation or

2) grafting Nieuwkoop Centre cells from other embryos.

Dorsalized embryos can arise from treatment with lithium.

Both treatments probably interfere with proteins involved in formation of the
D/V axis.
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Cortical rotation and the Nieuwkoop Centre

Cortical rotation specifies the Nieuwkoop Centre.

The signal from the sperm entry to form the Nieuwkoop Centre is
unknown. It may be related with egg’s cytoskeleton

However, formation of the Nieuwkoop Centre depends upon
rotation of the cortex.

The rotation changes a part of the vegetal region, perhaps by more
contact with the animal cytoplasm.

The factors help designate the embryo's midline. To establish the
plane of bilateral symmetry of the future embryo.

The midline passes through the entry
point and the Nieuwkoop Centre.

Fig. 3.6 Cortical rotation
toward the point of
sperm entry
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Nieuwkoop Centre specifies the Spemann Organizer

The Nieuwkoop Centre's main role is to specify another signaling
centre...

the Spemann Organizer which in turn leads to the development of
A/P and D/V axes.

Sperm entry results in the D/V axis and involves an external signal.

Egg structure determines the A/P and then the D/V axes by internal
signals.

28




Near Neiuwkoop region (by dorsal blastopore) is plays an important role of
Organization of axis

Donor
gastrula
site

& LW /‘4@/ h
\\ (N T N
4 f

* Primary dorsal 4 7 .
blastopore = Seoondary  Secondary
notochord  neural tube
d

/D/ h
Neurula o
induced h X
by domor (7
tissue |

1° gastrulation / " Ii\ . e i
o8t neurula

i
~Donor '\
dorsal

blastopore

Mesoderm formation is induced by vegetal region

(A} Dissecred blastula fragments give rise 1o different tssue in culiure

S R e —

cap celle

Nieuwkoop center —Vegetal
signal — Dorsal side (away from
——— Marginil —» [Mesoderm| ~ sperm entry) — formed

lls — Spemann organizer

- Vegetal —— | Endoderm
cells

] i g Organizer
(B) Animal and vegetal fragments give rise to mesoderm i

~ K
"~ Animal cap
is converted to

™~ Darsal mesoderm-inducing

ERERE

signals
by factors released from vegetalcells  Mesoderm-inducing signals Niewkoop center

T, B it i P 0

Vegetal cell — release ventral signal (TGF-b, FGF)
— margin cells —induced mesoderm formation
(even animal region) 30
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Where is the regional specificity of mesoderm induction ?
Demonstrated by recombining blastomeres of 32-cells embryo. Animal
pole cells were labeled with fluorescent polymers. Animal pole +
individual vegetal blastomeres.
Percentage of total inductions
Dorsal | Intermediate | Ventral
— 77 23 o
Vegetal ﬁ — 1 %
pole
Area 1 most important il
for dorsal part
induction ¢ — 45 50
. -~ 16 42 2
D1 was the most likely to induce the animal pole cells to Lqp;m,_q,p;,sgj__,_,,,! 5 31

mesoderm

Animal pole Meridi
Meridian opposite the eridian

Sperm sperm enfry point

entry point
In the 32-celled embryo,
the dorsalizing activity is
strongest in B1, then C1

Dorssaing and then D1
Vegetal pola activity
(a)
Animal pole

Ventral | c4q Dorsal Ventral
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Molecular mechanisms of dorsolventral axis formation and
mesodermal induction.

What are the factors that segregate to the dorsal blastomeres?

What are the inducers that persuade marginal cells to form mesoderm
rather than ectoderm?

- must be present in the embryo at the required concentration
- must be present in the appropriate location

- must be maternally supplied if before MBT

-must be synthesized from embryo genome if after MBT

- if we block their action in vivo — should block induction

- should be able to rescue embryos depleted of the activity by
adding the activity back.

MBT: mid-blastula transition
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Beta-catenin

- leading candidate for the signal of the Nieuwkoop
center

Catenins - proteins that anchor cadherins to the cytoskeleton

Cadherins - transmembrane proteins that function in cell
adhesion

Beta-catenin — however
- is a cytoplasmic protein and is involved in the Wnt
signaling pathway.

Whnt - soluble ligand (paracrine factor)
- binds to receptors of the frizzled family
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Specific pathway (Wnt) in dorsal-ventral axis specification

; Dorsal view ; ventral view
(B) c

p-catenin B-catenin in nuclear

(18]
E: injection b-catenin in 2
cell — formation a new
dorsal axis

B-catenin dorsal
localization persists
through the gastrula stage RSP —
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Ca2+ dependent homophilic cell-cell adhesion in adherens junctions and
desmosomes is mediated by cadherins

Homophilic interactions Heterophilic interactions

Cadherins lg-superfamily Integrins Selectins
(E-cadherin) CAMs (NCAM) {owp3) (P-selectin)

if t
X

& 's— Calcium-
o h‘lndmg
\ sites

- &

S,

5

Type Nl

™ Cadherin . ! )

W domain‘ () tg domain (J fibronectin Q)
= repeat

Glycoprotein
Lectin
domain 36




Protein constitutents of typical adherens junctions

Vinculin  VASP

E-cadherin \/J¥

Ao, aa

e -'ﬁx'lf)m‘
=

NN, L OO H
= T W & & a

e .m('—x;r‘x},- SooC |
- = 1-q:r

! SO a-Actinin
201{{,/
v

Cytosol Extracellular Cytosol

Cell 1 Plasma spaca Plasma Cell 2
membrane membrane

g-Catenin
a-Catenin

p120-catenin

Cytosolic domains of the E-cadherin bind direct or indirectly to multiple

adapter protein that connect the junctions to cytoskeleton and participate in

intracellular signaling pathways (catenin)
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The effect of Maternal protein on dorsalizing and ventralizing

Maternal proteins involved in D/V effects.

Maternal proteins can act as in the
Nieuwkoop Centre or normal and U.V.
treated embryos.

beta-catenin (cell adhesion and Wnt
signaling) Fig. 3.7

Accumulates on the dorsal side following
cortical rotation, dorsal-high, ventral-low

Injection of bata-catenin can induced new
dorsal region Fig. 3.8

Beta-catenin—prevention degrade — into
nucleus —help transcription factor —
turn no siamois gene — specific dorsal
development

Nieuwkoop center is to specify another key
dorsal signaling center-Spemann
organizer

Spemann organizer are involved the A/P,
D/V and central nervous system

onddewran - s

« ncwpimen o st Fig. 3.7

Fig. 3.8
Injection of B-catenin mANA into a ventral Twinned embryo develops
vegetal cell (32-cell Xenopus embryo) with a duplicated axis
Animal P R~
@ 5 A 3=
.
IN 4
Ventral Dorsal
"V / \})
i A
lf
Vegetal \ 4
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The effect of Maternal protein on dorsalizing and ventralizing

Xwnt-11 and Vg-1 (partial Nieuwkoop Centre activity)
The formation of the Nieuwkoop Centre is caused by the suppression of

ventralizing signal including GSK-3.

Lithium directly inhibits GSK-3. 3-catenin and other members of the Wnt

signaling pathway act to inhibit GSK-3

=
Cpran U
[* I
w 1
& &
T =
3 <%
e pcaen oo s

| Fig. 3.9

Whnt or Vg-1 — Dsh— Axin—
prevent b-catenin degradation —
turn on dorsal gene transcription

GSK: glycogen synthase kinase
TCF: transcription factor

Dorsal structure development

40
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(A} Fertilization /"I-p.]:
.';p.-rﬁ T
D) Dorsal inhibition
b\ of GSK-3
v (4]

Dishevelled 3
protein (Dsh) <~

L J
(B) Cortical rotation - -
/ <
N Bcatenin~ NS 7 Pecatenin
Y D degraded T ik

E) Dorsal enrichment
of fl-catenin
(€] Dorsal enrichment

of Dish

No f-catenin =~ “~P-catenin
in nuclei in nuclei
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The hypothesis of induction of the organizer in the dorsal mesoderm

[}-catenin
degraded

[-catenin
y stabilized .
Dsh — move to dorsal region —

| / / encoding siamois protein——
/
) 3
B~~~ BN Siamois

Transcription

signaling pathway

goosecoid Gaoosecoid
gene protein

\
+ AT -
RS

= |
Transcription

, Dorsal formation

ENVELOPUTNTAL B0k 0¥ Sevenm Fainas, Fapes 163

Cortical rotation — translocation of

b Dsh + GSK-3 — B-catenin
accumulate — catenin enter to
nuclear and bind to Tcf-3 protein

LY .
Tef-3 stantois B-catenin  siamaois formatl.on.a complex — X
proteins  gene proteins  gene transcription factor— activate gene
{
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Chick blastoderm: the axes depend on gravity

The blastoderm is a disc of cells which sits on top of the yolk.

The D/V axis depends upon the dorsal side forming away from the yolk
while the ventral side is next to it.

Initially, radially symmetric after the egg is laid, dense cells form at the
posterior marginal zone (PMZ).

The primitive streak develops from the PMZ.

The egg rotates through the hen's uterus (in the oviduct) (once every 6
minutes) as the embryo develops. And cleavage has already started at
this stage. Fig 3.10

The blastoderm (uppermost) contains thousands of cells when the egg is
laid.
The posterior marginal zone can be though of as an organizing center

(like Nieuwkoop center in Xenopus), it can induced new axis (Fig.
3.11)
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Fig. 3.10 =
Egg rotation by gravity S ——
Direction: X — Y ¥ b Empty follicle
Axisis P — A
» T Mature
oocyte
Infundibulum:
e f Magnus

- H
x o ¥
Abumer
Shell
Development afier kaying membranas

secreted

Shell gland
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Fig. 3.11 PMZ is posterior and induced new A/P axis

‘I'ramplﬂlim of posterior marginal zone cells from one chick blastoderm
another sometimes results in an additional primitive streak

area additional induced
Anterior
O primitive straak

i |
. ]
/> %

Dmm

Posterior normal host
primitive streak

posterior marginal zone (PMZ) = Nieuwkoop center
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The different formation of the Nieuwkoop center in forgs and chicks

23 B-catenin
Xenopus B v

B Nicuwkoop center
Chick

‘\unr ||nnI| Ikum egetal

B-catenin is found in the outer cells of the blastobisc ==
Vg-1 producing cells are restricted (probably by gravity) to the

ti teri lls of the blastoderm.
presumptive posterior cells of the blastoderm Nieuwkoop w6

Chick blastoderm: primitive streak formation

As the egg rotates, the embryo develops depending upon the influence of
gravity. A/P axis

The egg is directed point down, the PMZ is at the top. D/V axis

The rotation causes the blastoderm to ‘tip’ in the direction of rotation
(somewhat like an ‘off-balanced’top).

The primitive streak acts like a Nieuwkoop Centre in that it can induce a
new axis if transplanted to another embryo.

Chick Vg-1 is expressed in the primitive streak.

Cells that express Vg-1 can induce a new primitive streak.
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Mouse embryo axes: cell-cell interactions not from mother

Mouse embryos have no apparent early polarity and no well ordered
pattern of cleavage. No evidence for localized maternal factors
affecting later development. (differ chick and Xenopus)

The second polarity body and the point of sperm entry may define axes in
the fertilized that are related to future axes in the blastocyst. (chick and
xenopus were before fertilized)

At the 32 cell blastocyst stage, the position of the cells determine their cell
fate.

Cell-cell interaction plays an important role of the development of AXIS.
Fig. 3.12

By labeling cells, it was determined that outside cells contribute to the
trophectoderm and inside cells give rise to the inner cell mass (ICM)
that give rise to the embryo.

48
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Mouse embryo axes: cell-cell interactions Mouse embryo axes: is regulative and establishment at early stage

Animal-vegetal axis in the zygote, polar body = animal pole
At 4 day, (blastocyst stage), the inner cell mass is confined to the embryonic, or

Normal of the bry dorsal, region and this defines as embryonic-abembryonic axis.
loecs to b lormtion of e Mesepst | 208 depench on e poetion The D/V axis relates to the position of the ICM within the blastocyst.
bphimoog ol { _ The D/V axis runs from the embryonic pole, where the ICM attaches to the
. R S~ labelod ) ¢ y trophectoderm, to the opposite end.
Fig.3.12 l J B - -/““] The D/V axis persists until gastrulation starts. Asterisks is polar bod
The specification of the 5 — - 1\___, ) ! 1
inner cell mass of Y ( J ) '\ 7 ) Embryonic pole : The blastocyst has g™ -
mouse embryo depends s G e 4 one distinct axis running from the site ﬁ oo [
on the relative position 7 q 7 e where the inner cell mass is attached e - i)
of the cell with respect i e Riled oo deecsmt Embryonic-abembryonic axis = dorso -
to the inside and ventral axis, it related to the site of
outside of the embryo -~ - sperm entry. The sperm entry site
ICM: inner cell mass EI:’ coming to lie on the boundary betwee
Trogh- e the embryonic and abembryonic
ecioderm ool Mass
halves.
) - . The green cell is injected with a long
Different position — different development 4 lasting marker RNA for trace their fate

4> days after fertilization, inner cell
mass — differentiated to primary and Embryoeic
primitive endoderm (on blastocoelic

0 animal pole surface)— implant —trophectoderm [ SR pinte [ nass
: proliferates — produced extra- bastocoel —4—— L
® embryonic ectoderm — pushes the ~ AT
= ICM across the blastocoel — formed Aembrpodtc

proamniotic cavity — formed within @
the epiblast (proliferate)—epiblast ]
arow to embrvonic ectoderm—formed S

Second metaphase

The lancelet
Branchiostorna

Amphibians

Most mammals

Fish

Amnion
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The formation of antero-posterior axis

First sign of the A/P axis at 5 1/2day (before gastrulation)
Animal pole Presumptive ventral epiblast cells — form primitive streak —primitive streak occur in
A region posterior toward to anterior and formed the organizer
i Second Epiblast was from ectoderm
polar body Anterior par induced by the extra-embryonic anterior visceral
endoderm

Presumptive
dorsal region

\ Ventral visceral endoderm (express gene Hox) move anteriorly
55 6 65 7
—_— - 2l - pnﬂhrmlnn pudh%ﬁn pnﬂfaggﬁm [ pomegﬂﬂnn
extra-embryonic extragmbryonic  primitive
Abembryonic Embryonic eclederm p mesodemn __ shesk
pole pole
Y VP al ‘:I p
Vegetal pole 'L o
Relationship between the animal-vegetal axis of the egg and the . j}:.v
embryonic —adembryonic axis of the blastcyst. Croda et
BTy R ST P —— endoderm streak anterior organizer
00 0 s vt = ? - ectoderm (node)
53 54

Allantois
Amnion
Parietal
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Organ handedness in vertebrates

Vertebrates are bilaterally symmertic (eyes, ears....)

Most internal organs are asymmetric in positioning.

The condition, situs inversus, found in 1 in 10,000 people, is a mirror
reversal of the 'handedness' of the internal organs.

Left versus right depends upon the A/P and the D/V axes and is under
genetic control.

In chick, several genes are expressed asymmetrically with respect to
Hensen’s node.

) et it
Fig. 3.15 2 Handedness may
ety @ be the asymmertic
. actvin distribution of
ot — 8 v iad some protein.
Sonic Sonic”
T hecpateg | hedgehog
@ E
=] ihibiten === activalion pite2
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Organ handedness in vertebrates

In the mouse, the iv gene controls the handedness of internal organs.
In iv mutants, organ handedness is random and some individuals show
heterotaxis where normal and inverted organs are found in one animal.

Heterotaxis : The organs of normal and inverted asymmerty are present

in the same animal
Normal

mutant
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Zebrafish: shield determined antero-posterior asix

Animal Embryonic Embryonic

shield shield
8 Dorsal

Ventral

Vegetal

o

Summary: vertebrate axis determination

Dorso-ventral axis
Xenopus  sperm entry point and cortical rotation.
Dorsal side and Nieuwkoop center form on
side opposite to sperm entry.
Catenin on dorsal side
Chick axis of bilateral symmetry

Mouse interaction between inner cell mass
and trophectoderm

Zebrafish yolk cell specifies dorsal side

Antero-posterior axis

specified by Nieuwkoop center

gravity

intercellular interactions?

shield specifies the animal region

60
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Germ layers specification

The specification of the germ layers,

1)Endoderm— gut, internal organ
2)Mesoderm—give rise to notochord, muscle, heat, kidney, and blood

3)Ectoderm— epidermis and nervous system
is the earliest patterning of the embryo with respect to the body axes.

Fate map, shows the tissues of each germ layer come form, but did not
indicates that specified or determined (for development plasticity).

Regulation can be extensive in vertebrate embryos.

Fate mapping techniques:
1) stain parts of embryo with lipophilic dye
2) injection of high MW (molecular weight) dyes (i.e. rhodamine dextran)

... then observe final location of dye.

61
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It can predict the germ layer come form

Fig. 3.17 Fate mapping of the early Xenopus embryo; C3, is labeled by
injecting fluorescein-dextran-amine which fluoresces green under UV

light.

Fate of early regions of the Xenopus embryo

In the Xenopus embryo ...
1) The vegetal region gives rise to

endoderm.
Fate map: lateral view

2) The animal pole becomes ectoderm

(epidermis, nervous tissue). Animal

3) The marginal zone (equatorial
region) becomes mesoderm (bone,

covers the mesoderm.

muscles, notochord etc.). The signal Borsal
Sl
from vegetal pole.
In Xenopus, a thin layer of endoderm
notochord

Gastrulation is essential to move
interior structures inside.
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Fate of early regions of the Xenopus embryo
The marginal zone moves inside the embryo through the dorsal
blastopore (above the Nieuwkoop Centre).
Early regions become specific types of tissues.
dorsal mesoderm — notochord
sub-dorsal mesoderm — somite (muscles)
sub-ventral mesoderm —lateral plate (heart and kidney)
ventral mesoderm — blood islands (also form in more dorsal regions)
ventral ectoderm — epidermis (covers embryo after neural tube forms)
dorsal ectoderm — nervous system

Fato map: lataral view

Fig. 3.18 Fate map of
late Xenopus blastula

Blastula, siage 10 Early gasirula, stage 10Y,
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Xenopus / Zebrafish embryo: specification map

Specification map: lateral view Animal
Animal
notochord and
somites
Ventral Dorsal
Ventral Dorsal
endoderm
uncleaved
yolk cel
Biood notochord
Vegetal Vegetal

Fig. 3.22 Fate map of zebrafish at
the early gastrula stage

Fig. 3.19 Specification map of a
Xenopus late blastula
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Chick embryo: specification map

In the chick, early blastoderm cannot be mapped.

As the early chicken embryo is small and there is much cell
proliferation and extensive cell (differ Xenopus) and tissue
movements, the early fates are not known.

Later, when the primitive streak forms, the three germ layers can
be mapped.

Like the amphibian embryo, three germ layers (ectoderm,
endoderm and mesoderm) can be identified.

ecipderm
Hensen's
Fig. 3.20 Fate map of a chick (notochord!
embryo when the primitive
streak has fully formed. Almost ;':;M n

all the endoderm has already
moved through the streak to
form a lower layer.
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Primitive streak formed the mesoderm and endoderm

(A) Hensen's
node

Primitive .
streak Epiblast

Hypoblast

Endoderm

Migrating cells

1 See part 2
mesoderm
o ————
somites ell ingresse

Blastocoel
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Mouse embryo: specification map

The embryo cannot be mapped until 4 to 4%

days.
The primitive endoderm, which forms extra- Antriot
L . ecioderm neural
embryonic tissues, is mapped to the outer " sctodem

cells of the inner cell mass.

The primitive ectoderm (which forms the
embryo) develops between the primitive
endoderm and the polar trophectoderm.

The ability to regulate demonstrates the state o
the cell’s determination.

oY) Extraembryonic  Synctiotrophoblast
mesoderm \

'U
KB

H i "
mesoderm straak
Posterior

Amnio

Fig. 3.21 Fate map of a mouse at
the late gastrula stage
Yolk sac - e | 70

Frimitive groave

Fig. 3.23 The fate map of vertebrate embryo (dorsal view)

Note:

Future notochrod mesoderm occupies
a central dorsal position

The neural ectoderm lies adjacent to
the notochord, with the rest of the
ectoderm anterior to it.
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Types of cell movement during gastrulation

Invagination Involution Ingression

Invagination

Involution

Ingression

Delamination

Eiboly: ectoderm covers embryo

72

18



Cells of early vertebrate embryo do not yet have their fates determined

Powers of regulation, parts of the embryo are removed or rearranged.
Some experiment, many cells are not yet determined or specified.
Patterning mechanism involving cell interaction

Using this characterization: for gene transfer, or chimera

Chimera: are mosaics of cell with two different genetic constitution-by fusing
two embryo

Cell-autonomous: If only the mutant cell exhibit the mutant phenotype and
are not rescued by the normal cells, the gene is acting cell-autonomously;
a gene product not influencing other cells. (only one mutant — affect
phenotype; directly)

Non-cell autonomous: when either the mutant cells in the chimera appear
to act normally or the normal cells start to show the mutant phenotype. It
action typically due to a gene product that is secreted by on cell and acts

on the other. (one mutant cell — affect other cell — affect phenotype) 73

Fig. 3.24
Fusion of mouse embryo gives rise to a chimera

%

<

5 0
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Chimeric mice (Transgenic mice)

To studying the role of a interesting gene in
development b kond i b eyl
Two way: 1. injection DNA into the nucleus of
fertilized egg; 2. ES cell injection produced
chimeric animal

Injection of inner cell mass cells from one mouse
blastocyst to another will contribute to many
tissues or phenomena.

Injection of genetically modified embryonic stem
cells (ES cells) into a mouse blastocyst
allows formation of transgenic chimeras
which may breed to produce heterozygous (or
homozygous) transgenic mice strains.

Homologous recombination techniques can
replace a gene with a defective (deleted)
version of the gene to produce a “knock-out”

mutant mouse strain.
75

Induction of mesoderm in Xenopus from the vegetal region and
endoderm, ectoderm is specified by maternal factors

Mesoderm: vegetal region induced; Endoderm and ectoderm is maternal

determined
Early patterning involves both cell-cell interaction and localized maternal
factors. Specified by maternal factor in the egg

Animal pole explants form ectoderm.
Vegetal pole explants form endoderm.

Specific maternal transcription factor VegT — endoderm development

Animal pole explants cultured in contact with vegetal tissue produces some
mesodermal tissue.

Therefore, mesoderm depends upon signals from the vegetal region to turn
animals pole cells from ectodermal fate to a mesodermal fate.

If animal and vegetal tissues are separated by a filter, then mesoderm
develops.

76
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Fig. 3.25

In gastrulation stage,
different region develop
different germ layer and
specific tissue

The equatorial cell (animal
and vegetal resions are
adjacent) form mesodermal
tissues

Animal contact vegetal —
mesoderm related tissue

arimal cap cells
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Mesoderm induction in Xenopus by a diffusible signal

A diffusible signal must travel but not by cell-cell contact. (separated by
filter, still induction mesoderm development)

Different ages of embryonic tissues do not induce a signal. (Time
specific)

Tissues at specific times (only in gastrulation stage) are competent to
receive signals. (Fig. 2.27, Timing effect)

Cells must be present in sufficient number (200, at least) to be induced
and represents a community effect in the responding cells. (Fig. 2.26,
small numbers of cell did not induce)

Several signals induce and pattern the Xenopus embryo. (Fig. 3.28)

After induction of the mesoderm, dorsal marginal zone explants become
notochord and muscle and mimic gastrulation movements (as normal).

Ventral and lateral mesoderm become mesenchyme and blood-forming
tissues but not muscle (these normally form a lot of muscle).

