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This book is a result of the course on environmental microbiology that I taught at the
University of Northern Iowa, Cedar Falls, Iowa, USA. The book seeks to place the
main actors in matters of environment microbiology, namely, the microorganisms, on
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taxonomy of microorganisms, which facilitates their being pigeonholed into specific
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Abstract

The water molecule is composed of two hydrogen atoms attached to an oxygen
atom with a V-shape formation and an angle of 105° between the hydrogen atoms.
It has a slightly negative charge at the oxygen end and a slight positive charge at
the hydrogen end. This makes the water molecule polar, i.e., having poles like a
magnet. This property makes water molecules attract each other, thus giving it
unique properties such as rising in capillary tubes, plant roots, and blood vessels
against gravity. Water has a high latent heat enabling it to absorb large quantities
of heat before a rise in temperature; this enables the waters of the oceans to affect
the earth’s temperature in a gradual manner. Water is an important solvent. Water
forms about 71% of the earth’s surface, but most of it is saline. Freshwater which
is required for domestic and industrial use, and for agriculture forms only about
2.5%. Water