78

Fig. 2.27, Timing effect

An intrinsic timing mechanism controls the expression of
mesoderm-specific genes

56?891|01I11I21|31I4

Hours after fertilization

|For?hcuseepoellsam'oommnr

to be induced to form mesodarm

After 11 hours calls
elence
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Fig. 2.26, small number of cell did not induce

= = = =
Cap celis: Cap cels develop
85 NON-Muscis cals
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Fig 3.28, Specification map vs. Fate map

Specification map: lateral view Fate map: lateral view

Animal

Ventral Ventral
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Animal organizer
issue
Ventral Dorsal o ! heaccenm
Fig. 3.29 K [ -
Vegetal 2

The four different signal involves the induction of mesoderm

Two signal from vegetal region, two signal is related with ventral
mesoderm (D/V axis)

Class 1) General mesoderm inducer from the vegetal region makes
“broad” ventral mesoderm, is ground or default state.

Class 2) Dorsal mesoderm inducer from the vegetal region from the
Nieuwkoop center, it generates Spemann Organizer and notochord.

Class 4) Ventral mesoderm patterning signal (rem-spermenn-organizer),
modulates the ventralizing signal (class 4), and from the ventral
region subdivides muscle,kidney and blood. It also able formed a
new dorsal axis. (Fig. 3.31)

Class 3) Spemann Organizer signal,and from dorsal region modifies the
patterning of ventral mesoderm. Interacts with the dorsalizing signal.

Late blastula stage
(A) Stage 8 (B) Stage9 (C) Stage 10

Beta-catenin

- leading candidate for the signal of the Nieuwkoop
center

vcnrhdl

Catenins - proteins that anchor cadherins to the cytoskeleton

Cadherins - transmembrane proteins that function in cell
adhesion

VegT, Vgl B-catenin  Xnr Gradient of
BMP4, Xwnt8

B-catenin [;T:::L Organizer
high

VegT, Vgl
Hadal Ventral

related ———————————
mesoderm
low

OHVIELOPUSTNTAL BICE 0¥, Sovaceth Feitnn, Fuguo 10,57 e bt o
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Beta-catenin — however

- is a cytoplasmic protein and is involved in the Wnt
signaling pathway.

Whnt - soluble ligand (paracrine factor)

- binds to receptors of the frizzled family

84
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Whnt signaling pathway

B-catenin mRNA injection induces a new dorsal side

Injection of p-catenin mRNA into a ventral
vegetal cell (32-cell Xenopus embryo)

Twinned embryo develops
with a duplicated axis
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[The T ypoﬂ €SIS of Induction of the organizer in The dorsal mesoderm
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Cortical rotation — translocation of
Dsh — move to dorsal region —
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Tef-3 siamois f-catenin - siamois  nuclear and bind to Tcf-3 protein
proteins  gene proteins gene formation a complex _
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| / N transcription factor— activate gene
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Transcription
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gene protein
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goosecoid

Dorsal formation
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Summary of evidence for b-catenin being responsible for
Nieuwkoop center activity?

- during cortical rotation, associated with the microtubules that
move the cortical components

- UV irradiation blocks cortical rotation and traps b-catenin in
vegetal pole - also, no activation of Siamois+ and twin+

- in the blastoderm stage, p-catenin is enriched in the nuclei of
dorsal but not ventral blastomeres

- removal of b-catenin from eggs blocks dorsoventral axis formation
- inject antisense oligonucleotides against b-catenin mRNA

- ventralized embryo (via UV irradiation) can be rescued by
microinjection  of B-catenin mMRNA
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Vegetal region signal regulated the induction of mesoderm

Dorsal vegedal cells Induce muscle and notochord from animal cap cells

Dorsal
animal cup

Ventral vegetal region contain — blood, associate tissue from animal cup,
somites

Different vegetal region — induced different mesoderm related tissue (may be89
different signal from vegetal region)

Fig.3.31 Class 3 signal, transplantion of the spemann organizer induces a new
axis
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Maternal signal expression: Mid-blastual transition in Xenopus

Xenopus eggs are stuffed with maternal mRNA and proteins

At fertilization, protein synthesis increase by 150% from the stored
maternal mMRNAs. However, little new m-RNA synthesis. All protein
are translation from maternal mMRNA.

Zygotic gene expression begins at the mid-blastula stage.

Cell division loses its synchrony. Cycle time 1, cell number slow
increase

Possibly based on DNA quantity at this Cycle

time. length
Suppression of cleavage, but not DNA (min) 5o
synthesis in this stage, perhaps the
titration of an unknown # :
" Mid-blastula
transcriptional repressor leads to 0 ransiti
zygotic transcription. KD

4567809101 1213Y
Cycle number

How is the mid-gastrulation triggered? Timing mechanism

Concentration 4.

Threshold

Event Time

Suppression of cleavage, but not DNA synthesis in this stage

Cell cleavage — cytoplasm X, DNA 1 — some repressor in cytoplasm did
not enough — RNA synthesis 1
92
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Candidate mesoderm inducers in Xenopus

1) Vg-1 (TGF-B family) precursor must be proteolytically processed.
Mature and active Vg-1 can induce dorsal mesoderm in

a) isolated animal caps and
b) ventralized (UV-treated) embryos (ventral )
At lower concentrations it induces ventral mesoderm and may
therefore be both the Class 1 and Class 2 signal.
Different concentration of maternal signal regulated development
2) activin (also TGF-B family) may also be a candidate
a mutant form (dominant negative mutant) of the activin receptor
blocks mesoderm formation. (Fig. 3.36)

__~High —dorsal mesoderm
Vg-1=— | ow —sventral mesoderm

.. _—"High, . notochord
Activin —_ Low Animal CUP uscle
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Fig.3.34 Signal transduction pathway of TGF-p family

BMP

type type I
Smadi
Smads
Smadg
sonel;d. a h Celcyce
and cartlage formation arrest
Iﬁ‘é Extracaliular matrix formation
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Fig. 3.35 A different (gradient ) in the nodal-related protein may provide the
class one and two signals in mesoderm induction

Midblastula Mesoderm Gastrulation
induction

f-catenin

“F  ventral E
F  mesoderm

j'Spemann

Ventral Dorsal Migukoop center
organizer
VegT, Va1 nodal-related proteins endoderm
frcatenin C—————> nodalrelated HIGH ———> Organizer
VegT. Vg1 nodal-related LOW ——————_> Venral mesoderm

VegT, Vg-1, catenin and nodal related protein are important in the induction of
mesoderm Activin??
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Dr. Hans Spemann

+1935 Nobel Prize for
Physiology or Medicine

+It was the first time that a
representative of
developmental mechanics to
receive Nobel award.
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Fig. 3.36
A mutant activin receptors blocks mesoderm induction
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Mesoderm patterning factors in Xenopus

A number of protein involved in patterning the mesoderm along the dorso-
ventral axis. Fig 3.37; 38

BMP-4 (also TGF-R family) induces ventral mesoderm (Class 4 signal) and is
expressed throughout the late blastula.

Xwnt-8 (another diffusible factor) induces ventral mesoderm (Class 4 signal)
and is expressed in the future mesoderm.

Fibroblast growth factor (FGF) also induces mesoderm.

noggin can dorsalize mesoderm tissue but can not induce mesoderm from
ectoderm (Class 3 signal).

frizbee can dorsalize mesoderm (Class 4 signal).

noggin (and chordin) bind BMP-4 and frizbee binds Xwnt-8 which prevents
these factors from binding to their receptors.

Waniral Dorsal

S g
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different signal involves the induction of mesoderm

Fig. 3.38

Protein signals

Animal

Fig. 3.39 Expression of noggin in the

Xenopus blastula
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Signals in early Xenopus development

Factor Protein family Effects

Mesoderm induction

Xnr-1 TGF-f family

Xnr-2 TGF- family

Xnr-3 TGF-f family

Derriere TGF-3 family

Vg-1 TGF-f family

Activin TGF-p family

Mesoderm patterning

Bone morphogenetic .
protein (.g. BMP-4) TGF-f family ventral mesoderm patterning
Xwnt-8 Wnt family ventralizes mesoderm
Fibroblast growth factor (FGF) FGF ventral mesoderm induction
Noggin dorsalizes—binds BMP-4
Chordin dorsalizes—binds BMP-4
Frizbee dorsalizes—binds BMP-4
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Mesoderm induction activates genes that pattern the mesoderm

Mesoderm induction activates zygotic mesoderm patterning genes,
control mesoderm differentiation.

Brachyury, a transcription factor, is expressed throughout the
mesoderm then becomes confined to the notochord. (Fig. 3.40)
Brachyury — FGF family expression

Overexpression of Brachyury in the ectoderm induces ventral
mesoderm. High dose Brachyury induced the formation of
muscle

Goosecoid, a transcription factor, is expressed in the Spemann
organizer (dorsal mesoderm) and can largely mimic the
Spemann transplantations.

Other transcription factors that are expressed in the Organizer
region include:

Pintallavis, HNF-3p (two forkhead proteins), @ 9ene expressed in the

Xnot and Xlim-1 (homeodomain proteins)

axis

organizer and midline cells of
frog embryos: Involvement in
the development of the neuygl

Fig. 3.40

A cross-section through the
embryo along the animal-vegetal
axis shows that Brachyury (red) is
expressed in the future mesoderm

Zygotic gene expression specification map

Fig. 341
Zygotic gene expression
Animal

Ventral

id, Pintallavis,
‘ [ Becnyry (53 FESE koot xim-1
Zygotic gene expression in a late Xenpous blastula.
Several transcription factors are expressed in the region of
the dorsal mesoderm that corresponds to the spemann |,
organizer

Gradients in signaling proteins and

Response of ectodermal cells to increasing
threshold response could pattern the DTOMRAIoN Y SR

mesoderm Activin
concentration

Different concentration induce
different/specific protein

Epidermis  Brachyury  goosecoid

0 Musde
Different [activin] — animal cap cell {diach)
Medium [activin] — animal cap — induced Desoime o cidbs ooks
Brachyury expression ke mymnm;um

High [activin]— animal cap — induced arvmal cap cells
goosecoid expression

Low [activin] — animal cap —induced
epidermis

Fig 3.42
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A. Presumptive ectoderm

|

Treated with activin
(mesoderm-inducing factor)

Brachyury is switched on

B. Inject Brachyury mRNA in

presumptive ectoderm

|

Presumptive ectoderm
forms ventral mesoderm
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Summary: vertebrate axis determination
Dorso-ventral axis

Xenopus  sperm entry point and cortical rotation.
Dorsal side and Nieuwkoop center form on

side opposite to sperm entry.
Catenin on dorsal side

Chick axis of bilateral symmetry

Mouse interaction between inner cell mass
and trophectoderm

Zebrafish yolk cell specifies dorsal side

Antero-posterior axis

specified by Nieuwkoop center

gravity

intercellular interactions?

shield specifies the animal region
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Summary: mesoderm induction in Xenopus

VegT in vegetal region
signal 1 (general inducing signal)
e.g. Nodal related rEton

/ \:{gnal 2
dorsal mesoderm with
Spemann organizer

/ signal 3: dorsalizing signals

e.0. BMP-4, Xwnt-8 £.9. noggin, chordin
patterning of mesoderm
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Summary: genes involved in patterning of axes and germ layers

Gana Matemal Type of protein Whare
Zygatic expressed
activin z TGF- family ?
BMP4 ] iranseription lactor late blastia
Brachyury r 4 transcrigtion factor early mesoderm
f-catonin M gena requiatiny protein 00
carbos Z sacralnd wegetal agg
chordin 2 secreted signal moleculs  orpanizer
demars z TGF-f family egetal agg
Bbrobizst Z sacretad signal molecule blastula
growth
factor
goosacoid z transcripion factor organizer
BSK-3 M protein kinase L]
HNF-31 z transcripiion facior organizer
neggin Mz secrelnd oiganizer
Pintallavis Z franscription facior organizer
Samos z i factor
VagT M transcripion facior vegetal agg
Vg1 M TGF- family vegetal agg
Xim-1 z transcripion facior organizer
Xnat Z franscripion facior oiganizer
Xoe-1 z sereted vegetal egg
Xor2 z sacrated wegetal egg
Xnr4 Z sacretnd vigetal agg
Xunt-11 M ‘Wit family vegetal egq
Xwnt-§ Zz Wit family propective
masodarm
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Mesoderm is induced, why?

different signal involves the induction of mesoderm

Nieuwkoop center vs. spamnan organizer (maternal factor vs. zogotic factos)
abembryonic-embryonic axis

How identify maternal gene or zygotic gene

Blastocyte vs. embryonic stem cell in mammal

Important of mid-gastrula stage

108
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Human embryonic development
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Human embryonic development

Human embryonic development, refers to the development and formation of the
human embryo. It is characterised by the processes of cell division and cellular
differentiation of the embryo that occurs during the early stages of development .It was
the development of the human body entails growth from a one-celled zygote to an

adult human being.

Fertilisation occurs when the sperm cell successfully enters and fuses with an eqg

cell (ovum). The genetic material of the sperm and egg then combine to form a single cell
called a zygote and the germinal stage of development commences.% Embryonic
development in the human, covers the first eight weeks of development; at the beginning of
the ninth week the embryo is termed a fetus.

Human embryology is the study of this development during the first eight weeks after
fertilisation. The normal period of gestation (pregnancy) is about nine months or 40 weeks.

The germinal stage refers to the time from fertilization through the development of the early
embryo until implantation is completed in the uterus. The germinal stage takes around 10
days.? During this stage, the zygote begins to divide, in a process called cleavage.

A blastocyst is then formed and implanted in the uterus. Embryogenesis continues with the
next stage of gastrulation, when the three germ layers of the embryo form in a process
called histogenesis, and the processes of neurulation and organogenesis follow.The entire
process of embryogenesis involves temporal changes in gene expression, cell

growth and cellular differentiation. A nearly identical process occurs in other species,
especially among chordates.




Fertilization

Fertilization takes place when the spermatozoon has successfully entered the ovum and the
two sets of genetic material carried by the gametes fuse together, resulting in the zygote (a
single diploid cell). This usually takes place in the ampulla of one of the fallopian tubes. The
zygote contains the combined genetic material carried by both the male and female gametes
which consists of the 23 chromosomes from the nucleus of the ovum and the 23
chromosomes from the nucleus of the sperm. The 46 chromosomes undergo changes prior
to the mitotic division which leads to the formation of the embryo having two cells.

Successful fertilization is enabled by three processes ,the first is that of chemotaxis which
directs the movement of the sperm towards the ovum. Secondly there is an adhesive
compatibility between the sperm and the egg. With the sperm adhered to the ovum, the third
process of acrosomal reaction takes place; the front part of the spermatozoan head is
capped by an acrosome which contains digestive enzymes to break down the zona
pellucida and allow its entry.2 The entry of the sperm causes calcium to be released which
blocks entry to other sperm cells. A parallel reaction takes place in the ovum called the zona
reaction. This sees the release of cortical granules that release enzymes which digest sperm
receptor proteins, thus preventing polyspermy. The granules also fuse with the plasma
membrane and modify the zona pellucida in such a way as to prevent further sperm entry.




Cleavage

The beginning of the cleavage process is marked when the zygote divides

through mitosis into two cells. This mitosis continues and the first two cells divide into four
cells, then into eight cells and so on. Each division takes from 12 to 24 hours. The zygote is
large compared to any other cell and undergoes cleavage without any overall increase in
size. This means that with each successive subdivision, the ratio of nuclear to cytoplasmic
material increases. Initially the dividing cells, called blastomeres (blastos Greek for sprout),
are undifferentiated and aggregated into a sphere enclosed within the membrane

of glycoproteins (termed the zona pellucida) of the ovum. When eight blastomeres have
formed they begin to develop gap junctions, enabling them to develop in an integrated way
and co-ordinate their response to physiological signals and environmental cues.®

When the cells number around sixteen the solid sphere of cells within the zona pellucida is
referred to as a morula® At this stage the cells start to bind firmly together in a process called
compaction, and cleavage continues as cellular differentiation.




Blastula
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Cleavage itself is the first stage in blastulation, the process of forming the blastocyst. Cells
differentiate into an outer layer of cells (collectively called the trophoblast) and an inner cell
mass. With further compaction the individual outer blastomeres, the trophoblasts, become
indistinguishable. They are still enclosed within the zona pellucida. This compaction serves to
make the structure watertight, containing the fluid that the cells will later secrete. The inner
mass of cells differentiate to become embryoblasts and polarise at one end. They close
together and form gap junctions, which facilitate cellular communication. This polarisation
leaves a cavity, the blastocoel, creating a structure that is now termed the blastocyst. (In
animals other than mammals, this is called the blastula.) The trophoblasts secrete fluid into
the blastocoel. The resulting increase in size of the blastocyst causes it to hatch through the
zona pellucida, which then disintegrates




Blastula

The inner cell mass will give rise to the pre-embryo,® the amnion, yolk sac and allantois,
while the fetal part of the placenta will form from the outer trophoblast layer.

The embryo plus its membranes is called the conceptus, and by this stage the conceptus
has reached the uterus. The zona pellucida ultimately disappears completely, and the now
exposed cells of the trophoblast allow the blastocyst to attach itself to the endometrium,
where it will implant.

The formation of the hypoblast and epiblast, which are the two main layers of the bilaminar
germ disc, occurs at the beginning of the second week.2 Either the embryoblast or the
trophoblast will turn into two sub-layers.i® The inner cells will turn into the hypoblast layer,
which will surround the other layer, called the epiblast, and these layers will form the
embryonic disc that will develop into the embryo.®22 The trophoblast will also develop two
sub-layers: the cytotrophoblast, which is in front of the syncytiotrophoblast, which in turn lies
within the endometrium.® Next, another layer called the exocoelomic membrane or Heuser’s
membrane will appear and surround the cytotrophoblast, as well as the primitive yolk

sac.i@® The syncytiotrophoblast will grow and will enter a phase called lacunar stage, in which
some vacuoles will appear and be filled by blood in the following days.2:2 The development
of the yolk sac starts with the hypoblastic flat cells that form the exocoelomic membrane,
which will coat the inner part of the cytotrophoblast to form the primitive yolk sac. An erosion
of the endothelial lining of the maternal capillaries by the syncytiotrophoblastic cells of the
sinusoids will form where the blood will begin to penetrate and flow through the trophoblast to
give rise to the uteroplacental circulation.tii2 Subsequently new cells derived from yolk sac
will be established between trophoblast and exocelomic membrane and will give rise to extra-
embryonic mesoderm, which will form the chorionic cavity.2®

At the end of the second week of development, some cells of the trophoblast penetrate and
form rounded columns into the syncytiotrophoblast. These columns are known as primary
villi. At the same time, other migrating cells form into the exocelomic cavity a new cavity
named the secondary or definitive yolk sac, smaller than the primitive yolk sac.oiu



Implantatlon
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After ovulation, the endometrlal I|n|ng becomes transformed into a secretory lining in
preparation of accepting the embryo. It becomes thickened, with its secretory
glands becoming elongated, and is increasingly vascular. This lining of the uterine cavity is
now known as the decidua, and it produces a great number of large decidual cells in its
increased interglandular tissue. The blastomeres in the blastocyst are arranged into an outer
layer called the trophoblast which differentiates into an inner layer, the cytotrophoblast, and
an outer layer, the syncytiotrophoblast. The cytotrophoblast contains cuboidal epithelial cells
and is the source of dividing cells, and the syncytiotrophoblast is a syncytial layer without cell
boundaries.

The syncytiotrophoblast implants the blastocyst in the decidual epithelium by projections

of chorionic villi, forming the embryonic part of the placenta. The placenta develops once the
blastocyst is implanted, connecting the embryo to the uterine wall. The decidua here is
termed the decidua basalis; it lies between the blastocyst and the myometrium and forms the
maternal part of the placenta .The implantation is assisted by hydrolytic enzymes that erode
the epithelium. The syncytiotrophoblast also produces human chorionic gonadotropin,

a hormone that stimulates the release of progesterone from the corpus luteum.




Implantation

Progesterone enriches the uterus with a thick lining of blood vessels and capillaries so that it
can oxygenate and sustain the developing embryo. The uterus liberates sugar from
stored glycogen from its cells to nourish the embryo. =2

The villi begin to branch and contain blood vessels of the embryo. Other villi, called terminal
or free villi, exchange nutrients. The embryo is joined to the trophoblastic shell by a narrow
connecting stalk that develops into the umbilical cord to attach the placenta to the
embryo.2224 Arteries in the decidua are remodelled to increase the maternal blood flow into
the intervillous spaces of the placenta, allowing gas exchange and the transfer of nutrients to
the embryo. Waste products from the embryo will diffuse across the placenta.

As the syncytiotrophoblast starts to penetrate the uterine wall, the inner cell mass
(embryoblast) also develops. The inner cell mass is the source of embryonic stem cells,
which are pluripotent and can develop into any one of the three germ layer cells, and which
have the potency to give rise to all the tissues and organs.



Embryonic disc

It is a hilaminar disc of two layers, an upper layer called the epiblast (primitive ectoderm) and
a lower layer called the hypoblast (primitive endoderm). The disc is stretched between what
will become the amniotic cavity and the yolk sac. The epiblast is adjacent to the trophoblast
and made of columnar cells; the hypoblast is closest to the blastocyst cavity and made of
cuboidal cells. The epiblast migrates away from the trophoblast downwards, forming the
amniotic cavity, the lining of which is formed from amnioblasts developed from the epiblast.
The hypoblast is pushed down and forms the yolk sac (exocoelomic cavity) lining. Some
hypoblast cells migrate along the inner cytotrophoblast lining of the blastocoel, secreting

an extracellular matrix along the way. These hypoblast cells and extracellular matrix are
called Heuser's membrane (or the exocoelomic membrane), and they cover the blastocoel to
form the yolk sac (or exocoelomic cavity). Cells of the hypoblast migrate along the outer
edges of this reticulum and form the extraembryonic mesoderm,; this disrupts the
extraembryonic reticulum. Soon pockets form in the reticulum, which ultimately coalesce to
form the chorionic cavity (extraembryonic coelom).




Gastrulation
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The primitive streak, a linear band of cells formed by the migrating epiblast, appears, and this
marks the beginning of gastrulation, which takes place around the seventeenth day (week 3)
after fertilisation.

The process of gastrulation reorganises the two-layer embryo into a three-layer embryo, and
also gives the embryo its specific head-to-tail, and front-to-back orientation, by way of the
primitive streak which establishes bilateral symmetry. A primitive node (or primitive knot)
forms in front of the primitive streak which is the organiser of neurulation.

A primitive pit forms as a depression in the centre of the primitive node which connects to
the notochord which lies directly underneath. The node has arisen from epiblasts of the
amniotic cavity floor, and it is this node that induces the formation of the neural plate which
serves as the basis for the nervous system.




Gastrulation
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The neural plate will form opposite the primitive streak from ectodermal tissue which thickens
and flattens into the neural plate. The epiblast in that region moves down into the streak at
the location of the primitive pit where the process called ingression, which leads to the
formation of the mesoderm takes place.

This ingression sees the cells from the epiblast move into the primitive streak in an epithelial-
mesenchymal transition; epithelial cells become mesenchymal stem

cells, multipotent stromal cells that can differentiate into various cell types. The hypoblast is
pushed out of the way and goes on to form the amnion. The epiblast keeps moving and
forms a second layer, the mesoderm. The epiblast has now differentiated into the three germ
layers of the embryo, so that the bilaminar disc is now a trilaminar disc, the gastrula.



https://en.wikipedia.org/wiki/File:2910_The_Placenta-02.jpg
https://en.wikipedia.org/wiki/File:2910_The_Placenta-02.jpg

Gastrula

The three germ layers are the ectoderm, mesoderm and endoderm, and are formed as three
overlapping flat discs. It is from these three layers that all the structures and organs of the
body will be derived through the processes

of somitogenesis, histogenesis and organogenesis.’ The embryonic endoderm is formed

by invagination of epiblastic cells that migrate to the hypoblast, while the mesoderm is
formed by the cells that develop between the epiblast and endoderm. In general, all germ
layers will derive from the epiblast.iu4

The upper layer of ectoderm will give rise to the outermost layer of skin, central and
peripheral nervous systems, eyes, inner ear, and many connective tissues.2® The middle
layer of mesoderm will give rise to the heart and the beginning of the circulatory system as
well as the bones, muscles and kidneys. The inner layer of endoderm will serve as the
starting point for the development of the lungs, intestine, thyroid, pancreas and bladder.

Following ingression, a blastopore develops where the cells have ingressed, in one side of
the embryo and it deepens to become the archenteron, the first formative stage of the gut. As
in all deuterostomes, the blastopore becomes the anus whilst the gut tunnels through the
embryo to the other side where the opening becomes the mouth. With a functioning digestive
tube, gastrulation is now completed and the next stage of neurulation can begin.




Al Jal gal

Biological factors
2 039 sall eLa¥Wl 4llaia syae adlia Jalse @l 4ilasSll g 4l jul) Jal s2ll 48l
Lt s Lgrmadi il g jSaal) Gpale ie clile L a4 il )l Bl e i oluall
&Y gl o g ) by g Suall 4xdls ) ¢S5 Lal Rl 028 5 anilall Ll g S gl (g
rlhaiaas adde (Blhile 138 5 (4niie 48le) S5 ) Ll dale o seay slall clialy | iV
Cliandll 238 (Jaia g aNtagonism st lele 3lhale s o jae 433le ) synergism s qle
A8l & 53 e sanie Gl dllia o) (5 i

Abiassll s Al hadl) Jal g2l Luld las aldl 48lad) Jal gl 550 e o siall Cila slaall
s 80 Laae g Lol gl 48 jra Camiay 38 el s 8 st g Leuld Sy 0 a1 Y
Uiy Cus EStimation (pedd 3 jsay 23se g A sbiall b S 2o Dliad | dpagdal) 4l
£ 53 ABally Co Y IS | il o sall 4y gt () 5 (3L b e Lully saall 13
4l 5l L sl iy @IS T ) el g1 sl w5 L S0 aliall (8 a3l i)
s muay 4gball dal gl ge a3y 48y 5 o Jpanlld 13gd5 olaall 8 4l

PR

: Neutralism-1

s Lilee 43Y il S e B i allacadl) 138 2 uY Gl (e i)
G Ly o1 138 | HAYL Lanaal i 51 Lagis 483le 5 53 (352 bl 3 s Sile 2535
O Ja) e Ladliyy JBY) e S8 Je 358 Al Cagyhll Laaaa) jua¥ g e laal) Jal

O ABDle aat ol aiidal) jalial) (S 48 i g0 .La_mj‘éj Growth rate seill Jaza (i
e 483l (055 I (500 T sl b i nm a0 oy o Sl 5 Saall cta

Lo 4lite ol 3 sa gl i€y 4Bdle Caaay Y



s Silall e
ag) 32 3 gall o jig 2

A ilhie o AT G e OS llata 3

ol Cliliaal L ) 3 yma (5 e seLibe il Sl a5 36 -4
- Allie Leildlaie 5 Wyiat oae Lie g1 53 Sl g Sl o8 ai5 38 -5

Lo 4laall 3 gadl Cum Al g jSe 8 (e oas 4gile 4y 53¢ e allall s3a Chaaiy
Lgazany (5355 Gl Aaliadl o) gall aS) 55 g0 5

):u'tjﬁl.no\.c)u}o):\mgc)ﬂj\J;a)iuggjw\‘;oﬁu\c&t"_\:jho\e}ud\écj
L o3 sl S (e Ll Ly 4

-: dal g ikl 4adie 48N Commensalism-2

O O LU sald) e Laalas) Jamy Cun Gl g Saall G o 23L8 SESall (e & 6l 138
a4 of Jo¥) Gkl cSah s commensal wsiwad) (S e Gllarle sale g jilh o) )
+ Jia o2datia g 4dlidg Lé)lad)\sgﬂ‘;slﬂ\q)ﬁ\

Comg LS | ) U8 (5o it ALlE o se ) S ALl e ol sl Jysas -]
i G Sl 3V e el bkl 8 Sy Sl phadlly L S G @ sladl
JaiS | eluall Glbg Sile 4lle Lehe i adasn by S (oS35 ol LSl
abeal 5 adapns Gl S (S L e 5 ggally (gl Sl g Sty sl
sdiza LS jo Jidad (8 aalud 28 Gl yhd (5] Lel LS 4y guiae 5 4l Galaal 5 480
daadic Gl S lgde peadl Cua o ganll 5 Glanall 3 Gl IS 5 el Jie 4l
cooa Al Sl e jualie Leie 50 s e lad ) 35 g Lellas



,allaall 5 L i G 483l oda oty | S gatl adaii o) ge Jg¥) il (5 Sy 22
s 3l ga i llalalld | dagall 4iliall O galls sbiall il g Sile allalall ead Cua
Sl SN Gamalay 4sall Galeal¥ly GL Sl 4ie¥ly agaall palal) Ji
QS glee Pa Qllaball J8 e joa S e a8l ey Ay Gluconic acid
Gisalls By 5 By cliwlid Hos 8 Gl )l ey ) 22 WS A gl
28 (e Mitud g folic acids Nicotinic acid.s pantothenic acid s o gl I
8 b oSkl e S O sa oAl 4l e Lol il jSile (e aall il
Growth s s A) dalse 5 DlialidllS g A1 Bl Sila sail adaliia g0 )4
facters

agial) Gy Bl st ool e, G o jliall o sl dalpall 431 e Js¥) Jan -3
phad gl ¢ puall cama s S V) 4al ) 5l 5550 Y) baxall 5l pH JI 4ed S
il 4l G ylall s e by Sl Jend 3L D gl adadial) g aalodl o) gall
Cagoh (e lguamy (and 38 o) 4 sell ddgyla g aln sla g Jangll dia gan jriS la e
sl o Qladall (lishS )t Al LS e e sall Laa Jie a0 4
Leind saii Al L S e o) jall 5 6 guiall canal]

ol LU i€ alals Sl dadan o U gty AU 2D i S V) Jens 8 4
Gl ai¥) (e Leantl Ly (a3 bl e L0 pad Jie ekl Jals ) pelas
Akl ol jlally

(Axdia JaL) (b lall dxdia 48 Mutualism -3

a0)al) paliell (e 0dl@La) Jdal e Glg S0l (e )8 g glati Ladie 483lall sda Chaad
V) QY il osaall 4y gunall 3 gal) QIS (i plall SIS ol Jadi Cum | 52 g3 sall
Lae Lale by s )Solall (e Jadas 3 gm0 sl Jla 4 ) sl LA b5 jSle o0 () slaty
A shlud) i (5 A1 ) 50 g aday) yiall 4y gazanll o) sall dala | 1088 aal 5 a5 Sae 225 ]
alls ol iy phadll Lellat o) 2my W1 shabiall JIa3 g Ly 5SON S DU (iSI) aa ool i 2a 5
a3 Db |5 gaty Clladie (Sl dal 5 amy 38 4y s (5 Sl Adima JA) s (e (Sl
aslill 4y small 3 gl Ao Streptococcus faecalis s Lactobacillus plantarum

oan gl an) 5 IS ile ol Lae Cpuan) Lot sad 4y s olsall b



cadall JsY) e Sl folic acid s hadie dalay (S Sean JY) o) 22 D
proteus &= Bacillus subtilis 4d=s & 4l Guiis phenyl alanine )
G Y s 4nlill W) SB Nicotinic acid Y LSl jead Sus vulgaris
oalls Laa B Cum 40132l) pualially faa ol slaall (8 00l (585 o slxdll 124 5 Biotin
Cns (B oliall oa 4 s ) gad Gl g Sl (e (e sene sad g2 2aly 5 SYNtrophism

colaall o2a (8 laa Wmiin gai s gl odal 5 JS sal

(i) ;AN g3 ik Amensalism -4

Spalls Ll gl o gai e i35 s AY) il Sl aum 3 ge s Sl (e LS 3
L o aalae O 1 ) gl a5 Ll il 5 Ll 8 Calids o ) jdall

2S5 5ms HoS omsouedl A€ Jie Inorganic inhibitors 4xscacy cihadia -
L e 5 CO;, 5 Wise¥l s HyOp e souell

adaseall agiaall mlea¥) Jie LOW potency organics 4wl 4iéia 4y spiac 3l ga -
. JSEN

psandl 5 4 pall Glaladdl Jis Hightly toxic organics aseud) sxad 4y giac 3 e -
A Sl

Clolaal 4y ) (5 guand) o) sall Jlail dagis olpall (8 ()5S (g8 49 gaiac S Cllafiall 4puilld
Lo ol s coillagmall 6 olsall anem Ciling o JLiall o1 sall 538 38 555, AN 5 02V
G ey Sl (8 Laiy W) e Jas elall o D) aaall (A5 6 sen e D)8
et psan 8 38 lladall (s ) LS | 0SB ) e a5 @ ganadl 5S35 (ad) Gy )
D08 4phadll L e SN O LS S s e oL Auals Sl pladll g L S sa

. Lagaa oaa) glall 4 jeaall cbalW) e 58 Al 4 gaald) Glabizadll

parasitism Jikill -5

Gar i 8 elll By A G Sl Lo Sile Jilaiy 4B3lall s (5 i
Jibi e JUaS s la pe 5 L5 Clu g ,ldll (e 5 A Clis Sile daalead Gl S
A lall oliddl A iS5 Cua Bacterio phages LSl <l pé o A e g Sk
salall (333 il Leid Buob e LAIL Claldl) ol Guailiy Jal gl 5 ol s olaag



elllad dga 5 L) J21s 1 a5l aalal) JA g 4 i€l sl b Lol o 4y 5l
Glalall aal g3y clalall sda ) iy il Ledaly cilalall il ¢ oS35 el § LeiBlia Z Y
Ul e S e (o (ol el () golaal) sl (a3l s (s laall obae (B 0SS
S ill 5 S gallall 5 518N L S Clald sl oliall e il je 25 4Ll 45 Sl
5 pseudomonas LA el Jie oball asplall )5kl clald ) adl)
a3 sall sl 5 llaiadll 5 jladl sl 4xuills Cytophaga s vibrio s Achromobacter
A hd) el peadl)l LK cilalh clie G| L Al ALl el e

ol g Gl sl Qlladal Alad & ge i Al 5 Cyanophages

e 1962 ple caiss) Al Bdellovibrio LSy aié alikiall G iyl Je JUaS
Bdellovibrio g5l 4awld sbdl 4 leae algm LG e aglihll L <l
Cus 8yl aal g T 48 jaia o) ) 40 anall o e L U 038 5. bacteriovorus
pragdl Ldala ) dass & 5 A LIS e dasad) e (Al Ld ey L piS o2 (Suails
LS saaall LAY 7 a5 ol LS jlaa dady &5 Ldaly K Lei) sias
@ ddidl Ll edg clial Al LS (e eaaa 49,088 LA aalgdl aldbaidl)
38 alall Sy kdll o) WS, pseudomonas s salmonella s serratia s Aerobacter
Rozella marina _bdll Jie 48, all o) padll L il e g g A1 @l plad e Jilah

.43l chytridium polysiphonine sa DAl yhé e Jabai,

phage therapy — 4usall clabiaaly z3d oo Jaas cilaldlly 73l

Claliaal) Al e Yau LSl il claldl) aladiul e cilalally o3l i

Multi Drug s ssl) calsbiaall da slaall U S0 o Mad sale 26l 638 addiud s &y gaall

auiil duuall Pseudomonas aeruginosa LS z3le Jis Resistance MDR
L Bsoall

oSl Alal) Bla B 9
(Adsorption).galaa¥)] -
(Penetration). ) AaY¥12-
(Multiplication).uis Laill g feil3-



(Assembly).aaaili4-
(Releasingail5-

3 e Jlaill 3l gall o) Andicall 5 gl o AT 5 galh Coyas Lo JIA (e il gyl 3G
Gk o Glug il ISE Laie |0 ) sall IS aladid e 6 508l Sl g judll yamy cllad
e AieLias day b yaei s Ay 5aSul) LA Uil &3 438 (T4 phage) 3 WS Al s ) 5l
AaY yaa Jile o Candispaadl Gl g padl) Gl AN e 3 sy 5 B pdlae Sl 5 il
oo A ) il gyl o) JSAL aaall e eyl dlae dieliad o jlias aladiul
o5 ook e ASH A Gl e ST AHANL 2 Mall dpdia 055 Al 35 G4k
ol b oy g (Jalail) Jaydiiy) <o yay L Adla) 5 sall NS Clilall (amy i Ayivadl)
S S Ledie Lgda s padl s 4 Sl L3AD) s e Sliladl (e ALalS A3 2l g
AV o3 o JSAL paall e Aee Alead) sda 58 e s Ulle DA £ A sl

O Bl A il Ala ja 8 sdle JA ) daaiall cililall S AN e ddlida
salal) e Led al (o sinall ety s cdipmd) Al JIas ) g0 Y Apdied) 5 ) 50l)

Al o3a (8 gyl (s 31 sl ) ual (5T (0 e S iISE s Canmall 451 ) )
038 G G LS syl 2 lysogenic cell (oani L S 44 L) prophage
5 Al il il oda Tt aie A A gall 8 (ali G Layy — Ciuaall Al
Laglae 308 13 Al daglla () 5S5 Ulal  Capaall LA Jlay i ) 3 5 ) 50 T
Jsaally o yn Lad 4, Sl Adall 5agas ailiad Adlialy ol 5 Sl () 5S5 Ladie L i<l

o oS daa L saa) Jsad el e A5G e (lysogenic conversion).
Jano Lo Al 1385, )l oS (i ye i 5 213 L il gl il ST aad ) 4535l

clalilly 23l cilylag)

4 gaal) clabaal) (B350 54 1 A guadl) 038 5 Ciudaall dya guad -1

Anila Gal o) Gy -2

LDAL) Ja0a Wany AL A g il gl (a3 piua Ladle de o aladiu) -3
4 gy

Gl 3) i) ABBAY) UNAN 433 5a (1955 4


https://ar.wikipedia.org/wiki/%D8%AF%D9%88%D8%B1%D8%A9_%D8%AD%D8%A7%D9%84%D8%A9
https://ar.wikipedia.org/wiki/%D8%AF%D9%88%D8%B1%D8%A9_%D8%AD%D8%A7%D9%84%D8%A9
https://ar.wikipedia.org/wiki/%D8%AF%D9%88%D8%B1%D8%A9_%D8%A7%D9%84%D9%85%D8%B3%D8%AA%D8%B0%D9%8A%D8%A8
https://ar.wikipedia.org/wiki/%D8%AF%D9%88%D8%B1%D8%A9_%D8%A7%D9%84%D9%85%D8%B3%D8%AA%D8%B0%D9%8A%D8%A8
https://ar.wikipedia.org/wiki/%D8%B9%D9%84%D8%A7%D8%AC_%D8%A8%D8%A7%D9%84%D8%B9%D8%A7%D8%AB%D9%8A%D8%A9
https://ar.wikipedia.org/wiki/%D8%B9%D9%84%D8%A7%D8%AC_%D8%A8%D8%A7%D9%84%D8%B9%D8%A7%D8%AB%D9%8A%D8%A9
https://ar.wikipedia.org/w/index.php?title=%D8%B9%D8%A7%D8%AB%D9%8A%D8%A7%D8%AA_%D8%A7%D9%84%D9%85%D9%86%D8%AF%D8%B1%D8%AC%D8%A9&action=edit&redlink=1
https://ar.wikipedia.org/w/index.php?title=%D8%B9%D8%A7%D8%AB%D9%8A%D8%A7%D8%AA_%D8%A7%D9%84%D9%85%D9%86%D8%AF%D8%B1%D8%AC%D8%A9&action=edit&redlink=1
https://ar.wikipedia.org/wiki/%D8%B6%D9%85%D8%A9_%D8%A7%D9%84%D9%83%D9%88%D9%84%D9%8A%D8%B1%D8%A7
https://ar.wikipedia.org/wiki/%D8%B6%D9%85%D8%A9_%D8%A7%D9%84%D9%83%D9%88%D9%84%D9%8A%D8%B1%D8%A7
https://ar.wikipedia.org/wiki/%D8%A7%D9%84%D9%83%D9%88%D9%84%D9%8A%D8%B1%D8%A7
https://ar.wikipedia.org/wiki/%D8%A7%D9%84%D9%83%D9%88%D9%84%D9%8A%D8%B1%D8%A7

LA A3 9S8 Al (g gaad) pLERN B juaSa by 351 g ciln g ) 1 95) ary -5
Apida sl
Ol dad ;-6
Glaldll 73l clube
dopda ) LS olat B g el Alle clalil) L) 4 g -1

Allaal) clalill | 58 daglia -2

© Attachment

| X
o, D) — D

© Synthesis of viral
genomes and
proteins



1. Phage attaches to the cell
surface of bacterium.

Prophage

2. Phage DNA enters 3. Phage DNA
the bacterial cell. integrates into
bacterial DNA.

4. Integrated prophage
replicates when bacterial
DNA replicates

These cells may exhibit new properties
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Figure (1. 9): BCX process (Latagroup, 2002).

BCX technology Biocide treatment

- Non hazardous inorganic salts -Toxic and hazardous chemicals
- Grows selectively beneficial populations -Tries for complete kill

- Lower cost - Relatively expensive

- Continuous in-situ cell production -Biocidal action reduced by dilution
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- Microbial actions within pore matrix
- Penetrates throughout reservoir
- Sulfide prevention

- Sulfide removal

- Environmentally safe
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-Biocide resistance develops
-Depleted action by absorption
-Partially successful sulfide control
-No sulfide removal

-Environmentally hazardous
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EPITHELIAL TISSUE: INTRODUCTION

Despite its complexity, the human body is composed of only four basic types of tissue: epithelial, connective, muscular, and nervous. These tissues, which are
formed by cells and molecules of the extracellular matrix, exist not as isolated units but rather in association with one another and in variable proportions, forming
different organs and systems of the body. The main characteristics of these basic types of tissue are shown in Table 4—-1. Also of great functional importance are the
free cells found in body fluids such as blood and lymph.

Table 4—1. Main characteristics of the four basic types of tissues.

Tissue Cells Extracellular Matrix Main Functions

Nervous Intertwining elongated processes None Transmission of nervous impulses

Epithelial  Aggregated polyhedral cells Small amount Lining of surface or body cavities, glandular secretion
Muscle Elongated contractile cells Moderate amount Movement

Connective Several types of fixed and wandering cells Abundant amount Support and protection

Connective tissue is characterized by the abundance of extracellular material produced by its cells; muscle tissue is composed of elongated cells specialized for
contraction and movement; and nerve tissue is composed of cells with elongated processes extending from the cell body that have the specialized functions of
receiving, generating, and transmitting nerve impulses. Organs can be divided into parenchyma, which is composed of the cells responsible for the main functions
typical of the organ, and stroma, which is the supporting tissue. Except in the brain and spinal cord, the stroma is made of connective tissue.

Epithelial tissues are composed of closely aggregated polyhedral cells with very little extracellular substance. These cells have strong adhesion and form cellular sheets
that cover the surface of the body and line its cavities.

The principal functions of epithelial (Gr. epi, upon, + thele, nipple) tissues are:
B Covering, lining, and protecting surfaces (eg, skin)
B Absorption (eg, the intestines)
B Secretion (eg, the epithelial cells of glands)
B Contractility (eg, myoepithelial cells).

Specific cells of certain epithelia are also highly specialized sensory cells, such as those of taste buds or the olfactory epithelium. Because epithelial cells line all
external and internal surfaces of the body, everything that enters or leaves the body must cross an epithelial sheet.

CHARACTERISTIC FEATURES OF EPITHELIAL CELLS

The forms and dimensions of epithelial cells range from high columnar to cuboidal to low squamous cells. Their common polyhedral form results from their close
juxtaposition in cellular layers or masses and is similar to what would be observed if a large number of inflated balloons were compressed into a limited space.
Epithelial cell nuclei have a distinctive shape, varying from spherical to elongated or elliptic. The nuclear form often corresponds roughly to the cell shape; thus,
cuboidal cells have spherical nuclei, and squamous cells have flattened nuclei. The long axis of the nucleus is always parallel to the main axis of the cell.

Because the lipid-rich membranes between cells are frequently indistinguishable with the light microscope, the stained cell nucleus is a clue to the shape and number of
cells. Nuclear form is also useful to determine whether the cells are arranged in layers, a primary morphologic criterion for classifying epithelia.

Most epithelia rest on connective tissue. In the case of epithelia lining the cavity of internal organs (especially in the digestive, respiratory, and urinary systems) this
layer of connective tissue is often called the lamina propria. The lamina propria not only serves to support the epithelium but also provides nutrition and binds it to
underlying structures. The area of contact between epithelium and lamina propria is increased by irregularities in the connective tissue surface in the form of small
evaginations called papillae (L. diminutive of papula, nipple; singular papilla). Papillae occur most frequently in epithelial tissues subject to friction, such as the
covering of the skin or tongue.

Epithelial cells generally show polarity, with organelles and membrane proteins distributed unevenly in different parts of the cell. The region of the cell that faces the

connective tissue is called the basal pole, whereas the opposite pole, usually facing a space, is the apical pole and the intervening sides apposed in neighboring cells
are the lateral surfaces. The membranes on the lateral surfaces of adjoining cells often have numerous infoldings to increase the area of that surface, increasing its

functional capacity. The different regions of polarized cells may have different functions.

Basal Laminae & Basement Membranes

All epithelial cells in contact with subjacent connective tissue have at their basal surfaces a felt-like sheet of extracellular material called the basal lamina (Figure
4-1). This structure is visible only with the electron microscope, where it appears as an electron-dense layer, 20-100 nm thick, consisting of a network of fine fibrils,
the dense layer or lamina densa (Figure 4-2). In addition, basal laminae may have electron-lucent layers on one or both sides of the dense layer, called clear
layers or laminae lucida. Between epithelia with no intervening connective tissue, such as in lung alveoli and renal glomeruli, the basal lamina is often thicker due to
the fusion of the basal laminae from each epithelial layer.

Figure 4—1.
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Basal laminae.

An extracellular basal lamina always lies at the interface of epithelial cells and connective tissue. The basal laminae to two neighboring epithelia can fuse or appear to fuse
in places where there is no intervening connective tissue. Nutrients for epithelial cells must diffuse across the basal lamina. Nerve fibers normally penetrate this structure,
but small blood capillaries (being epithelial themselves) never enter an epithelium across a basal lamina. When components of a basal lamina are resolved with the light

microscope, the structure is often called a basement membrane.

The macromolecular components of basal laminae form precise three-dimensional arrays and are described individually in the next chapter. The best known of these

include:

B Laminin: These are large glycoprotein molecules that self-assemble to form a lace-like sheet immediately below the cells' basal poles where they are held
in place by the transmembrane integrins.

B Type IV collagen: Monomers of type IV collagen contain three polypeptide chains and self-assemble further to form a felt-like sheet associated with the
laminin layer.

B Entactin (nidogen), a glycoprotein, and perlecan, a proteoglycan with heparan sulfate side chains: these glycosylated proteins and others serve to link
together the laminin and type IV collagen sheets.

All these components are secreted at the basal poles of the epithelial cells. Their precise proportions in basal laminae vary between and within tissues. Basal laminae

are attached to reticular fibers made of type 111 collagen in the underlying connective tissues by anchoring fibrils of type V11 collagen. These proteins are
produced by cells of the connective tissue and form a layer below the basal lamina called the reticular lamina that is also visible by TEM (Figure 4-2).

Figure 4—2.
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Ultrastructural components of the basal lamina.

Details of the basal lamina are revealed by two TEM of sectioned human skin. (a): The basal lamina (BL) is shown to have a dense layer with a clear layer on each side. The
underlying dermis contains anchoring fibrils (arrows) of collagen which help anchor the epithelium to the underlying connective tissue. Hemidesmosomes (H) occur at the
epithelial-connective tissue junction. X54,000. (b): The basal lamina, hemidesmosomes (arrows), and underlying reticular fibers of the reticular lamina typically comprise
a basement membrane sometimes visible with the light microscope. X80,000.

Basal laminae are found not only in epithelial tissues but also where other cell types come into contact with connective tissue. Muscle cells, adipocytes, and Schwann
cells secrete laminin, type IV collagen, and other components that provide a barrier limiting or regulating exchanges of macromolecules between these cells and
connective tissue.

Basal laminae have many functions. In addition to simple structural and filtering functions, they are also able to influence cell polarity; regulate cell proliferation and
differentiation by binding and concentrating growth factors; influence cell metabolism and survival; organize the proteins in the adjacent plasma membrane (affecting
signal transduction); and serve as pathways for cell migration. The basal lamina seems to contain the information necessary for many cell-to-cell interactions, such as
the reinnervation of denervated muscle cells. The presence of the basal lamina around a muscle cell is necessary for the establishment of new neuromuscular
junctions.

The term basement membrane is used to specify a periodic acid—Schiff (PAS)-positive layer, visible with the light microscope beneath epithelia (Figure 4-3). The
basement membrane is formed by the combination of a basal lamina and a reticular lamina and is therefore thicker. The terms basement membrane and basal lamina
are often used indiscriminately, causing confusion. In this book, "basal lamina" is used to denote the lamina densa and its adjacent layers and structures seen with the

TEM. "Basement membrane” is used to denote the structures seen with the light microscope.

Figure 4-3.
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Basement membranes.

This section of kidney shows the typical basement membranes (arrows) of several tubules and of structures within the single glomerulus included here. In renal glomeruli
the basement membrane, besides having a supporting function, has an important role as a filter. X100. Picrosirius-hematoxylin (PSH).

Intercellular Adhesion & Other Junctions

Several membrane-associated structures contribute to adhesion and communication between cells. They are present in most tissues but are particularly numerous and
prominent in epithelia and will be described here. Epithelial cells are extremely cohesive and relatively strong mechanical forces are necessary to separate them.
Intercellular adhesion is especially marked in epithelial tissues that are subjected to traction and pressure (eg, in the skin).

The lateral membranes of epithelial cells exhibit several specialized intercellular junctions. Various junctions serve to function as:
B Seals to prevent the flow of materials between the cells (occluding junctions)
B Sjtes of adhesion (adhesive or anchoring junctions)
B Channels for communication between adjacent cells (gap junctions).

In several epithelia such junctions are present in a definite order from the apical to the basal ends of the cells.

Tight junctions, or zonulae occludens (singular, zonula occludens), are the most apical of the junctions. The Latin terminology gives important information
about the geometry of the junction. "Zonula" indicates that the junctions form bands completely encircling each cell, and “occludens" refers to the membrane fusions
that close off the space between the cells. In properly stained thin sections viewed in the TEM, the adjacent membranes appear tightly apposed or fused (Figures 4—4
and 4-5). The seal between the membranes is due primarily to direct interactions between the transmembrane protein claudin on each cell. After cryofracture (Figure
4-6), the replicas show these fusion sites as a band of branching strands around each cell. The number of these sealing strands or fusion sites is inversely correlated
with the leakiness of the epithelium. Epithelia with one or very few fusion sites (eg, proximal renal tubule) are more permeable to water and solutes than are epithelia
with numerous fusion sites (eg, the lining of the urinary bladder). Thus, the principal function of the tight junction is to form a seal that prevents the flow of materials
between epithelial cells (the paracellular pathway) in either direction. In this way, zonulae occludens in sheets of epithelial cells help form two functional
compartments: an apical compartment that is composed of an organ cavity (such as the lumen of a secretory unit or the gut) and a basal compartment that begins at

the junctions and encompasses the underlying tissue.

Figure 4—4.
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Junctional complexes of epithelial cells.

Three cuboidal epithelial cells, emptied of their contents, show the four major types of junctional complexes between cells. The tight junction (zonula occludens) and
adherent junction (zonula adherens) are typically close together and each forms a continuous ribbon around the cell's apical end. Multiple ridges of the tight, occluding
junctions prevent passive flow of material between the cells, but are not very strong; the adhering junctions immediately below them serve to stabilize and strengthen
these circular bands around the cells and help hold the layer of cells together. Both desmosomes and gap junctions make spotlike plaques between two cells. Bound to
intermediate filaments inside the cells, desmosomes form very strong attachment points which supplement the role of the zonulae adherens and play a major role to
maintain the integrity of an epithelium. Gap junctions, each a patch of many connexons in the adjacent cell membranes, have little strength but serve as intercellular
channels for flow of molecules. All of these junctional types are also found in certain other cell types besides epithelia.

Figure 4-5.
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Junctional complex as seen in the TEM.

A section showing the apical regions of two epithelial cells reveals a junctional complex with its zonula occludens (ZO), zonula adherens (ZA), and a desmosome (D). The
major components of zonula occludens are each cell's transmembrane proteins called claudins which make tight contact across the intercellular space, creating a seal. The
cytoplasmic electron-dense material at the zonula adherens includes cadherins, catenin, actin-binding proteins and actin filaments, but that of the desmosomes consists of
a plaque of "anchoring proteins," such as plakophilin, plakoglobin, and desmoplakin, which are bound by intermediate filaments primarily those composed of keratins.
X80,000.

Figure 4—6.
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View of zonula occludens after cryofracture.
In this electron micrograph of an epithelial cell after cryofracture, the fracture crosses through the cytoplasm in the lower portion, then shows a region of relatively smooth

cell membrane, above which are the ridges and grooves of the zonula occludens. The membranes of adjoining cells basically fuse in the zonula occludens caused by tight
interaction between claudins. X100,000.

Besides forming a seal between compartments on either side of an epithelium, the zonulae occludens of epithelial cells help prevent the integral membrane proteins of
the apical surface from being transferred to the basolateral surface and vice versa. This allows the two sides of the epithelium to maintain different receptors and
function differently.

The next type of junction is the adherent junction or zonula adherens (Figures 4—4 and 4-5). This junction also encircles the cell, usually immediately below the
zonula occludens, and provides for the firm adhesion of one cell to its neighbors. Adhesion is mediated by transmembrane glycoproteins of each cell, the cadherins,
which lose their adhesive properties in the absence of Ca?*. Inside the cell, cadherins bind the protein catenin which is linked by means of actin-binding proteins to
actin filaments, all of which produce electron-dense plaques of material on the cytoplasmic surfaces of adherent junctions. The numerous actin filaments form part of
the terminal web, a cytoskeletal feature at the apical pole in many epithelial cells with a role in cytoplasmic motility and other functions.

Another junction specialized for adhesion is the desmosome or macula adherens (L. macula, spot). As the names imply, this junctional type resembles a single
“spot-weld" and does not form a belt around the cell. The desmosome is a disk-shaped structure at the surface of one cell that is matched with an identical structure at
the surface of an adjacent cell (Figures 4—4 and 4-5). Between cell membranes at a desmosome are variable amounts of electron-dense material, principally larger
members of the cadherin family. On the cytoplasmic side of each cell membrane these cadherin-type proteins inset into a dense attachment plaque of anchoring
proteins (plakophilin, plakoglobin, and desmoplakin) which bind intermediate filaments rather than actin filaments. Cable-like filaments of cytokeratin are most
common in desmosomes of epithelia. Because intermediate filaments of the cytoskeleton are very strong, desmosomes provide firm adhesion among the cells. In
nonepithelial cells, the intermediate filaments attached to desmosomes are composed of other proteins, such as desmin or vimentin.

Gap or communicating junctions can occur almost anywhere along the lateral membranes of epithelial cells, but are also found between cells in nearly all
mammalian tissues. With conventional TEM, gap junctions appear as regions where adjacent cell membranes are closely apposed (Figure 4—7a). After cryofracture,
these junctions are seen as aggregated transmembrane protein complexes that form circular patches in the plasma membrane (Figure 4-7b).

Figure 4—7.
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Gap junctions.

(a): The diagram of a gap junction (oblique view) depicts the structural elements that allow the exchange of nutrients and signal molecules between cells without loss of
material into the intercellular space. The communicating channels are formed by pairs of abutting particles (connexons), which are in turn composed of six dumbbell-
shaped protein subunits (connexins) that span the lipid bilayer of each cell membrane. The channel passing through the cylindrical bridges (arrow) is about 1.5 nm in
diameter, limiting the size of the molecules that can pass through it. (b): A cryofracture preparation shows a gap junction between epithelial cells. The junction appears as
a plaquelike agglomeration of intramembrane protein particles, the connexons. X45,000. (c): A section through a gap junction between two cells shows that the two cell
membranes are very closely apposed, separated only by a 2-nm-wide electron-dense space. Individual connexons are not resolved in cell sections. X193,000. (Figure 4-7c,
with permission, from Mary C. Williams, Pulmonary Center, Boston University School of Medicine.)

The proteins of gap junctions, called connexins, form hexameric complexes called connexons, each of which has a central hydrophilic pore about 1.5 nm in
diameter. When two cells attach, connexins in the adjacent cell membranes move laterally and align to form connexons between the two cells (Figure 4—4), with each
gap junction having dozens or hundreds of aligned pairs of connexons. Gap junctions permit the rapid exchange between cells of molecules with small (<1.5 nm)
diameters. Some molecules mediating signal transduction, such as cyclic AMP, cyclic GMP, and ions, move readily through gap junctions, allowing cells in many tissues
to act in a coordinated manner rather than as independent units. A good example is heart muscle, where abundant gap junctions are greatly responsible for the heart's
coordinated beat.

In the contact area between epithelial cells and the subjacent basal lamina, hemidesmosomes (Gr. hemi, half, + desmos + soma) can often be observed
ultrastructurally. These adhesive structures resemble a half-desmosome and bind the cell to the basal lamina (Figure 4-2). However, while in desmosomes the
attachment plaques contain cadherins, in hemidesmosomes the plaques contain abundant integrins, transmembrane proteins that are receptor sites for the
extracellular macromolecules laminin and collagen type V.

Blood vessels do not normally penetrate an epithelium and nutrients for the epithelial cells must pass out of the capillaries in the underlying lamina propria. These
nutrients then diffuse across the basal lamina and are taken up through the basolateral surfaces of the epithelial cell, usually by an energy-dependent process.
Receptors for chemical messengers (eg, hormones, neurotransmitters) that influence the activity of epithelial cells are localized in the basolateral membranes. In
absorptive epithelial cells, the apical cell membrane contains, as integral membrane proteins, enzymes such as disaccharidases and peptidases, which complete the

digestion of molecules to be absorbed.

SPECIALIZATIONS OF THE APICALCELL SURFACE

The free or apical surface of many types of epithelial cells has specialized structures to increase the cell surface area or to move substances or particles bound to the

epithelium.

Microvilli

When viewed in the electron microscope, many cells are seen to have cytoplasmic projections. These projections may be short or long fingerlike extensions or folds
that pursue a sinuous course, and they range in number from a few to many. Most are temporary, reflecting cytoplasmic movements and the activity of actin
filaments.

In absorptive cells, such as the lining epithelium of the small intestine, the apical surface presents orderly arrays of many hundreds of more permanent microvilli (L.
villus, tuft) (Figure 4-8). The average microvillus is only about 1 km high and 0.08 m wide, but with hundreds or thousands present on the end of each absorptive cell,
the total surface area can be increased as much as 20- or 30-fold. In these absorptive cells the glycocalyx is thicker than that of most cells and includes enzymes for
the final stages of certain macromolecules' breakdown. The complex of microvilli and glycocalyx is easily seen in the light microscope and is called the brush or

striated border.

Figure 4-8.
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Microvilli.

Absorptive cells lining the small intestine demonstrate microvilli particularly well. (a): With the light microscope microvilli at the apical side of the epithelium are usually
faintly visible and make up the so-called striated border of the cells. (b): Individual microvilli are better seen by the TEM with a slightly higher magnification. Scattered
endocrine cells (E) in this epithelium do not extend to the apical surface and lack microvilli. (c): At higher magnification the bundles of vertical microfilaments constituting
the core of each microvillus are clearly seen. Below the microvilli is the terminal web, a horizontal network of actin microfilaments and associated proteins including
myosins. On the plasmalemma of the microvilli is a thick extracellular cell coat (glycocalyx) containing glycoproteins and enzymes that allow the final stages of digestion to
be linked to the uptake of digestion products across the cell membrane. The inset of cross-sectioned microvilli shows the internal disposition of the bundled actin filaments,
the surrounding cell membrane, and the glycocalyx. X45,000. (d): The diagram indicates important proteins in a microvillus: the actin filaments cross-linked to one
another by proteins such as fimbrin and villin and bound to the plasma membrane by proteins such as myosin I. The actin filaments are oriented in the same direction,
with their plus ends associated with amorphous material at the tip of the microvillus.

Within each microvillus are bundles of actin filaments (Figure 4—8c,d) cross-linked to each other and to the surrounding plasma membrane by other proteins. These
filaments insert into the actin filaments of the terminal web. The array of microfilaments stabilizes the microvillus and allows it to contract slightly and intermittently

which helps maintain optimal conditions for absorption across its plasmalemma.

Stereocilia
Stereocilia are long apical processes of cells in other absorptive epithelia such as that lining the epididymis (Figure 4—9) and ductus deferens. These structures are
much longer and less motile than microvilli, are branched, and should not be confused with true cilia. Like microvilli, stereocilia also increase the cells' surface area,

facilitating the movement of molecules into and out of the cell.

Figure 4—9.
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Stereocilia.

At the apical ends of the tall epithelial cells lining organs such as the epididymis (shown here) are numerous very long stereocilia, which increase the surface area available
for cellular absorption. Each stereocilium is typically much longer than a microvillus and may show a branching structure. Stereocilia have cytoplasmic actin filament
bundles and external cell coats similar to those of microvilli. X400. H&E.

Cilia

Cilia are elongated, highly motile structures on the surface of some epithelial cells, 5-10 m long and 0.2 km in diameter, which is much longer and two times wider
than a typical microvillus. As discussed in Chapter 2, each cilium is bounded by the cell membrane and contains an axoneme with a central pair of microtubules
surrounded by nine peripheral microtubular pairs (Figure 4-10). Cilia are inserted into basal bodies, which are electron-dense structures at the apical pole just below
the cell membrane (Figure 4-10). Basal bodies have a structure similar to that of centrioles. In living organisms, cilia exhibit rapid back-and-forth movements
coordinated to propel a current of fluid and suspended matter in one direction over the ciliated epithelium. The motion occurs due to activity of ciliary dynein present
on the peripheral microtubular doublets of the axoneme, with adenosine triphosphate (ATP) as the energy source. A ciliated cell of the trachea lining is estimated to
have about 250 cilia. Flagella, present in the human body only in spermatozoa (Chapter 21), are similar in structure to cilia but are much longer and are normally




limited to one flagellum per cell.

Figure 4-10.
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Cilia.

TEMs of the apical portions of cells lining the respiratory tract show very well-developed cilia. (a): By light microscopy cilia usually appear as long, somewhat tangled
projections. X400. Mallory trichrome. (b): TEM of cilia sectioned longitudinally reveals the axoneme of each, with arrowheads on the left side showing the central and
peripheral microtubules. The arrowhead at right indicates the plasma membrane surrounding a cilium. At the base of each cilium is a basal body (B) from which it grows.
Much shorter microvilli (MV) can be seen between the cilia. X59,000. Inset: Cilia seen in cross section clearly show the 9 + 2 array of the axoneme microtubules in each
cilium. X80,000.

TYPES OF EPITHELIA

Epithelia can be divided into two main groups according to their structure and function: covering (or lining) epithelia and glandular epithelia. This is an arbitrary
division, for there are lining epithelia in which all the cells secrete (eg, the lining of the stomach) or in which glandular cells are distributed among the lining cells (eg,
mucous cells in the small intestine or trachea).

Covering or Lining Epithelia

Covering epithelia are tissues in which the cells are organized in layers that cover the external surface or line the cavities of the body. They are classified according to
the number of cell layers and the morphologic features of the cells in the surface layer (Table 4-2). Simple epithelia contain only one layer of cells and stratified
epithelia contain more than one layer.

Table 4—2. Common types of covering epithelia in the human body.

Number of Cell Layers Cell Form Examples of Distribution Main Function
Simple (one layer) Squamous Lining of vessels (endothelium). Serous Facilitates the movement of the viscera (mesothelium),
lining of cavities; pericardium, pleura, active transport by pinocytosis (mesothelium and
peritoneum (mesothelium). endothelium), secretion of biologically active molecules
(mesothelium).
Cuboidal Covering the ovary, thyroid. Covering, secretion.
Columnar Lining of intestine, gallbladder. Protection, lubrication, absorption, secretion.
Pseudostratified (layers of cells with nuclei Lining of trachea, bronchi, nasal cavity. Protection, secretion; cilia-mediated transport of particles
at different levels; not all cells reach trapped in mucus out of the air passages.
surface but all adhere to basal lamina)
Stratified (two or more layers) Squamous Epidermis. Protection; prevents water loss.

keratinized (dry)




Number of Cell Layers Cell Form Examples of Distribution Main Function

Squamous Mouth, esophagus, larynx, vagina, anal Protection, secretion; prevents water loss.
nonkeratinized canal.
(moist)
Cuboidal Sweat glands, developing ovarian Protection, secretion.
follicles.
Transitional Bladder, ureters, renal calyces. Protection, distensibility.
Columnar Conjunctiva. Protection.

Based on cell shape, simple epithelia are classified as squamous (thin cells), cuboidal (cells roughly as thick as they are wide) or columnar (cells taller than they
are wide) Examples of simple epithelia are shown in Figures 4-11, 4-12, and 4-13.

Figure 4—-11
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Simple squamous epithelia.

In simple squamous epithelium, cells of the single layer are flat and usually very thin, with only the thicker cell nucleus appearing as a bulge to denote the cell. Simple
epithelia are typically specialized as lining of vessels and cavities and regulate substances which can enter underlying tissue from the vessel or cavity. The thin cells often
exhibit transcytosis. Examples shown here are those lining the renal loops of Henle (a), the mesothelium lining a mesentery (b), and the endothelium lining the inner
surface of the cornea (c). Endothelium and mesothelium are nearly always simple squamous. All X400. H&E.

Figure 4—12.
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Simple cuboidal epithelium.

Cells of simple cuboidal epithelia vary in their height but are roughly as tall as they are wide. Their greater thickness often includes cytoplasm rich in mitochondria providing

energy for a high level of active transport of substances across the epithelium. Examples of simple cuboidal epithelia shown here are from a renal collecting tubule (a), a
pancreatic duct (b), and the mesothelium covering an ovary (c). All X400. H&E.

Figure 4—-13.
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Simple columnar epithelium.

Cells of simple columnar epithelia are taller than they are wide. Such cells are usually highly specialized for absorption, with microvilli, and often have interspersed secretory
cells or ciliated cells. Such epithelial cells always have tight and adherent junctional complexes at their apical ends, but are often loosely associated in more basolateral
areas. This allows for rapid transfer of absorbed material to the space between the cells rather than transport the full length of the cells. The additional cytoplasm in
columnar cells allows additional mitochondria and other organelles needed for absorption and processing. The examples shown here are from a renal collecting duct (a), the
oviduct lining, with both secretory and ciliated cells (b), and the lining of the gall bladder (c). All X400. H&E.

Stratified epithelia are classified according to the cell shape of the superficial layer(s): squamous, cuboidal, columnar, and transitional.

The very thin surface cells of stratified squamous epithelia can be "keratinized" (rich in keratin intermediate filaments) or "nonkeratinized" (with relatively sparse
amounts of keratin). Stratified squamous keratinized epithelium is found mainly in the epidermis of skin. Its cells form many layers, and the cells closer to the
underlying connective tissue are usually cuboidal or low columnar. The cells become irregular in shape and flatten as they accumulate keratin in the process of
keratinization and are moved progressively closer to the surface, where they become thin, metabolically inactive packets (squames) of keratin lacking nuclei. This
surface layer of cells helps protect against water loss across this epithelium. (See Chapter 18 for more detailed information on skin.) Stratified squamous
nonkeratinized epithelium (Figure 4—-14) lines wet cavities (eg, mouth, esophagus, and vagina). In such areas where water loss is not a problem, the flattened cells
of the epithelial surface layer are living cells containing much less keratin and retaining their nuclei.

Figure 4—14.
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Stratified epithelia.

Stratified squamous epithelia have protective functions: protection against easy invasion of underlying tissue by microorganisms and protection against water loss. In the
skin, protection against water loss and desiccation is particularly important and the epithelium is keratinized. As epidermal cells of the skin (a) differentiate they become
filled with keratin and other substances and eventually lose their nuclei and other organelles. The superficial flattened squames form a layer which impedes water loss and
eventually slough off and are replaced from below. Keratinization will be discussed fully in Chapter 18. Epithelia lining many internal surfaces such as the esophagus (b), or
covering the cornea (c) are considered nonkeratinized because the differentiating cells accumulate much less keratin and retain their nuclei. Such epithelia still provide
protection against microorganisms, but do not fill with keratin because water loss is less of an issue. Stratified cuboidal or columnar epithelia are fairly rare, but are found in
excretory ducts of some glands (d) where the double layer of cells apparently provides a more robust lining than a simple epithelium would. All X400; (b) PT, (a, ¢, and d)
H&E.

Stratified cuboidal and stratified columnar epithelia are rare. Stratified columnar epithelium can be found in the conjunctiva lining the eyelids, where it is both
protective and mucus secreting. Stratified cuboidal epithelium is restricted to large excretory ducts of sweat and salivary glands, where it apparently provides a lining
more robust than that of a simple epithelium.

Transitional epithelium or urothelium, which lines only the urinary bladder, the ureter, and the upper part of the urethra, is characterized by a superficial layer of
domelike cells that are neither squamous nor columnar (Figure 4-15). These cells, sometimes called umbrella cells, are essentially protective against the hypertonic
and potentially cytotoxic effects of urine. Importantly, the form of the surface cells changes according to the degree of distention of the bladder wall. This type of
epithelium is discussed in detail in Chapter 19.

Figure 4-15.
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Transitional epithelium or urothelium.

Stratified transitional epithelium lining the urinary bladder has rounded or dome-shaped superficial cells with two unusual features. The surface cells have specialized
membranes and are able to withstand the hypertonic effects of urine and protect underlying cells from this toxic solution. Cells of transitional epithelium are also able to
adjust their relationships with one another as the bladder fills and the wall is stretched, so that the transitional epithelium of a full, distended bladder seems to have fewer
cell layers than that of an empty bladder. These unique features of urothelium will be discussed more fully in Chapter 19. X400. H&E.

In addition to these various stratified epithelia, there is another type classified as pseudostratified columnar epithelium, so called because all cells are attached to
the basal lamina even though their nuclei lie at different levels in the epithelium and the height of some cells does not extend to the surface. The best-known example
of pseudostratified columnar epithelium is that lining the passages of the upper respiratory tract (Figure 4-16). The columnar cells of this epithelium are also heavily
ciliated.

Figure 4-16.
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Pseudostratified epithelium.

Cells of pseudo-stratified epithelia appear to be in layers, but the basal ends of the cells are all in contact with the basement membrane, which is often very thick in these
epithelia. The best example of this epithelial type is the pseudostratified ciliated columnar epithelium of the upper respiratory tract, which contains cell types with their
nuclei at different levels that give the false appearance of cellular stratification. This epithelium is discussed in detail in Chapter 17. X400. H&E.

Glandular Epithelia

Glandular epithelia are formed by cells specialized to secrete. The molecules to be secreted are generally stored in the cells in small membrane-bound vesicles called
secretory granules.

Glandular epithelial cells may synthesize, store, and secrete proteins (eg, in the pancreas), lipids (eg, adrenal, sebaceous glands), or complexes of carbohydrates and
proteins (eg, salivary glands). Mammary glands secrete all three substances. The cells of some glands have low synthetic activity (eg, sweat glands) and secrete




mostly water and electrolytes transferred into the gland from the blood.

The epithelia that form glands can be classified according to various criteria. Unicellular glands consist of large isolated secretory cells and multicellular glands have
clusters of cells. The classic unicellular gland is the goblet cell in the lining of the small intestine (Figure 4—-17) or respiratory tract. The term "gland," however, is
usually used to designate large aggregates of secretory epithelial cells, such as in the salivary glands and the pancreas.

Figure 4-17.
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Goblet cells: unicellular glands.

A section of epithelial lining of the large intestine shows scattered goblet cells secreting mucus to the extracellular space (a): With the stain for glycoproteins used here,
both the mucus precursor stored in cytoplasmic graules of the goblet cells as well as the secreted mucus are stained dark blue. X400. PAS-PT. (b): Ultrastructurally a goblet
cell shows a basal nucleus surrounded by RER (R), a large Golgi complex (G) just above the nucleus, and an apical end filed with large secretory granules (SG) containing
mucins. This highly viscous material is secreted by exocytosis and is then hydrated to form mucus in the lumen lined by microvilli (M). X17,000.

Glands develop during fetal life from covering epithelia by means of cell proliferation and invasion of the subjacent connective tissue, followed by further differentiation
(Figure 4-18). Exocrine glands retain their connection with the surface epithelium, the connection taking the form of tubular ducts lined with epithelial cells through
which the secretions pass to the surface. Endocrine glands have lost their connection to the surface from which they originated during development. These glands

are therefore ductless and their secretions are picked up and transported to their sites of action by the bloodstream rather than by a duct system. Multicellular glands,
whether exocrine or endocrine, also have connective tissue in a surrounding capsule and in septa that divide the gland into lobules. These lobules then subdivide, and

in this way the connective tissue separates and binds the glandular components together (Figure 4-19).

Figure 4—18.
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Formation of glands from covering epithelia.
During fetal development epithelial cells proliferate and penetrate the underlying connective tissue. They may—or may not—maintain a connection with the surface
epithelium. When the connection is maintained, exocrine glands are formed; with the connection lost, endocrine glands are formed. Exocrine glands secrete to the body
surface or gut via duct systems formed from the epithelial connection. The cells of endocrine glands, which secrete hormones (see Chapter 20) can be arranged in cords or
in follicles with lumens for storing the secretory product. From either the cords (left) or follicles (right) of endocrine cells, the secretory product is released outside the cells
and picked up by the blood vessels for distribution throughout the body.

Figure 4—19.
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General structure of exocrine glands.
Exocrine glands by definition have ducts that lead to an organ or body surface. Inside the gland the duct runs through connecting septa and branches repeatedly, until its

smallest branches end in the secretory portions of the gland.

Exocrine glands have a secretory portion, which contains the cells specialized for secretion, and ducts, which transport the secretion out of the gland. The
morphology of these components allows the glands to be classified according to the scheme shown in Figure 4-20 and summarized as follows:

B Ducts can be simple (unbranched) or compound (with two or more branches).

B Secretory portions can be tubular (either short or long and coiled) or acinar (round or globular).

B Ejther type of secretory portion may be branched.

B Compound glands can have tubular, acinar, or tubuloacinar secretory portions.

Figure 4—20.
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Structural classes of exocrine glands.
(a): Simple glands have unbranched ducts, although the ducts may be short or long and coiled. The secretory portions attached to these ducts may themselves be
branched. The secretory portions are either tubular, if more or less cylindrical in shape, or acinar, if bulbous or saclike. (b): If the ducts branch to serve multiple secretory
units, the gland is compound. On compound glands, the secretory units may be all tubular, all acinar, or a combination of the two shapes.




Exocrine glands are also classified functionally according to the way the secretory products leave the cell (Figure 4-21):
B Merocrine secretion (sometimes called eccrine) involves typical exocytosis of proteins or glycoproteins. This is the most common mode of secretion.

B Holocrinesecretion involves the cell filling with secretory product and then the whole cell being disrupted and shed. This is best seen in the sebaceous
glands of skin (Figure 4-22).

B |n an intermediate type, apocrinesecretion, the secretory product is typically a large lipid droplet and is discharged together with some of the apical
cytoplasm and plasmalemma (Figure 4-23).

Figure 4—21.
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Functional classification of exocrine glands.

Different cellular secretion processes are used in exocrine glands, depending on what substance is being secreted. (a): Merocrine glands secrete products, usually
containing proteins, by means of exocytosis at the apical end of the secretory cells. Most exocrine glands are merocrine. (b): Holocrine gland secretion is produced by the
disintegration of the secretory cells themselves as they complete differentiation which involves becoming filled with product. Sebaceous glands of hair follicles are the best
examples of holocrine glands. (c): Apocrine gland secretion involves loss of a large membrane-enclosed portion of apical cytoplasm, usually containing one or more lipid
droplets. This apical portion of the cell may subsequently break down to release its contents during passage into the duct. Apocrine secretion, along with merocrine
secretion, is seen in mammary glands.

Figure 4—-22.
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Holocrine secretion in a sebaceous gland.

In holocrine secretion, best seen in the sebaceous gland adjacent to hair follicles, entire cells fill with a product and are released during secretion. Undifferentiated cells
deep and peripheral in the gland fill with lipid-rich granules and become metabolically inactive as they mature and move upward and toward the gland's center. When
terminally differentiated, the cells separate and quickly disintegrate to form the secretion which serves to protect and lubricate adjacent skin and hair. Sebaceous glands
lack myoepithelial cells; cell proliferation inside a dense, inelastic connective tissue capsule continuously forces product into the duct. X200. H&E.

Figure 4—-23.
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Apocrine secretion in the mammary gland.

The secreting portions of a mammary gland demonstrate apocrine secretion and are characterized by the discharge of the secretion product with a pinched off portion of the
apical cytoplasm (arrows). The released portion of cell contains lipid droplet(s). Merocrine secretion also occurs from the same and other cells of the secretory units. X400.

PSH.

Exocrine glands with merocrine secretion can be further categorized as either serous or mucous according to the nature of the proteins or glycoproteins secreted and
the resulting staining properties of the secretory cells. The acinar cells of the pancreas and parotid salivary glands are examples of the serous type which secrete
digestive enzymes. The basal ends of serous cells have well-developed RER and Golgi complexes and the cells are filled apically with secretory granules in different
stages of maturation (Figure 4—24). Serous cells therefore stain intensely with any basophilic or acidophilic stain.




Figure 4—-24.
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Serous cells.

Serous acinar cells of the exocrine pancreas are arranged in small acini of 5-10 cells with a very small central lumen. Each acinar cell is roughly pyramid-shaped, with its
apex at the lumen. (a): As seen by light microscopy, the apical ends are eosinophilic due to the abundant immature and mature secretory granules present there. The cells
basal ends contain the large rounded nuclei and an abundance of rough ER, making the cells highly basophilic basally. X200. PT. (b): A portion of one acinar cell is shown
ultrastructurally, indicating the abundant RER, Golgi complexes, and secretory granules and the very small size of the acinus lumen. X13,000. Secretion here is merocrine
and typically the mature zymogen granules, filled with digestive enzymes, remain in the apical cell region until the cell is stimulated to secrete. Other cells secrete
constitutively, with small granules undergoing exocytosis as soon as they emerge fully formed from the Golgi apparatus.

Mucous cells, such as goblet cells, while also rich in RER and Golgi complexes are filled apically with secretory granules containing strongly hydrophilic glycoproteins
called mucins. When mucins are released from the cell, they become hydrated and form mucus, a viscous, elastic, protective lubricant material. Mucin-containing
granules stain well with the periodic acid-Schiff (PAS) method for glycoproteins (Figure 4—17a), but are not intensely acidophilic like zymogen granules of serous cells
(Figure 4—25). Mucous cells of large glands are organized as secretory tubules and in mixed seromucous salivary glands crescent-shaped clumps of serous cells

frequently share the ends of the tubules as serous demilunes (Figure 4-26).

Figure 4—-25.




Source: Mescher AL: Jungueira’s Basic Histology: Text and Atias,
12th Edition: http://www.accessmedicine.com

Copyright @ The McGraw-Hill Companies, Inc. All rights reserved.

Mucous cells.

Mucous cells are typically larger than serous cells, with more flattened basal nuclei. The apical region and most of the other cytoplasm of each mucous cell is filled with
secretory granules containing mucin like that of goblet cells. The basal region contains the RER, nucleus, and a well-developed Golgi apparatus. The RER and Golgi are very
rich in enzymes called glycosyltransferases, which attach sugars to polypeptide chains to make glycoproteins. Mucus contains many glycoproteins with important water-
binding properties. The lumens (small arrows) of mucous tubules are larger than those of serous acini. The large arrow indicates a secretory duct. X200. PT. Other types of
mucous cells are found in the stomach, the various salivary glands, the respiratory tract, and the genital tract. These cells show great variability in both their morphologic
features and in the chemical nature of their secretions.

Figure 4—26.
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Seromucous, compound tubuloacinar gland.

The submandibular salivary glands have both mucous and serous secretory units, typically shaped as acini and tubules respectively. Clumps of serous cells at the ends of
some mucous tubules appear as crescent-shaped structures called serous demilunes. At the left is seen a striated duct whose cells' basal membranes are folded into

long folds with many mitochondria, an arrangement specialized for ion transport across the epithelium. X400. PT.

Several exocrine glands (eg, sweat, lachrymal, salivary, and mammary glands) contain stellate or spindle-shaped myoepithelial cells located between the basal
lamina and the basal pole of secretory or duct cells (Figure 4-27). Long processes of these cells embrace an acinus as an octopus might embrace a rounded boulder.
Along ducts they are more longitudinally arranged. Myoepithelial cells are connected to each other and to the epithelial cells by both gap junctions and desmosomes.
These cells are specialized for contraction, containing myosin and a large number of actin filaments. Their major function is to contract around the secretory or

conducting portion of the gland and thus help propel secretory products into the duct.

Figure 4-27.
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Myoepithelial cells.

(a): Portion of a salivary gland acinus shows two secretory cells with secretory granules. A myoepithelial cell (M) embraces the acinus with contractile processes. X20,000.
(b): A myoepithelial cell immunostained against smooth muscle actin shows its association with an entire acinus. Contraction of the myoepithelial cell compresses the
acinus and aids in the expulsion of secretory products into the duct. X200. H&E counterstain.

Endocrine glands are the producers of hormones, which are generally polypeptide or lipid-derived factors that are released into the interstitial fluid. Hormones diffuse
into the blood for circulation and bind specific receptors on target cells elsewhere in the body, often within other endocrine glands. The receptors may also be on cells
very close to the hormone-secreting cells or on the secreting cell itself; in these cases the cellular signaling is termed paracrine or autocrine, respectively.
Hormones can be secreted from single cells that are sparsely distributed or from cells with other major functions, such as certain cardiac muscle cells. In the large
endocrine glands the parenchymal cells form strands or cords interspersed between dilated capillaries (eg, the adrenal cortex; see Figure 4—18) or can line a follicle
filled with stored secretory product (eg, the thyroid gland; Figure 4-18). Some endocrine glands have cells releasing more than one hormone.

Some organs such as the pancreas have both endocrine and exocrine functions, and in the liver one cell type may function both ways, secreting bile components into a

duct system, as well as releasing other products into the bloodstream.

TRANSPORT ACROSS EPITHELIA

As discussed in Chapter 2, all cells have the ability to actively transport certain ions against a concentration and electrical-potential gradient. An important example is
the active extrusion of Na* by means of Mgz*'—activated Na*/K*-ATPase (sodium pump), by which cells maintain the required low intracellular sodium concentration
(5-15 mmol/L vs. ~140 mmol/L in extracellular fluid).

Some epithelial cells actively transfer ions and fluid across the epithelium, from its apex to its base or vice-versa; this is known as transcellular transport (Figure
4-28). For transport in either direction, the tight junctions play an important role in the transport process, sealing the apical portions of the epithelium and preventing
back-diffusion of materials already transported across the epithelium. A well-studied site of epithelial transport is the proximal renal tubule cell, where the apical
surface is freely permeable to Na™ in the lumen. To maintain electrical and osmotic balance, equimolar amounts of chloride and water follow the Na* ion into the cell.
The basal surfaces of these cells are elaborately folded and many long invaginations of the basolateral membrane are seen in electron micrographs (Figure 4-29). In
addition, there is interdigitation of membrane folds between adjacent cells, all of which increase the surface area for transport. Sodium pumps are localized in both the
basal and the lateral plasma membranes and located between the folds are vertically oriented mitochondria that supply the ATP for the active extrusion of Na* from
the cell basally. Chloride and water again follow passively. In this way, sodium is returned to the circulation and is not lost in massive amounts in the urine.

Figure 4—-28.
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lon and water absorption and secretion.
lon and water transport across epithelia can occur in different directions, depending on which tissue is involved. (a): The direction of transport is from the lumen to the

blood vessel, as in the gallbladder and intestine. This process is called absorption, and serves to concentrate bile and obtain water and ions in these organs. (b): Transport

in the opposite direction, as in the choroid plexus, ciliary body, and sweat glands, is called secretion and serves to expel water from the interstitial fluid into specialized
aqueous fluids in these tissues. Whether the epithelia are absorbing or secreting water, the presence of apical occluding junctions is necessary to maintain tight

compartmentalization and consequent control over ion distribution.

Figure 4—29.
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Absorptive cells.

An ultrastructural diagram and TEM of epithelial cells highly specialized for absorption: cells of proximal convoluted tubule of the kidney. Long invaginations of the basal cell
membrane outline regions filled with vertically oriented mitochondria, a typical disposition present in ion-transporting cells. Interdigitations from neighboring cells interlock
with those of this cell. Immediately below the microvilli are junctional complexes between individual cells. The basolateral membranes can be discerned in continuity with
the junctional complexes. Apically are vesicles that have undergone pinocytosis, soon to fuse with lysosomes, as shown in the upper left portion of the diagram. Sodium
ions diffuse passively through the apical membranes of renal epithelial cells and are then actively transported out of the cells by Na*/K™ -ATPase located in the basolateral
membranes of the cells. Energy for this sodium pump is supplied by the nearby mitochondria. Immediately below the basal lamina is a capillary for removal of the water
absorbed across this part of the epithelium. X9600.

Extracellular molecules and fluid are also internalized in the cytoplasm of most cells by pinocytotic vesicles that form abundantly at the plasmalemma. This activity is
clearly observed in the simple squamous epithelia that line the blood and lymphatic capillaries (endothelia) or the body cavities (mesothelia). These cells have few
organelles other than the abundant pinocytotic vesicles, which cross the thin cells in both directions and secrete their contents on the opposite side by exocytosis. This
process, termed transcytosis, is not restricted to simple squamous epithelia. Uptake of material at the apical epithelial pole followed by exocytosis at the basolateral
surface occurs actively in many simple cuboidal and columnar epithelia and is important in various physiological processes.

RENEWAL OF EPITHELIAL CELLS

Epithelial tissues are relatively labile structures whose cells are renewed continuously by mitotic activity. The renewal rate is variable; it can be fast in tissues such as
the intestinal epithelium, which is replaced every week, or slow, as in the large glands. In stratified epithelial tissues, mitosis only occurs within the basal layer in
contact with the basal lamina. In some functionally complex epithelia, stem cells have been identified only in restricted niches some distance from the transit
amplifying cells and differentiating cells. For example, the epithelium lining the small intestine is derived completely from stem cells found in the simple glands
between the intestinal villi. In the epidermis, stem cells are located at a characteristic position along the wall of hair follicles.

MEDICAL APPLICATION

Both benign and malignant tumors can arise from most types of epithelial cells. A carcinoma (Gr. karkinos, cancer, + oma, tumor) is a malignant tumor of
epithelial cell origin. Malignant tumors derived from glandular epithelial tissue are usually called adenocarcinomas (Gr. adenos, gland, + karkinos); these
are by far the most common tumors in adults. In children up to age 10 years, most tumors develop (in decreasing order) from hematopoietic organs, nerve
tissues, connective tissues, and epithelial tissues. This proportion gradually changes, and after age 45 years, more than 90% of all tumors are of epithelial
origin.
Carcinomas composed of differentiated cells reflect cell-specific morphologic features and behaviors (eg, the production of keratins, mucins, and hormones).
Undifferentiated carcinomas are often difficult to diagnose by morphologic analysis alone. Since these carcinomas usually contain keratins, the detection of
keratins by immunocytochemistry often helps to determine the diagnosis and treatment of these tumors.
Epithelia are normally capable of rapid repair and replacement of apoptotic or damaged cells. In some large glands, most notably the liver, mitotic activity is normally
rare but is actively renewed following major damage to the organ. When a portion of liver tissue is removed surgically or lost by the acute effects of toxic substances,
cells of undamaged regions quickly begin active proliferation and normal functional mass of liver tissue is soon regenerated.

MEDICAL APPLICATION

Some epithelial cells are prone to abnormal growth called neoplasia that may lead to cancers. Neoplastic growth is reversible and does not always result in

cancer.

Under certain abnormal conditions, one type of epithelial tissue may undergo transformation into another type in another reversible process called
metaplasia, which is illustrated by the following examples.

In heavy cigarette smokers, the ciliated pseudo-stratified epithelium lining the bronchi can be transformed into stratified squamous epithelium.

In individuals with chronic vitamin A deficiency, epithelial tissues of the type found in the bronchi and urinary bladder are gradually replaced by stratified

squamous epithelium.

Metaplasia is not restricted to epithelial tissue; it may also occur in connective tissue.
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Streptococci

. OVERVIEW

Streptococci and staphylococci (see Chapter 8) constitute the main
groups of medically important gram-positive cocci. Streptococci are gram-
positive, nonmotile, and catalase negative. Clinically important genera
include Streptococcus and Enterococcus (Figure 9.1). They are ovoid to
spherical in shape and occur as pairs or chains (see Figure 9.16). Most
are aerotolerant anaerobes because they grow fermentatively even in the
presence of oxygen. Because of their complex nutritional requirements,
blood enriched medium is generally used for their isolation. Diseases
caused by this group of organisms include acute infections of the throat
and skin caused by group A streptococci (Streptococcus pyogenes);
female genital tract colonization, resulting in neonatal sepsis caused by
group B streptococci (Streptococcus agalactiae); pneumonia, otitis media,
and meningitis caused by Streptococcus pneumoniae; and endocarditis
caused by the viridans group of streptococci.

Il. CLASSIFICATION OF STREPTOCOCCI

Streptococci can be classified by several schemes, for example, by the
hemolytic properties of the organisms, and according to the presence of
specific surface antigens determined by immunologic assays.

A. Hemolytic properties on blood agar

a-Hemolytic streptococci cause a chemical change in the hemo-
globin of red cells in blood agar, resulting in the appearance of a
green pigment that forms a ring around the colony (see Figure 9.16).
B-Hemolytic streptococci cause gross lysis of red blood cells, result-
ing in a clear ring around the colony (see Figure 9.16). y-Hemolytic is
a term applied to streptococci that cause no color change or lysis of
red blood cells. The traditional division of streptococci based on the
ability of the bacterial colony to hemolyze erythrocytes in the blood
agar medium is still considered the first step in the classification of
streptococci.

B. Serologic (Lancefield) groupings

Many species of streptococci have a polysaccharide in their cell walls
known as C-substance, which is antigenic and easily extractable with
dilute acid. The Lancefield scheme classifies primarily -hemolytic
streptococci into groups A through U on the basis of their C-sub-
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stance. The clinically most important groups of B-hemolytic strepto-
cocci are Types A and B (Figure 9.2). Commercial kits in which group-
specific antisera are coupled to latex beads are now widely used for
identification of f-hemolytic streptococci.

lll. GROUP A B-HEMOLYTIC STREPTOCOCCI

S. pyogenes, the most clinically important member of this group of gram-
positive cocci, is one of the most frequently encountered bacterial
pathogens of humans worldwide. It can invade apparently intact skin or
mucous membranes, causing some of the most rapidly progressive
infections known. A low inoculum suffices for infection. Some strains of
S. pyogenes cause postinfectious sequelae, including rheumatic fever
and acute glomerulonephritis. Nasopharyngeal carriage is common
especially in colder months and particularly among children. Unlike
staphylococcal species, S. pyogenes does not survive well in the envi-
ronment. Instead, its habitat is infected patients and also normal human
carriers in whom the organism resides on skin and mucous mem-
branes. S. pyogenes is usually spread person to person by skin contact
and via the respiratory tract.

A. Structure and physiology

S. pyogenes cells usually form long chains when recovered from lig-
uid culture (see Figure 9.16), but may appear as individual cocci,
pairs, or clusters of cells in Gram stains of samples from infected ftis-
sue. Structural features involved in the pathology or identification of
group A streptococci include:

1. Capsule: Hyaluronic acid, identical to that found in human connec-
tive tissue, forms the outermost layer of the cell. This capsule is
not recognized as foreign by the body and, therefore, is nonim-
munogenic. The capsule is also antiphagocytic.

2. Cell wall: The cell wall contains a number of clinically important
components. Beginning with the outer layer of the cell wall, these
components include the following (Figure 9.3):

a. M protein: S. pyogenes is not infectious in the absence of M
protein. M proteins extend from an anchor in the cell mem-
brane, through the cell wall and then the capsule, with the N-
terminal end of the protein exposed on the surface of the
bacterium. M proteins are highly variable, especially the N-ter-
minal regions, resulting in over 80 different antigenic types.
Thus, individuals may have many S. pyogenes infections
throughout their lives as they encounter new M protein types for
which they have no antibodies. M proteins are antiphagocytic
and they form a coat that interferes with complement binding.

b. Group A-specific C-substance: This component is composed
of rhamnose and N-acetylglucosamine. [Note: All group A
streptococci, by definition, contain this antigen.]

c. Protein F (fibronectin-binding protein) mediates attachment to
fibronectin in the pharyngeal epithelium. M proteins and lipo-
teichoic acids also bind to fibronectin.
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3. Extracellular products: Like Staphylococcus aureus (see p. 70),
S. pyogenes secretes a wide range of exotoxins that often vary
from one strain to another and that play roles in the pathogenesis
of disease caused by these organisms (Figure 9.4).

. Epidemiology

The only known reservoir for S. pyogenes in nature is the skin and
mucous membranes of the human host. Respiratory droplets or skin
contact spreads group A streptococcal infection from person to per-
son, especially in crowded environments such as classrooms and
children’s play areas.

C. Pathogenesis

S. pyogenes cells, perhaps in an inhaled droplet, attach to the pharyn-
geal mucosa via actions of protein F, lipoteichoic acid, and M protein.
The bacteria may simply replicate sufficiently to maintain themselves
without causing injury in which case the patient is then considered col-
onized. Alternatively, bacteria may grow and secrete toxins, causing
damage to surrounding cells, invading the mucosa, and eliciting an
inflammatory response with attendant influx of white cells, fluid leak-
age, and pus formation. The patient then has streptococcal pharyngi-
tis. Occasionally, there is sufficient spread that the bloodstream is
significantly invaded, possibly resulting in septicemia and/or seeding
of distant sites, where cellulitis (acute inflammation of subcutaneous
tissue), fasciitis (inflammation of the tissue under the skin that covers a
surface of underlying tissue), or myonecrosis (death of muscle cells)
may develop rapidly or insidiously. However, direct inoculation of skin
from another person's infection is probably more common as the
pathogenesis of streptococcal skin and soft tissue infection.

. Clinical significance

S. pyogenes is a major cause of cellulitis. Other more specific syn-
dromes include:

1. Acute pharyngitis or pharyngotonsilitis: Pharyngitis is the most
common type of S. pyogenes infection. S. pyogenes pharyngitis
(“strep throat”) is associated with severe, purulent inflammation of
the posterior oropharynx and tonsillar areas (see Figure 9.16).
[Note: If a sunburnlike rash develops on the neck, trunk, and
extremities in response to the release of pyrogenic exotoxin to
which the patient does not have antibodies, the syndrome is des-
ignated scarlet fever.] Many strep throats are mild, and many sore
throats caused by viruses are severe. Hence, laboratory confirma-
tion is important for accurate diagnosis and treatment of streptococ-
cal pharyngitis, particularly for the prevention of subsequent acute
rheumatic fever and rheumatic heart disease.

2. Impetigo: Although S. aureus is recovered from most contemporary
cases of impetigo (see p. 72), S. pyogenes is the classic cause of
this syndrome. The disease begins on any exposed surface (most
commonly, the legs). Typically affecting children, it can cause
severe and extensive lesions on the face and limbs (see Figure
9.16). Impetigo is treated with a topical agent such as mupirocin, or
systemically with penicillin or a first-generation cephalosporin such
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Figure 9.5

Necrotizing fasciitis in a 59-year-old
woman.

as cephalexin, which are effective against both S. aureus and
S. pyogenes.

. Erysipelas: Affecting all age groups, patients with erysipelas

experience a fiery red, advancing erythema, especially on the
face or lower limbs (see Figure 9.16).

. Puerperal sepsis: This infection is initiated during, or following

soon after, the delivery of a newborn. It is caused by exogenous
transmission (for example, by nasal droplets from an infected car-
rier or from contaminated instruments) or endogenously, from the
mother’s vaginal flora. This is a disease of the uterine endo-
metrium in which patients experience a purulent vaginal dis-
charge and are systemically ill.

5. Invasive group A streptococcal disease: Common during the first

half of the century, invasive group A streptococcal (GAS) disease
became rare until its resurgence during the past decade. Patients
may have a deep local invasion either without necrosis (cellulitis)
or with it (necrotizing fasciitis/myositis) as shown in Figure 9.5.
[Note: The latter disease led to the term “flesh-eating bacteria.’]
Invasive GAS disease often spreads rapidly, even in otherwise
healthy individuals, leading to bacteremia and sepsis. Symptoms
may include a toxic shock—like syndrome, fever, hypotension, mul-
tiorgan involvement, a sunburnlike rash, or a combination of these
symptoms.

. Streptococcal toxic shock syndrome: This syndrome is defined

as isolation of group A B-hemolytic streptococci from blood or
another normally sterile body site in the presence of shock and
multiorgan failure. The syndrome is mediated by the production of
streptococcal pyrogenic exotoxins that function as superantigens
causing massive, nonspecific T-cell activation and cytokine
release. Patients may initially present with flulike symptoms, fol-
lowed shortly by necrotizing soft tissue infection, shock, acute res-
piratory distress syndrome, and renal failure. Treatment must be
prompt and includes antistreptococcal antibiotics, usually consist-
ing of high-dose penicillin G plus clindamycin.

7. Post-streptococcal sequelae

a. Acute rheumatic fever: This autoimmune disease occurs 2 to
3 weeks after the initiation of pharyngitis. It is caused by cross-
reactions between antigens of the heart and joint tissues, and
the streptococcal antigen (especially the M protein epitopes). It
is characterized by fever, rash, carditis, and arthritis. Central
nervous system manifestions are also common including
Sydenham's chorea, symptoms of which are uncontrolled
movement and loss of fine motor control. Rheumatic fever is
preventable if the patient is treated within the first 10 days fol-
lowing onset of acute pharynagitis.

b. Acute glomerulonephritis: This rare, postinfectious sequela
occurs as soon as 1 week after impetigo or pharyngitis
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ensues, due to a few nephritogenic strains of group A strepto-
cocci. Antigen—antibody complexes on the basement mem-
brane of the glomerulus initiate the disease. There is no
evidence that penicillin treatment of the streptococcal skin dis-
ease or pharyngitis (to eradicate the infection) can prevent
acute glomerulonephritis.

E. Laboratory identification i

"Positive

Rapid latex antigen kits for direct detection of group A streptococci
in patient samples are widely used. In a positive test, the latex parti-
cles clump together, whereas in a negative test, they stay separate,
giving the suspension a milky appearance (Figure 9.6). These tests
have high specificity but variable sensitivity compared with culture
techniques. Specimens from patients with clinical signs of pharyngi-
tis and a negative antigen detection test should undergo routine cul-
turing for streptococcal identification. Depending on the form of the
disease, specimens for laboratory analysis can be obtained from
throat swabs, pus and lesion samples, sputum, blood, or spinal fluid.
S. pyogenes forms characteristic small, opalescent colonies sur-
rounded by a large zone of B hemolysis on sheep blood agar (see
Figure 9.16). [Note: Hemolysis of the blood cells is caused by step-
tolysin S, which damages mammalian cells resulting in cell lysis.] E: # Negative
This organism is highly sensitive to bacitracin, and diagnostic disks
with a very low concentration of the antibiotic inhibit growth in cul-
ture. S. pyogenes is also catalase negative and optochin resistant.
Group A C-substance can be identified by the precipitin reaction.
Serologic tests detect a patient’s antibody titer to streptolysin O
(ASO test) after group A streptococcal infection. Anti-DNase B titers
(ADB test) are particularly elevated following streptococcal infec-
tions of the skin.

F. Treatment
Figure 9.6

Latex agglutination for identification
of group A B-hemolytic streptococci.

Antibiotics are used for all group A streptococcal infections. S. pyo-
genes has not acquired resistance to penicillin G, which remains the
antibiotic of choice for acute streptococcal disease. In a penicillin-
allergic patient, a macrolide such as clarithromycin or azithromycin
is the preferred drug (see Figure 9.16). Penicillin G plus clindamycin
are used in treating necrotizing fasciitis and in streptococcal toxic
shock syndrome. Clindamycin is added to penicillin to inhibit protein
(i.e., toxin) synthesis so that a huge amount of toxin is not released
abruptly from rapidly dying bacteria.

G. Prevention

Rheumatic fever is prevented by rapid eradication of the infecting
organism. Prolonged prophylactic antibiotic therapy is indicated after
an episode of rheumatic fever, because having had one episode of
this autoimmune disease in the past is a major risk factor for subse-
quent episodes if the patient is again infected with S. pyogenes.

IV. GROUP B B-HEMOLYTIC STREPTOCOCCI

Group B streptococci, represented by the pathogen S. agalactiae, are
gram-positive, catalase-negative organisms. S. agalactiae is found in
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Figure 9.7

Streptococcus pneumoniae are
gram-positive, nonmotile, encap-
sulated, lancet-shaped cocci.
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Comparison of severity and prevalence

of some pneumococcal infections in
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the vaginocervical tract of female carriers, and the urethral mucous
membranes of male carriers as well as in the gastrointestinal (Gl) tract.
S. agalactiae can be transmitted sexually among adults and from an
infected mother to her infant at birth. Group B streptococci are a leading
cause of meningitis and septicemia in neonates, with a high mortality
rate. They are also an occasional cause of infections in postpartum
women (endometritis) and individuals with impaired immune systems, in
whom the organism may cause septicemia or pneumonia. Samples of
blood, cervical swabs, sputum, or spinal fluid can be obtained for cul-
ture on blood agar. Latex agglutination tests can also demonstrate the
presence of group B antigen in these samples. Group B streptococci
are B hemolytic, with larger colonies and less hemolysis than group A.
Most isolates remain sensitive to penicillin G and ampicillin, which are
still the antibiotics of choice (see Figure 9.16). In life-threatening infec-
tions, an aminoglycoside can be added to the regimen. [Note: Pregnant
carriers should be treated with ampicillin during labor if risk factors such
as premature rupture of membranes or prolonged labor are present.]
Intrapartum prophylaxis of group B streptococcal carriers and adminis-
tration of antibiotics to their newborns reduce neonatal group B strepto-
coccal sepsis by as much as 90 percent.

V. STREPTOCOCCUS PNEUMONIAE (PNEUMOCOCCUS)

S. pneumoniae are gram-positive, nonmotile, encapsulated cocci
(Figure 9.7). They are lancet shaped, and their tendency to occur in
pairs accounts for their earlier designation as Diplococcus
pneumoniae. S. pneumoniae is the most common cause of community-
acquired pneumonia and adult bacterial meningitis and is an important
cause of otitis media, sinusitis and mastoiditis. The risk of disease is
highest among young children (Figure 9.8), older adults, smokers, and
persons with certain chronic ilinesses. Like other streptococci, S. pneu-
moniae is fastidious (has complex nutritional requirements) and rou-
tinely cultured on blood agar. It releases an o hemolysin that damages
red cell membranes, causing colonies to be a hemolytic.

A. Epidemiology

S. pneumoniae is an obligate parasite of humans and can be found
in the nasopharynx of many healthy individuals. This organism is
extremely sensitive to environmental agents. Pneumococcal infec-
tions can be either endogenous or exogenous. For example, endoge-
nous infection involves the spread of S. pneumoniae residing in the
nasopharynx of a carrier who develops impaired resistance to the
organism. Susceptibility to the infection may result from, for example,
general debilitation such as that caused by malnutrition or alco-
holism, respiratory damage following a prior viral infection, or from a
depressed immune system. Patients with sickle cell disease or those
who have had their spleens removed are particularly at risk for
S. pneumoniae infection. Infection can also be exogenous, for exam-
ple, by droplets from the nose of a carrier. Individuals such as those
described above as susceptible to endogenous infection are also
most likely to be infected by the exogenous route.
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B. Pathogenesis

The bacterial capsule of S. pneumoniae is the most important viru-
lence factor and is the basis for the classification of serotypes of this
organism. The cell-associated enzymes pneumolysin and autolysin
contribute to its pathogenicity (Figure 9.9).

1

. Capsule: The S. pneumoniae polysaccharide capsule is both

antiphagocytic and antigenic. Antiphagocytic properties of the cap-
sule protect the bacteria from polymorphonuclear leukocyte attack,
facilitating growth of the bacteria prior to the appearance of anti-
capsular antibodies. There are approximately 85 distinct capsular
serotypes, some of which endow strains with greater virulence than
others, as reflected by the fact that about 20 serotypes account for
the vast majority of pneumococcal infections.

. Pili: Pili enable the attachment of encapsulated pneumococci to the

epithelial cells of the upper respiratory tract. Not all pneumococci
are piliated, but those clinical isolates that express pili are more vir-
ulent. The genes required for regulation and assembly of the pilus
are not present in all pneumococcal strains, but they can be hori-
zontally transferred between strains on a pathogenicity “islet”, which
is small pathogenicity island. The chromosomal region responsible
for production of the pneumococcal pilus is called the rirA islet,
named for the regulatory gene (rirA) that is required for expression.

. Choline-binding protein A: Choline binding protein A is a major

adhesin allowing the pneumococcus to attach to carbohydrates on
epithelial cells of the human nasopharynx.

4. Autolysins: Autolysins are enzymes that hydrolyze the components

of a biological cell in which it is produced. LytA, B and C are pepti-
doglycan-hydrolyzing enzymes that are present in the bacterial cell
wall and are normally inactive. However, these enzymes are readily
activated (for example, by surface-active agents, B-lactam antibi-
otics, or stationary phase), resulting in cell lysis. Autolysin is thus
responsible for the release of intracellular virulence factors (notably,
pneumolysin).

. Pneumolysin: Although retained within the cytosol of intact pneu-

mococci, pneumolysin is thought to be an important virulence factor
by virtue of its ability to attack mammalian cell membranes, causing
lysis once it is released by autolysin from the interior of the bac-
terium. Pneumolysin binds to cholesterol and therefore interacts
indiscriminately with all cell types. This toxin stimulates production
of proinflammatory cytokines, inhibits the activity of polymorphonu-
clear leukocytes and activates complement.

C. Clinical significance

1.

Acute bacterial pneumonia: A leading cause of death, especially
in older adults and those whose resistance is impaired, this dis-
ease is caused most frequently by S. pneumoniae (Figure 9.10).
Pneumonia is frequently preceded by an upper or middle respira-
tory viral infection, which predisposes to S. pneumoniae infection

Streptococcus pneumoniae
Autolysin
Streptococcus pneumoniae

(lysed)

Pneumolysin

- q

Damages mammalian
cell membranes

Figure 9.9

Cytolytic toxins produced by
Streptococcus pneumoniae.
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community-acquired
pneumonia, particularly
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Inhibition by optochin
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contained in the disk applied
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Figure 9.11

Laboratory tests useful in the
identification of Streptococcus
pneumoniae.

of pulmonary parenchyma. Mechanisms by which virus infection
predisposes an individual to streptococcal pneumonia include
increased volume and viscosity of secretions that are more diffi-
cult to clear and secondary inhibition of the action of bronchial
cilia by viral infection.

2. Otitis media: The most common bacterial infection of children, this
disease (which is characterized by earache) is most frequently
caused by pneumococcus, followed by Haemophilus influenzae
and Moraxella catarrhalis (see p. 391). The traditional empiric
treatment of pneumococcal otitis media with a B-lactam antibiotic
(with or without a penicillinase-inhibitor) has been threatened by
the spread of penicillin-resistant pneumococci.

3. Bacteremia/sepsis: In the absence of a focus of infection bac-
teremia/sepsis is commonly caused by pneumococcus, especially in
individuals who are functionally or anatomically asplenic. This
includes people with sickle cell disease who infarct their spleen and
are functionally asplenic, although they still have a remnant of
anatomical spleen.

4. Meningitis: H. influenzae was formerly the leading cause of bacte-
rial meningitis in the United States. After a vaccine was developed
against this organism, S. pneumoniae became the most common
cause of adult bacterial meningitis (see p. 376). This disease has a
high mortality rate, even when treated appropriately.

. Laboratory identification

Specimens for laboratory evaluation can be obtained from a naso-
pharyngeal swab, blood, pus, sputum, or spinal fluid. a.-Hemolytic
colonies appear when S. pneumoniae is grown on blood agar
overnight under aerobic conditions at 37°C. Lancet-shaped, gram-
positive diplococci are observed on a Gram stain of the sample.
Growth of these bacteria is inhibited by low concentrations of the sur-
factant optochin, and the cells are lysed by bile acids (Figure 9.11).
Capsular swelling is observed when the pneumococci are treated
with type-specific antisera (the Quellung reaction).

. Treatment

S. pneumoniae isolates were highly sensitive to penicillin G, the ini-
tial agent of choice, until the late 1980s. Since then, the incidence of
penicillin resistance has been increasing worldwide. The mecha-
nism of this resistance is an alteration of one or more of the bac-
terium’s penicillin-binding proteins (PBPs, see p. 57) rather than
production of B-lactamase. Modified PBPs have a much-reduced
affinity for penicillin G and for some, but not all, of the other B-lac-
tams. Most resistant strains remain sensitive to third generation
cephalosporins (such as cefotaxime or ceftriaxone), and all are still
sensitive to vancomycin. These antibiotics are therefore the agents
of choice for invasive infections by penicillin-resistant strains of S.
pneumoniae (see Figure 9.16).
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F. Prevention

There are two types of pneumococcal vaccine: pneumococcal
polysaccharide vaccine (PPV) and pneumococcal conjugate vaccine
(PCV13).

1. Pneumococcal polysaccharide vaccine: Introduced in the United
States in 1983, PPV immunizes against 23 serotypes of S. pneu-
moniae and is indicated for the protection of high-risk individuals
older than age 2 years. This vaccine protects against the pneu-
mococcal strains responsible for 85 to 90 percent of infections,
including prominent penicillin-resistant strains.

2. Pneumococcal conjugate vaccine 13: The polyvalent PCV 13,
licensed in the United States in 2010, is effective in infants and
toddlers (ages 6 weeks to 5 years). It is made up of 13 pneumo-
coccal antigens conjugated to CRM197, a mutant nontoxic diph-
theria toxin. Significant declines in the incidence of invasive
pneumococcal disease occurred as a result of introduction of this
and an earlier generation heptavalent conjugated vaccine
(PCV 7). (Figure 9.12). In addition, the vaccines prevented greater
numbers of invasive pneumococcal cases through indirect effects
on pneumococcal transmission (that is, herd immunity) than
through its direct effect of protecting vaccinated children. Young
children do not elicit an immune response to oligosaccharide-only
vaccines. However, if the oligosaccharide is conjugated to a pro-
tein, a protective immune response develops.

VI. ENTEROCOCCI

Enterococci contain a C-substance that reacts with group D antisera.
Therefore, in the past, they were considered group D streptococci.
Today, DNA analysis and other properties have placed them in their
own genus, Enterococcus. The clinically most important species are E.
faecalis and E. faecium. Enterococci can be o-, -, or nonhemolytic. As
a rule, enterococci are not very virulent, but they have become promi-
nent as a cause of nosocomial infections as a result of their multiple
antibiotic resistance. Figure 9.13 shows the microscopic appearance of
E. faecalis.

A. Epidemiology

Enterococci are part of the normal fecal flora. However, they can
also colonize oral mucous membranes and skin, especially in hospi-
tal settings. These organisms are highly resistant to environmental
and chemical agents and can persist on fomites.

B. Diseases

Enterococci seldom cause disease in normal, healthy individuals.
However, under conditions in which host resistance is lowered or
the integrity of the gastrointestinal or genitourinary tract has been

Incidence of invasive pneumococcal
disease shows dramatic decrease

in toddlers and young children
following introduction of PCV7 vaccine
in the United States.
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Incidence of vaccine-type invasive
pneumococcal disease before and
after the introduction of pneumo-
coccal conjugate vaccine (PCV7),
by age and year.

Figure 9.13

Enterococcus fecalis showing
chain formation characteristic of
Streptococcus.
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1 Many isolates show resistance to combination
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Figure 9.14

Antimicrobial agents useful in treating
infections caused by enterococci.

Figure 9.15

Streptococcal endocarditis showing
vegetation of the mitral valve leaflet.
[Note: Vegetation is a tissue
outgrowth composed of fibrin,
bacteria, and aggregated blood
platelets adherent to a diseased
heart valve.]

disrupted (for example, by instrumentation), enterococci can spread
to normally sterile sites, causing urinary tract infections, bac-
teremia/sepsis, endocarditis, biliary tract infection, or intra-abdomi-
nal abscesses.

C. Laboratory identification

Enterococci are distinguished from the non—group D streptococci by
their ability to survive in the presence of bile, and to hydrolyze the
polysaccharide esculin, producing black colonies on esculin-con-
taining plates. Unlike nonenterococcal group D streptococci, entero-
cocci grow in 6.5 percent NaCl, and yield a positive pyrazin amidase
(PYR) test. E. faecalis can be distinguished from E. faecium by their
fermentation patterns, which are commonly evaluated in clinical lab-
oratories

D. Treatment

Enterococci are naturally resistant to B-lactam antibiotics and
aminoglycosides, but are sensitive to the synergistic action of a
combination of these classes. In the past, the initial regimens of
choice were penicillin +/— streptomycin or ampicillin +/— gentamicin
(Figure 9.14). However, acquired resistance determinants in many
current strains negate this synergy. In addition, isolates frequently
have natural or acquired resistances to many other antibiotic
classes, including glycopeptides such as vancomycin. Newer antibi-
otics, such as the combination of quinupristin and dalfopristin, are
used to treat vancomycin-resistant infections. However, some ente-
rococcal strains are resistant to all commercially available anti-
biotics. [Note: E. faecium is more likely to be vancomycin or multiply
resistant than E. faecalis.]

E. Prevention

The rise of nosocomial infections by multiple drug-resistant entero-
cocci is largely the result of selection due to high antibiotic usage in
hospitals. Judicious use of antibiotics is an important factor in con-
trolling the emergence of these infections.

VIl. NONENTEROCOCCAL GROUP D STREPTOCOCCI

Streptococcus bovis is the most clinically important of the nonentero-
coccus group D streptococci. Part of normal fecal flora, they are either
o— or nonhemolytic. S. bovis occasionally causes urinary tract infections
and endocarditis, the latter especially in association with colon cancer.
The organism is bile and esculin positive, but is PYR-negative, and
does not grow in 6.5 percent salt (unlike the enterococci). It tends to be
sensitive to penicillin and other antibiotics.

VIIl. VIRIDANS STREPTOCOCCI

The viridans group of streptococci includes many gram-positive, cata-
lase-negative, a— or y-hemolytic species that constitute the main facul-
tative oral flora. The viridans streptococci are relatively avirulent, but



VIII. Viridans Streptococci

89

Streptococcus
species

o-Hemolytic
streptococci
on blood agar

\
o

;’
s

L

- - . ‘

'S
Streptococcus pyogenes
(Gram stain)

® Ovoid to spherical in
shape, occurring as pairs
or chains

® Nonmotile, catalase
negative

® Most are aerotolerant
anaerobes because the
grow fermentatively even
in the presence of oxygen

® Culture on blood agar

B-Hemolytic
streptococci
on blood agar

Streptococcus pyogenes
(group A, B-hemolytic)

e Acute pharyngitis or
pharyngotonsillitis

e Acute rheumatic fever

e Erysipelas

o Puerperal sepsis

e Invasive group A streptococcal
disease

H Penicillin G*2

Clarithromycin®
H Azithromycin®

1s. pyogenes has not acquired resistance to
penicillin G.

2CIindamycin may be added to pencillin G for
soft tissue infection such as necrotizing fasciitis.

3For penicillin-allergic patient.

Streptococcus agalactiae
(group B, B-hemolytic)

e Meningitis and septicemia in neonates
o Endometritis
e Septicemia or pneumonia
in individuals with impaired
immune systems
e Diabetic foot infections

[ Penicillin G4 j
H An aminoglycoside5

4All isolates remain sensitive to
penicillin G and ampicillin.

Sin life-threatening infections, an amino-
glycoside can be added to the regimen.

Streptococcus pneumoniae
(a-hemolytic)

e Acute bacterial pneumonia

o Otitis media
o Meningitis

HPenicillin G
n Cefotaxime
n Ceftriaxone
B vancomycin?

6penicillin G has been the drug of choice,
but resistant strains are regularly seen.

7"Most resistant strains remain sensitive
to vancomycin.

Facial erysipelas

Impetigo

Streptococcal pharyngitis

Figure 9.16

Summary of streptococcal disease. Hlindicates first-line drugs;B indicates alternative drugs.
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Streptococcus mutans and other members of the viridans group cause
dental caries. In patients with abnormal or damaged heart valves, they
can also infect these valves during a bacteremia, causing endocarditis
(Figure 9.15). Therefore, at-risk patients with rheumatic, congenital, or
sclerotic valvular disease should receive prophylactic penicillin before
undergoing dental procedures.

Figure 9.16 summarizes streptococcal disease.

Study Questions
Choose the ONE correct answer
N
9.1 Which of the following statements is correct? Correct answer = C. Streptococcus pyogenes is
A. Streptococci are catalase positive. gl el @ izl Z0E eEgesi]s
L . disks with a very low concentration of the anti-
B. Growth of Streptococcus pneumoniae is not sensi- biotic inhibit growth in culture. All streptococci
tive to optochin. are catalase negative. The growth of
C. Streptococcus pyogenes is highly sensitive to baci- Streptococcus pneumoniae is inhibited by
tracin. optochin. Most streptococci are aerotolerant
. . anaerobes, and grow fermentatively even in the
D. Streptococci are obligate anaerobes. L
o ) presence of oxygen. Enterococcus faecalis is
E. Enterococcus faecalis is -hemolytic. ¥ hemolytic (no hemolysis).
J
9.2 A 55-year-old man was admitted to a local hospital with
fever and chills. The patient was human immunodefi-
ciency virus positive and had received multiple courses
of antibiotics. Blood cultures grew gram-positive cocci,
which tested positive with group D streptococcal anti-
sera. The isolate was resistant to penicillin and van-
comycin. Which one of the following is the most likely
pathogen?
A. Streptococcus pneumoniae
B. Enterococcus faecium Correct answer = B. Enterococcus faecium is most
C. Streptococcus pyogenes likely to be vanpomycin or rpyltiply drug-resi§tant.
. The other organisms are sensitive to vancomycin.
D. Streptococcus agalactiae
E. Streptococcus mutans
9.3 A 65-year-old male presents to his family physician with ™
a rapid onset fever, chest pain and cough productive of Correct answer = A. The most common cause of
rusty-yellow sputum. Chest X-ray shows focal lobar ?orgm””'ty acquired pneumonia mTt':us ;ge 9"0”2
infiltrates. A Gram stain of a sputum sample contained 'S trgptogoccgs pneumoniaé. The 2-ray an
many polymorphonuclear leukocytes and extracellular microbiological findings are most consistent with a
itive diol i c | i tibodi diagnosis of pneumococcal pneumonia. Following
gram-positive diplococci. Capsule-specific antibodies treatment, this patient should be advised to be vac-
bound to the diplococci resulted in a positive Quellung cinated with the 23-valent pneumococcal vaccine.
reaction. Which of the fO”OWing is the most Ilkely Streptococcus pyogenes does not typically present
pathogen? as pneumonia. Streptococcus agalactiae generally
: fflicts neonates. The enterococci (Enterococcus
A. atic : U
Streptococcus pneL'Imonlae faecium and Enterococcus faecalis) do not exhibit
B. Enterococcus faecium the Quellung reaction and do not present as com-
C. Streptococcus pyogenes munity acquired pneumonia.
.

D. Streptococcus agalactiae
E. Enterococcus faecalis




Staphylococci

. OVERVIEW

Staphylococci and streptococci (see Chapter 9) constitute the main
groups of medically important gram-positive cocci. Staphylococcal infec-
tions range from the trivial to the rapidly fatal. They can be very difficult
to treat, especially those contracted in hospitals, because of the
remarkable ability of staphylococci to become resistant to antibiotics.
Staphylococci are ubiquitous in nature, with about a dozen species
occurring as part of human flora. The most virulent of the genus,
Staphylococcus aureus, is one of the most common causes of bacterial
infections, and is also an important cause of food poisoning and toxic
shock syndrome. Among less virulent staphylococcal species, Staphylo-
coccus epidermidis is an important cause of prosthetic implant infec-
tions, whereas Staphylococcus saprophyticus causes urinary tract
infections, especially cystitis in women. Figure 8.1 summarizes the
staphylococci described in this chapter.

Il. GENERAL FEATURES

[ Free-living Bacteria ]

J
[ |

[ Gram-positive ] [ Gram-negative J

Staphylococcus aureus ©
Staphylococcus epidermidis ©

Staphylococcus

Staphylococcus saprophyticus @

—{ Enterococcus |
—{ Peptostreptococcus I

L{ Streptococcus )

Staphylococci generally stain darkly gram positive (Figure 8.2). They
are round rather than oval and tend to occur in bunches like grapes.
Because growth of staphylococci requires supplementation with various
amino acids and other growth factors, they are routinely cultured on
enriched media containing nutrient broth and/or blood (see p. 23).
Staphylococci are facultatively anaerobic organisms. They produce
catalase, which is one feature that distinguishes them from the cata-
lase-negative streptococci. The most virulent species of staphylococcus
is S. aureus, almost all isolates of which secrete coagulase, an enzyme
that causes citrated plasma to clot. Other species that occasionally
cause disease and lack coagulase are often referred to as coagulase-
negative staphylococci. Staphylococci are hardy, being resistant to heat
and drying, and thus can persist for long periods on fomites (inanimate
objects), which can then serve as sources of infection. Frequent hand-
washing before and after contact with food or potentially infected indi-
viduals decreases the transmission of staphylococcal disease.

Figure 8.1

Classification of Staphylococci.

© See pp. 349-350 for summaries
of these organisms.

Figure 8.2
Gram stain of Staphylococcus aureus.
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Causes of disease resulting from
infection with Staphylococcus
aureus.

lll. STAPHYLOCOCCUS AUREUS

Generally, significant host compromise is required for S. aureus infection,
such as a break in the skin or insertion of a foreign body (for example,
wounds, surgical infections, or central venous catheters), an obstructed
hair follicle (folliculitis), or a compromised immune system. S. aureus
disease may be: 1) largely or wholly the result of actual invasive infection,
overcoming host defense mechanisms, and the production of extracellular
substances which facilitate invasion; 2) a result of toxins in the absence of
invasive infection (“pure” toxinoses); or 3) a combination of invasive infec-
tion and intoxication (Figure 8.3).

A. Epidemiology

S. aureus is frequently carried by healthy individuals on the skin and
mucous membranes. Carriers serve as a source of infection to them-
selves and others; for example, by direct contact, by contamination of
fomites (objects such as a doorknob, which in turn can be a source
of infection) or contamination of food, which can then result in food
poisoning.

B. Pathogenesis

Virulence factors are the genetic, biochemical, or structural features
that enable an organism to produce disease. The clinical outcome of
an infection depends on the virulence of the pathogen and the
opposing effectiveness of the host defense mechanisms. S. aureus
expresses many potential virulence factors (Figure 8.4). [Note:
Coagulase activity results in localized clotting, which restricts
access by polymorphonuclear neutrophils (PMNs) and other
immune defenses. This would make coagulase a virulence factor,
even though mutants lacking the ability to make this factor remain
virulent in animal models]. For the majority of diseases caused by S.
aureus, pathogenesis depends on the combined actions of several
virulence factors, so it is difficult to determine precisely the role of
any given factor.

1. Cell wall virulence factors:

a. Capsule: Most clinical isolates express a polysaccharide
“microcapsule” of Types 5 or 8. The capsule layer is very thin
but has been associated with increased resistance to phago-
cytosis. Clinical isolates produce capsule but expression is
rapidly lost upon in vitro cultivation.

b. Protein A: Protein A is a major component of the S. aureus cell
wall. It binds to the Fc region of IgG, exerting an anti-opsonin
(and therefore strongly antiphagocytic) effect.

c. Fibronectin-binding protein: Fibrinectin-binding protein (FnBP)
and other staphylococcal surface proteins promote binding to
mucosal cells and tissue matrices.

d. Clumping factor: This FnBP enhances clumping of the organ-
isms in the presence of plasma.
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2. Cytolytic exotoxins: o, B, v, and & Toxins attack mammalian cell
(including red blood cell) membranes, and are often referred to as
hemolysins. o Toxin is the best studied, and is chromosomally
encoded. It polymerizes into tubes that pierce membranes, resulting
in the loss of important molecules and, eventually, in osmotic lysis.

3. Panton-Valentine leukocidin: This pore-forming toxin lyses PMNs.
Production of this toxin makes strains more virulent. This toxin is pro-
duced predominantly by community-acquired methicillin-resistant
S. aureus (MRSA) strains (see p. 74).

4. Superantigen exotoxins: These toxins have an affinity for the T-
cell receptor-major histocompatibility complex Class Il antigen
complex. They stimulate enhanced T-lymphocyte response (as
many as 20 percent of T cells respond, compared with 0.01 per-
cent responding to the usual processed antigens). This difference
is a result of their ability to recognize a relatively conserved region
of the T-cell receptor. This major T-cell activation can cause toxic
shock syndrome, primarily by release into the circulation of inordi-
nately large amounts of T-cell cytokines, such as interleukin-2 (IL-
2), interferon-y (IFN-y), and tumor necrosis factor-o. (TNF-o).

a. Enterotoxins: Enterotoxins (six major antigenic types: A, B, C,
D, E, and G) are produced by approximately half of all S.
aureus isolates. When these bacteria contaminate food and
are allowed to grow, they secrete enterotoxin, ingestion of
which can cause food poisoning. [Note: The toxin stimulates
the vomiting center in the brain by binding to neural receptors
in the upper gastrointestinal (Gl) tract.] Enterotoxins are super-
antigens that are even more heat-stable than S. aureus.
Therefore, organisms are not always recovered from incrimi-
nated food but the toxin may be recovered.

b. Toxic shock syndrome toxin (TSST-1): This is the classic
cause of toxic shock syndrome (TSS). Because of similarities
in molecular structure, it is sometimes referred to as staphylo-
coccal enterotoxin F, although it does not cause food poisoning
when ingested.

c. Exfoliatin (exfoliative toxin, ET) is also a superantigen. It
causes scalded skin syndrome in children. The toxin cleaves
desmoglein 1, which is a component of desmosomes (cell
structures specialized for cell-to-cell adhesion). Cleavage
results in loss of the superficial skin layer.

C. Clinical significance

S. aureus causes disease by infecting tissues, typically creating
abscesses and/or by producing toxins (Figure 8.5). A common entry
point into the body is a break in the skin, which may be a minute
needlestick or a surgical wound. Another portal of entry is the respi-
ratory tract. For example, staphylococcal pneumonia is a important

SUPERANTIGEN EXOTOXINS

o Toxins have an affinity for the T cell
receptor—MHC Class Il antigen
complex.

e Toxins stimulate an enhanced T-
lymphocyte response.

e T-cell activation can cause toxic
shock by release of large amounts
of T-cell cytokines.

Antigen-
presenting cell T cell Excess
/ cytokines|

"/

/
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(particularly S. epidermidis)

CYTOLYTIC EXOTOXINS
Exotoxins attack mammalian cell
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and are often referred to as hemolysins.

Figure 8.4

Virulence factors that may play a
role in the pathogenesis of staphylo-
coccal infections. MHC = major
histocompatibility complex; IL =
interleukin; IFN = interferon;

TNF = tumor necrosis factor;

IgG = immunoglobulin G.
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® Furuncles, carbuncles
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(traumatic, surgical)

® Cellulitis

* Impetigo

RESPIRATORY
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MUSCULO-
SKELETAL
® Osteomyelitis
® Arthritis
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i VASCULAR

GENITOURINARY TRACT

® Renal carbuncle

® Lower urinary tract
infection

DISEASES CAUSED BY TOXINS

® Toxic shock syndrome (TSS)

® Scalded skin syndrome

* Food poisoning (gastroenteritis)

Figure 8.5

Diseases caused by Staphylococcus
aureus.

complication of influenza. The localized host response to staphylo-
coccal infection is inflammation, characterized by swelling, accumu-
lation of pus, and necrosis of tissue. Fibroblasts and their products
may form a wall around the inflamed area, which contains bacteria
and leukocytes. This creates a characteristic pus-filled boil or
abscess. Serious consequences of staphylococcal infections occur
when the bacteria invade the bloodstream. The resulting septicemia
(the presence and persistence of pathogenic microorganisms or
their toxins in the blood) may be rapidly fatal. Bacteremia (the pres-
ence of viable bacteria circulating in the bloodstream) may result in
seeding internal abscesses, skin lesions, or infections in the lung,
kidney, heart, skeletal muscle, or meninges.

1. Localized skin infections: The most common S. aureus infections
are small, superficial abscesses involving hair follicles (folliculitis)
or sweat or sebaceous glands (see Figure 8.12). For example, the
common sty (external hordeolum) is created by infection of an
eyelash follicle. Subcutaneous abscesses called furuncles (boils)
often form around foreign bodies such as splinters. These gener-
ally respond to local therapy, that is, removal of the foreign body,
soaking, and drainage as indicated. Carbuncles are larger,
deeper, multiloculated skin infections that can lead to bacteremia
and require antibiotic therapy and debridement. Impetigo is usu-
ally a localized, superficial, spreading crusty skin lesion generally
seen in children. It can be caused by S. aureus, although more
commonly by Streptococcus pyogenes (see p. 80), or both organ-
isms together. Human staphylococcal infections usually remain
localized at the portal of entry by normal host defenses.

2. Deep, localized infections: These may be metastatic from superfi-
cial infections or skin carriage or may result from trauma. S.
aureus is the most common cause of acute and chronic infection
of bone marrow. S. aureus is also the most common cause of
acute infection of joint space in children (septic joint). [Note:
Septic joints are medical emergencies because pus can rapidly
cause irreparable cartilage damage. They must be treated
promptly with drainage and an antibiotic.]

3. Acute endocarditis: Generally associated with intravenous drug
abuse, acute endocarditis is caused by injection of contaminated
preparations or by needles contaminated with S. aureus. S.
aureus also colonizes the skin around the injection site, and if the
skin is not sterilized before injection, the bacteria can be intro-
duced into soft tissues and the bloodstream, even when a steril-
ized needle is used. An abscess in any organ or tissue is cause to
suspect S. aureus, although many other bacteria can cause
abscesses.

4. Septicemia is a generalized infection with sepsis or bacteremia
that may be associated with a known focus (for example, a septic
joint) or not (an occult focus).

5. Pneumonia: S. aureus is a cause of severe, necrotizing pneumonia.
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6. Nosocomial infections: S. aureus is one of the most common
causes of hospital-associated infections, often of wounds (surgi-
cal, decubital) or bacteremia associated with catheters (see
Figure 8.10). Progression to septicemia is often a terminal event.

7. Toxinoses: These are diseases caused by the action of a toxin,
frequently when the organism that secreted the toxin is unde-
tectable. Toxinoses caused by S. aureus include:

a. Toxic shock syndrome: TSS results in high fever, rash (resem-
bling a sunburn, with diffuse erythema followed by desquama-
tion), vomiting, diarrhea, hypotension, and multiorgan
involvement (especially Gl, renal, and/or hepatic damage). An

outbreak of TSS occurred in the late 1970s among menstruat- - -

ing women. It was shown to be related to the use of hyperab- Iﬁ;:gégﬁg';;‘g;“}g’;‘f opo-
sorbant tampons by women who happened to be vaginally tension, multisystem organ
colonized by toxic shock syndrome toxin—(TSST)-positive fgss,f“vf,‘l'iﬂ%‘lszm‘;;gﬁx';fgj:ﬁﬂz
strains of S. aureus. [Note: These tampons stimulated TSST during convalescence.
expression, resulting in entry of the toxin into the circulation in
the absence of true infection.] The incidence has decreased
markedly since such tampons were removed from the market.
Of the few cases of TSS that occur currently, approximately
half are associated with ordinary S. aureus infections. Of the
remainder, many result from a circulating enterotoxin rather
than TSST. Figure 8.6 shows the desquamation (peeling or
scaling of the skin) seen in TSS.

b. Staphylococcal gastroenteritis: This is caused by ingestion of
food contaminated with enterotoxin-producing S. aureus. Often
contaminated by a food handler, these foods tend to be protein
rich (for example, egg salad or cream pastry) or salty, like ham
(S. aureus is salt tolerant), and improperly refrigerated. These
heat-resistant toxins are able to withstand subsequent reheat-
ing. Symptoms, such as nausea, vomiting, and diarrhea, are
acute following a short incubation period (less than 6 hours)
and are triggered by local actions of the toxin on the Gl tract
rather than from infection. See p. 372 for a summary of food-

borne illness. The short incubation period of staphylococcal

food poisoning occurs because the toxin in the food has Figure 8.6
already been formed by the staphylococci before the food is Desquamation of skin in toxic
ingested. shock syndrome.

c. Scalded skin syndrome: This involves the appearance of
superficial bullae resulting from the action of an exfoliative
toxin that attacks the intercellular adhesive of the stratum gran-
ulosum, causing marked epithelial desquamation (see Figure
8.12). The bullae may be infected or may result from toxin pro-
duced by organisms infecting a different site.

D. Laboratory identification

Identification of an isolate as a staphylococcus relies largely on
microscopic and colony morphology and catalase positivity (Figure
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8.7). Bacteria stain strongly gram-positive, and are frequently seen

in grapelike clusters (see Figure 8.2). S. aureus is distinguished
The test for catalase is performed from the coagulase-negative staphylococci primarily by coagulase
by removing a colony to a slide positivity. In addition, S. aureus colonies tend to be yellow (hence
With o drop of 3% hydrogen “aureus,” meaning golden) and hemolyti Figure 8.12), rather
peroxide. Catalase-positive aureus,” meaning golden) a emolytic (see Figure 8.12), rathe
f:tqltlares prottiugedoz bubbles. Here than gray and nonhemolytic like the coagulase-negative staphylo-
dramatically directly on a plate. cocci. S. aureus is also distinguished from most coagulase-nega-

iy T - 7 tive staphylococci by being mannitol-positive.

E. Immunity

S. aureus infections do not elicit strong or long-lasting immunity, as
demonstrated by the continuing susceptibility of individuals to S.
aureus infections throughout life.

Figure 8.7 F. Treatment
Catalase-positive culture of

Staphylococcus aureus. Serious S. aureus infections require aggressive treatment, including

incision and drainage of localized lesions, as well as systemic anti-
biotics. Choice of antibiotics is complicated by the frequent presence
of acquired antibiotic resistance determinants (see p. 64). Virtually
all community and hospital-acquired S. aureus infections are now
resistant to penicillin G due to penicillinase-encoding plasmids or
transposons. This has required the replacement of the initial agent
of choice, penicillin G, by B-lactamase-resistant penicillins, such as
methicillin or oxacillin. However, increased use of methicillin and
related antibiotics has resulted in S. aureus that is resistant to a
number of B-lactam antibiotics, such as methicillin, oxacillin and
amoxicillin (Figure 8.8). These strains are known as methicillin-resis-
tant S. aureus.

1. Hospital-acquired methicillin-resistant S. aureus (MRSA): In
recent decades, a high percentage (often in the range of 50 per-
cent) of hospital S. aureus isolates has been found to be also
resistant to methicillin or oxacillin. Antibiotic resistance is caused
by chromosomal acquisition of the gene for a distinct penicillin-
binding protein (PBP, see p. 57), PBP-2a. This protein codes for a
new peptidoglycan transpeptidase with a low affinity for all cur-
rently available B-lactam antibiotics, and thus renders infections
with MRSA unresponsive to B-lactam therapy. Compared with

| methicilllin-sensitive S. aureus, MRSA infections are associated
i / with worse outcomes, including longer hospital and intensive care
- unit stays, longer durations of mechanical ventilation, and higher

] mortality rates. MRSA strains are also frequently resistant to many
other antibiotics, some being sensitive only to glycopeptides such
as vancomycin.

Percent resistant

0
v

1997 1999 2001 2003 2005

Year

2. Community-acquired MRSA (CA-MRSA): Community acquired
MRSA infections were documented in the mid-1990s, occurring in
¢ . individuals who had no previous risk factors for MRSA infections,
Trends in the prevalence of methicillin such as exposure to hospital. The most common clinical manifes-
resistant strains of Staphylococcus . . . . .
aureus. tations of CA-MRSA are skin and soft tissue infections such as
abscesses or cellulitis (Figure 8.9). Less commonly, CA-MRSA
can also cause severe diseases such as necrotizing pneumonia,
osteomyelitis, and septicemia. Community-acquired MRSA has a

Figure 8.8
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HA-MRSA (Hospital strain)

CA-MRSA (Community strain)

Characteristics
of patients

Infection site

Transmission

Medical history

Virulence of
infecting strain

Antibiotic
susceptibility

Patients are typically elderly, debilitated, and/or
chronically ill.

Bacteremia commonly occurs with no obvious
infection site. Infection of surgical wounds, open
ulcer, intravenous line, and urinary catheters often
occur.

Transmission occurs within health care settings.
Only rarely is transmission among household
contacts.

Infections more likely in patients with a history of
MRSA infections, recent surgery, admission to a
hospital or nursing home. Antibiotic use, dialysis
and permanent indwelling catheters are risk factors.

Spread of infection in the community is limited. PVL
genes are usually absent.

Multidrug antibiotic resistance often occurs,
resulting in a limited choice of effective therapeutic
agents.

Patients are typically young and healthy. Children
students, athletes, and military service personnel
are at risk.

Infections often occur in skin and soft tissues,
producing cellulitis and abscesses. Infections
include necrotizing community pneumonia, septic
shock, and bone and joint infections.

Transmission occurs in the community. May spread
in families, sport teams, and other risk groups.

Patients show no significant medical history or
health care contact.

Spread of infection in the community readily
occurs. PVL genes are often present, predisposing
to necrotising soft tissue or lung infections.

CA-MRSA strains are often more virulent than
HA-MRSA, but they tend to be susceptible to a
broader array of antibiotics.

Figure 8.9
Comparison of hospital-acquired methicillin-resistant Staphylococcus aureus (HA-MRSA) with community-acquired
methicillin-resistant Staphylococcus aureus (CA-MRSA). PVL = Panton-Valentine leukocidin.

number of characteristics that help distinguish it from hospital-
associated MRSA. For example, CA-MRSA has a characteristic
pattern of DNA fragments obtained upon enzymic cleavage and
electrophoresis, and it produces specific toxins. CA-MRSA also
exhibits a unique antibiotic resistance pattern, that is, CA-MRSA
is sensitive to many antibiotics that do not show much activity
against hospital-associated MRSA. These antibiotics include
ciprofloxacin and clindamycin, with some CA-MRSA even sensi-
tive to erythromycin, gentamicin, rifampin, tetracycline, and/or
trimethoprim-sulfamethoxazole. Emerging antibiotic-resistant
strains of S. aureus that infect otherwise healthy individuals (com-
munity-acquired infections) are often more virulent than the more
common strains that originate in hospitals.

3. Vancomycin resistance: Vancomycin has been the agent of
choice for empiric treatment of life-threatening MRSA S. aureus
infections. Unfortunately, in 1997, several MRSAs were isolated
that had also acquired low-level vancomycin resistance. The inci-
dence of vancomycin resistance has increased steadily, prompt-
ing the use of alternative drugs such as quinupristin-dalfopristin,
linezolid, and daptomycin. These agents have good in vitro activ-
ity against MRSA and most other clinically important gram-posi-
tive bacterial pathogens.
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Figure 8.10

Staphylococcus epidermidis attached
by its biofilm and growing on the

surface of a cathether.

Species

S. aureus
S. epidermidis

S. saprophyticus

Frequency
of disease

Common
Common

Occasional

G. Prevention

There is no effective vaccine against S. aureus. Infection control proce-
dures, such as barrier precautions and disinfection of hands and
fomites, are important in the control of nosocomial S. aureus epidemics.

IV. COAGULASE-NEGATIVE STAPHYLOCOCCI

Coagulase

Of 12 coagulase-negative staphylococcal species that have been recov-
ered as normal commensals of human skin and anterior nares, the
most abundant and important is S. epidermidis. For this reason some
clinical laboratories designate all coagulase-negative staphylococci as
S. epidermidis, a practice that is not encouraged. The second most
important coagulase-negative staphylococcus is S. saprophyticus,
which has a special medical niche. Coagulase-negative staphylococcal
species are important agents of hospital-acquired infections associated
with the use of implanted prosthetic devices and catheters.

A. Staphylococcus epidermidis

S. epidermidis is present in large numbers as part of the normal flora
of the skin (see p. 7). As such, it is frequently recovered from blood cul-
tures, generally as a contaminant from skin. Despite its low virulence, it
is a common cause of infection of implants such as heart valves and
catheters (Figure 8.10). Acquired drug resistance by S. epidermidis is
even more frequent than by S. aureus. Vancomycin sensitivity remains
the rule, but vancomycin-resistant isolates have been reported. S. epi-
dermidis produces an extracellular polysaccharide material called
polysaccharide intercellular adhesin (sometimes called “slime”), that
facilitates adherence to bioprosthetic material surfaces, such as
intravenous catheters, and acts as a barrier to antimicrobial agents.

. Staphylococcus saprophyticus

This organism is a frequent cause of cystitis in women, probably
related to its occurrence as part of normal vaginal flora (see p. 10). It
tends to be sensitive to most antibiotics, even penicillin G. S. sapro-
phyticus can be distinguished from S. epidermidis and most other
coagulase-negative staphylococci by its natural resistance to novo-
biocin (Figure 8.11). [Note: Urinary coagulase-negative staphylococ-
cus is often presumed to be S. saprophyticus; but novobiocin
resistance can be used for confirmation.]. Figure 8.12 presents a
summary of diseases caused by staphylococci.

Color of Mannitol Novobiocin
colonies fermentation resistance

Golden
yellow

White

Variable

Figure 8.11

Summary of various species of staphylococci.
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Colonies are yellow o Catalase (+)

® Nonmotile
staphy’ococcus ® Do not form spores
H @ Round cocci tending to occur
specles in bunches like grapes

©® Facultative anaerobic
organisms

@ Cultured on enriched media

Staphylococcus aureus

® Skin and soft ® Septicemia containing broth and/or
tissue infef;t_ions ® Necrotizing pneumonia blood
® Osteomyelitis @ Toxic shock syndrome
® Septic arthritis e Food poisoning 2
® Endocarditis (antibiotic therapy not Staphylococcus
used) Staphylococcus aureus aureus on blood
cultured from a wound agar surrounded by
Methicillin susceptible infection ﬁlosrllse of  hemo-
H Oxacillin
Kl Nafeillin Staphylococcus epidermidis Staphylococcus saprophyticus
Methicillin resistant ® Infections of catheters ® Cystitis in women
(health-care associated) and heart valves
. Ciprofloxacin
H vancomycin Oxacillin
Nafcillin

Methicillin resistant
(community-acquired;
mild-moderate infection) B vancomycin?

n Trimthoprim/ 1Most isolates resistant to penicillin G

sulfmethoxazole 2Used in methicillin-resistant isolates

Doxycycline

Methicillin resistant
(community-acquired;
severe infection)

H paptomycin

H Linezolid
H Vancomycin

B Quinupristin-

dalfopristin
B Teicoplanin
Carbuncle caused by Furuncle caused by
Note: Treatment of MRSA may vary by the type and Staphylococcus aureus Staphylococcus aureus

location of infection.

Folliculitis caused by Staphylococcal scalded skin syndrome Superficial impetigo
Staphylococcus aureus

Figure 8.12
Summary of staphylococcal disease. Hlindicates first-line drugs; Bindicates alternative drugs.
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Major products by biotechnology

Primary metabolites

Secondary metabolites

Antibiotics ( penicillin and streptomycin )
Amino acid

Organic acid

Biopolymers

bioconversion
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Antibiotics

Produced by microorganisms

Actinomycetes

Filamentous fungi
Bacteria




| Major Microbial Products and Processes of Interest in Industrial Microbiology and Biotechnology

Substances Microorganisms
Andustrial Products
- Ethanol (from glucose) Saccharomyces cerevisiae
/ Ethanol (from lactose) Kluyveromyces fragilis
' Acetone and butanol Clostridium acetobutylicum
2,3-butanediol Enterobacter, Serratia
Enzymes Aspergillus, Bacillus, Mucor, Trichoderma
Agricultural Products
Gibberellins Gibberella fujikuroi
Food Additives
Amino acids (e.g., lysine) : Corynebacterium glutamicum
Organic acids (citric acid) Aspergillus niger
Nucleotides Corynebacterium glutamicum
Vitamins Ashbya, Eremothecium, Blakeslea
Polysaccharides Xanthomonas
Medical Products
Antibiotics Penicillium, Streptomyces, Bacillus
Alkaloids Claviceps purpurea
Steroid transformations Rhizopus, Arthrobacter
Insulin, human growth hormone, somatostatin, interferons Escherichia coli, Saccharomyces cerevisiae, and others
(recombinant DNA technology)
Biofuels
Hydrogen Photosynthetic microorganisms
Methane Methanobacterium

Ethanol Zymomonas, Thermoanaerobacter
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Penicillin

* Penicillin chrysogenum

* Lactose

* Limited nitrogen

* Precursor ( phenylacetic acid)
* pH neutral

* Fermentation 6-7 days

* Precipitation

* Crystallization
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Streptomycin

*Secondary metabolite
°Streptomyces griseus

*Soybean based medium
*Glucose

*Soybean meal
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Amino acid

° Lysine

* Glutamic acid

*In food ( bread, flavor)
* Monosodium glutamate

* Regulatory mutants

* Corynebacterium glutamicum



Glucose

Glucose 6-phosphate

Triose phosphate

——-—-—L--Acetyl CoA

OxaIOM(?&Cmte

CO,
Acetyl-CoA
Malate
Malate
synthetase
CHO cis-Aconitate
coo-
Glyoxylate
Fumaraie
X ’ Isocitrate lyase lsoci'trate
Sunclnate
;’
Succ|ny| -CoA Oxa!osuccinate
o-Keto- .« -~ (
glutarate co,
5 NH,*
¥
(a) Glutamate

Figure 42.10 Glutamic Acid Production.
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Glucose

Glucose 6-phosphate

Triose phosphate

c —A—rhcetyl CoA

R

Oxaloacetate
Citrate

Acetyl-CoA

Malate

Malate syntheta.se

9”0 cis-Aconitate
coo~
Glyoxylate
Fuma.raie

.--=""7" lsocitrate Iyase T lsocitrate

Succinate

Succinyl-CoA Oxalosuccinate
o-Keto-

glutarate
CO.

NH,*+

(b) Glutamate

The sequence of biosynthetic reactions leading from glucose to the accumulation of glu-

tamate by Corynebacterium glutamicum. Major carbon flows are noted by bold arrows. (a) Growth with use of the glyoxylate bypass to
provide critical intermediates in the TCA cycle. (b) After growth is completed, most of the substrate carbon is processed to glutamate
(note shifted bold arrows). The dashed lines indicate reactions that are being used to a lesser extent.
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Organic acid

* Produced by microorganisms

o Effects by trace meta levels

¢ Citric acid fermentation , manganese, iron
* Aspergillus niger

* Jon exchange resins

e Controlled metals

* Aerobic stirred Fermenter



Table 42.10

Major Organic Acids Produced by Microbial Processes

Product Microorganism Used Representative Uses Fermentation Conditions
Acetic acid Acetobacter with ethanol solutions Wide variety of food uses Single-step oxidation, with 15%
solutions produced; 95-99% yields
Citric acid Aspergillus niger in molasses-based Pharmaceuticals, as a food additive High carbohydrate concentrations and
medium controlled limitation of trace metals:
60-80% yields
Fumaric acid Rhizopus nigricans in sugar-based Resin manufacture, tanning, Strongly aerobic fermentation;
medium and sizing carbon-nitrogen ratio is critical; zinc
should be limited; 60% yields
Gluconic acid Aspergillus niger in glucose-mineral A carrier for calcium and sodium Uses agitation or stirred fermenters.
salts medium 95% yields
[taconic acid Aspergillus terreus in molasses-salts Esters can be polymerized Highly aerobic medium, below pH 2.2;
medium to make plastics 85% yields
Kojic acid Aspergillus flavus-oryzae in The manufacture of fungicides Iron must be carefully controlled to
carbohydrate-inorganic N medium and insecticides when complexed avoid reaction with kojic acid after
with metals fermentation
Lactic acid Homofermentative Lactobacillus As a carrier for calcium and Purified medium used to facilitate
delbrueckii as an acidifier extraction
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biopolymers
* Microbial products

* Modify the flow characteristics of liquid
* As gelling agents

* Maintain the texture of frozen foods

* Ice cream

* Dextrans, polyester

* Erwina polysucchrides

e Xanthan in enhance Oil recovery
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Bioconversion processes

* Microbial transformation

* Biotransformation

* Minor changes in molecules

* Insertion: hydroxyl, keto function group

* Hydroxylation insoluble steroid in acetone
* Pregrown microbial cells

* Modification

* Final product is extracted from medium
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Fermenter-

* /"{"C@mﬁanf'ém ﬁfﬂwﬂ\ In —_Ca//ﬂal/eaﬂ enufronmemfs

.__....Fcrr manry. fnolug}rfaj /DmCeSSCS ,'/"/40“ must be growh
| Mgiyﬁ%@f&}f? Cally ole S(fju;eo! medlta unoler @/rfu{./} controllea]
Cgmll_ﬂans, N C/udfy ,!g_mﬁfra%m , ouq aeration anel nufrient

feealff(ﬂ- i

= Ve /e/rmwfi"aédn ..QﬂnWS@VmL/ mea mi/yz,/hc[dff\tgﬂ;é y
mass - Culture 0% UCNOTGaN SIS » 723-0161/@/0/0»7%5 a/ jndustrial

. _.fe.rmw/ﬁ'ag,étw requires appro /Dn‘ccé‘c.. Cultury mc@b‘a ardd the
_/a;;{ye.- SCcté Scfeem‘y 0/4 ﬂz/“craazycz/z/csms p



| Medium development

7% mea//wn aé(ea/ éo[gfam_amlzmy oﬁwsm /s eridical becauwse
it Cap /'/,sztezﬂéé- Jhe € ZohomiC Com/P etit i Vepess 07‘-& a Paﬁ‘/(u[af
_Pzagesskf R i W L Yoo : <%

]:__rz%uewi ,, lower_ Cost Cruole materials are Used as
Sourte of Carbon, nitregen, and phosphorus.

£ Cru,@é’ P/amf /&a&a\ljgafe& afa/cﬂ.am_mica/_ag_@mpfea’ Sources
of Carbon, nitrogen ard grouth factors.

_ By-products from The fzwlun‘rj are employed because oF
Therva Llower Cost and greater aveilabilily , olher UJ’fLLL oA
Carbon sourles snclucte rmolasses ang[..wﬁej fmx ofeses

 mamufacture. |



[Range of fermentation processes

JTo produce microbial cell or Biomass
JTo produce microbial enzyme
To produce microbial metabolites
To produce recombinant products
JdTo modity a compound which is added

to the transformation
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Steps of fermentation

/ {eﬁ; o% /érmenfodé:ibn v

% The Lovmulation of media to be useel in G,q(“f*wr{r\jj
onel inoculume
S AT g%e/rf// Lo o% The (um /c/rmen{crf @
amc:'//afj e7uj/)me/zt.
F'faaluc/{ﬁo)’) c)e)f an active Pure Culture to inoculotdion.
(Gro WwTh The oﬁakz ism in Proo/uCAaﬂ [ermeﬂlel' uholer
vpylt}r)am conolitions . ;
The exfrachion of/ The Prbc/qu‘ anal pure [ Catron
& The clispoSal a% e uents /’Jrooébccea/ .




Growth of microorganisms

4 (Srowlh @f/’«(/‘cro@@an(‘s;ns in an industnal Sete

Fh s environment for microbral Faunctisn in Cultur sy stem
mqu‘ éve o/d z‘nea/- wh/’éh ‘n alves Condrol o-jfg agf#q}r‘oh,
fe mperture , PH Changes ane! odj@renwf/‘on. This 7s mosT cridi cal
ur,.,g Scalewp ; Where a SucCefu,/ /Dra@g;[ure m{o/i.go/ ’n o Small
s hake f[a;/( 1S mooli fee@/ ﬁr use irn alarg | fe/rmen/ek. «
__The microenvironment o 7he Cultwre anol maintoin corolitian
inoltviclual cell olespst increases rn the Culture Valume.




Fermenters

> ,[ermgn-/e rs

Mr‘craa’(ja/uSms n be grown in Culture fute, shate flosKs-anol

Sq"'rita[ f,ermeﬂ‘/crf or aﬂler maeass Cu/ylcm: éjg[cm. =

SiL/‘rreej /ern?en/;ie/t's Can yange /N SiZXe ffam 3 or 4 41’#6)’ 40 loo gao
[Aers or larger, o/c’pena[fnj o Procluction yeguiremenis.

Vi /7}7/@1/ /nolus%r/‘d/ Sterrred fermenters in f/g ure below s f_’?ea/f‘am
must be Sterililedl , aeration,; andl PH adhustment, gamlg/ffgqne/
/Drb cesy mom}/on‘g must be Cazrh‘eJ Ul tunoler COﬂffb//{Q{ Concletions,
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Function of Fermenters

# Funcltions o ;[ of [crmerzq/cr

1- operated aseptically for anwumber glffjs
2= _re Lroled e/ Gercdion aqnol gy ron £o }77¢e,é The
mete bolic reguiremenl o M.o.
- Power ansamp/-/bn Chou la/ be as ldw '
- Controlled on #eﬂyﬁe/r fure .
5_H gyjzcm of pH Shouwted be /on;wdwp
b- Sompli fec) e e
7- The deign able @/cafm'rﬁ\ nel maiptenance.
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Monitoring and controlling parts

/’fonflew‘rﬁ_ anel Controller [)an[‘Sg,_ |

Temperature SenSar @ pH electrode @ Rotamefer ‘
Foam probe @ Ca SenSer @ Arr pump
B Heater pad & Colel frrgor Pressurve Volve
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Types of Fermenters

infess s#eels.

Hedal essel C Miled stell coated with glass).

s

8- A glass vessel with o roundl ar ot bottonm -
b -

= AU ,Q,rmen*?c/r:( are e lized p db;’/f{j 4o PresSure
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ine the inlerior eﬁ# he \ressel
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e pon Corro 3701
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DNA Sequencing

Knowledge of the nucleotide sequence of a gene
provides important information about its struc-
ture, function, and evolutionary relationship to
other similar genes in the same or different or-
ganisms. Thus, the development in the 1970s of
relatively simple methods for sequencing DNA
has had a great impact on genetics. Two basic
methods for DNA sequencing have been
developed: a chemical cleavage method (A. M.
Maxam and W. Gilbert, 1977) and an enzymatic
method (F. Sanger, 1981). A brief outline of the
underlying principles follows.



s
.

*,WWWWWMWWWMMW* -

.
. . ... ... ... ... ... . ... . .. . .
. . .:::X::::’:.:::X::::X::::X::::X:::.*::::X::::X::::X::::X::::X::::X::::X::::X::::X::::X:::.*::::X::::X::::X::::X::::X::::X:::.*:::.*:::.*::::X:::'X: o

-
.
.
.
.
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

-

.
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
.

*

.*.

-

e ::*:

1 e ) (e

Sugar

Base

N-glyco-
ic
bnnd

Phosphate

SN P—0—CH,

HO OH
Sugar (ribose 5

-




-
. .

.

e

-

. .
.

.
.
R

.

-
.

DNA Structure

.
.
.

-

.
-
-
-
.
-

-

-

-
-

-
-
-

-

.
.

-
-
-

- ... ... .. .. . . . . .. - ot
- -
.
..

.
-

.
.
.

.

-
-
G

.
-
-

. .

.
.
..
.

-

-

-

-

.

-
-
.
-
.
-
-
.
.

.
.
-

-

-

-

-
-
-

.

.
.
.
.

-
-
-

-
-
-
.
-
-
-
-
.
-

.
.

-
-
-
-
-
-

A. DNA double helix

Heat, NaOH

Denaturation
single strand)

S B—A
—T
—G
—G
—G
—G
—G
—T

=

Coolin
Renaturation

C. Denaturation and renaturation

T—3
A_
C_
C_
C_
T—
c—
O—
A_
G—l 5

= B




A. Sequencing by chemical
degradation

This method utilizes bhse—speciﬁc cleavage of
DNA by certain chemicals. Four different chemi-
cals are used in four reactions, one for each
base. Each reaction produces a set of DNA frag-
ments of different sizes. The sizes of the frag-
ments In a reaction mixture are determined by
positions in the DNA of the nucleotide that has
been cleaved. A double-stranded or single-
stranded fragment of DNA to be sequenced is
processed to obtain a single strand labeled with
a radioactive isotope at the 5’ end (1). This DNA
strand 1s treated with one of the four chemicals
for one of the four reactions. Here the reaction
at guanine sites (G) by dimethyl sulfate (DMS) is
shown. Dimethyl sulfate attaches a methyl
group to the purine ring of G nucleotides. The
amount of DMS used is limited so that on aver-
age just one G nucleotide per strand is methy-
lated, not the others (shown here in four differ-
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B. Sequencing by chain termination

This method, now much more widely used than
the chemical cleavage method, rests on the
principle that DNA synthesis is terminated
when instead of a normal deoxynucleotide
(dATP, dTTP, dGTP, dCTP), a dideoxynucleotide
(ddATP, ddTTP, ddGTP, ddCTP) is used. A
dideoxynucleotide (ddNTP) is an analogue of
the normal dNTP. It differs by lack of a hydroxyl
group at the 3 carbon position. When a
dideoxynucleotide is incorporated during DNA
synthesis, no bond between its 3' position and
the next nucleotide is possible because the
ddNTP lacks the 3° hydroxyl group. Thus, syn-
thesis of the new chain is terminated at this site.
The DNA fragment to be sequenced has to be
single-stranded (1). DNA synthesis is initiated
using a primer and one of the four ddNTPs
labeled with **P in the phosphate groups or, for
automated sequencing, with a fluorophore (see
next plate). Here an example of chain termina-
tion using ddATP is shown (3). Wherever an
adenine (A) occurs in the sequence, the
dideoxyadenine triphosphate will cause termi-




Automated DNA Sequencing

Large-scale DNA sequencing requires auto-
mated procedures based on fluorescence label-
ing of DNA and suitable detection systems. In
general, a fluorescent label can be used either
directly or indirectly. Direct fluorescent labels,
as used in automated sequencing, are fluoro-
phores. These are molecules that emit a distinct
fluorescent color when exposed to UV light of a
specific wavelength. Examples of fluorophores
used in sequencing are fluorescein, which
fluoresces pale green when exposed to a
wavelength of 494 nm; rhodamine, which
fluoresces red at 555 nm; and aminomethylcu-
marin acetic acid, which fluoresces blue at 399
nm. In addition, a combination of different
fluorophores can be used to produce a fourth
color. Thus, each of the four bases can be dis-
tinctly labeled.

Another approach is to use PCR-amplified prod-
ucts (thermal cycle sequencing, see A). This has
the advantage that double-stranded rather than
single-stranded DNA can be used as the starting
material. And since small amounts of template
DNA are sufficient, the DNA to be sequenced
does not have to be cloned beforehand.

A. Thermal cycle sequencing

The DNA to be sequenced is contained in vector
DNA (1). The primer, a short oligonucleotide
with a sequence complementary to the site of

\

trophoresis, the sequence can be read as shown
in the previous plate. One advantage of thermal
cycle sequencing is that double-stranded DNA
can be used as starting material. (Illustration
based on Figures 4.5 and 4.6 in Brown, 1999),

B. Automated DNA sequencing
(principle)

Automated DNA sequencing involves four
fluorophores, one for each of the four nu-
cleotide bases. The resulting fluorescent signal
is recorded at a fixed point when DNA passes
through a capillary containing an electro-
phoretic gel. The base-specific fluorescent
labels are attached to appropriate dideoxynu-
cleotide triphosphates (ddNTFP). Each ddNTP is
labeled with a different color, e.g., ddATP green,
ddCTP blue, ddGTP yellow, and ddTTP red (1).
(The actual colors for each nucleotide may be
different.) All chains terminated at an adenine
(A) will yield a green signal; all chains termi-
nated at a cytosine (C) will yield a blue signal,
and so on. The sequencing reactions based on
this kind of chain termination at labeled nu-
cleotides (2) are carried out automatically in
sequencing capillaries (3). The electrophoretic
migration of the ddNTP-labeled chains in the
gel in the capillary pass in front of a laser beam
focused on a fixed position. The laser induces a
fluorescent signal that is dependent on the
specific label representing one of the four nu-
cleotides. The sequence is electronically read
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	1. Genetic drift
	2. Gene flow
	3. Non-random mating
	عادة ما يتداول مصطلح اخر يرافق التطور يعرف  بالرقي, والرقي : هو تغيير يؤدي كي يصبح العضو اكثر قدرة على أداء كل وظائفه وان الرقي يختلف اختلاف جذري عن التطور. وعليه فأن الرقي ينشأ عن التطور ولكن ليس كل تطور يعبر عن الرقي.
	تشترك كل نماذج الحياة المعاصرة بصفات أساسية مشتركة. فعلى سبيل المثال يلاحظ ان جسم الكائن الحي يتكون من لبنة أساسية تعرف بالخلية , والخلية تمتلك صفات أساسية تمكنها من أداء وظيفتها الأساسية. وان كل الاحياء تمتلك هذه الخاصية, وهي ان الخلية هي وحدة ا...
	وبالرغم من التباين الكبير بين أحياء الممالك المختلفة ( الحيوانية أو النباتية) الا أنه يلاحظ وجود تماثل بالصفات العامة الرئيسية للخلية بين تلك الاحياء متمثلة بوجود النواة والسايتوبلازم فضلاً عن التركيب العام .
	أن كل الاحياء تشترك, على الرغم  من وجود الاختلافات الرئيسية, مع اصل واحد يمثل المسار المعقد للمادة عبر الزمن. على سبيل المثال فأننا اذا تمكنا من تتبع مسار تطور الانسان سنصل الى تلك المفارق التي باعدت بين الانسان والافراد الرئيسة في رتبة المقدميات ...
	فعلى سبيل المثال يلاحظ ان الشمبانزي يحتوي على 4٨ كروموسوم بينما      الانسان يحتوي على ٤٦ كروموسوم ، ويعتبر العلماء ان اتحاد كروموسوم ١٣و١٤ في الشمبانزي قد قاد الى نشوء الانسان  الغاب ومنه تطور بعد عديد من السنين        الذي ساد و أنتشر بسبب تطو...
	هناك العديد من الظروف على الأرض هي التي دعمت الحياة وهي على النحو الاتي:-
	1-  تميزت الأرض عند النشوء بقلة او انعدام O2 اذ كانت الأرض بيئة مختزلة نتيجة لوجود H2 والمركبات الهيدروجينية مع الماء مثل ( NH3 وCH4  ). ونتيجة لقوة الجاذبية فهذه الغازات قد بقيت ضمن الغلاف الغازي في الأرض عند النشوء. ان البيئة المختزلة للأرض في تلك الحقبة�
	2- المركبات اللاعضوية, المادة الخام لأصل الحياة:-                                                                                  لقد تفاعلت المواد اللاعضوية في الأرض لتكوين المواد العضوية الأساسية لإنتاج الحياة .
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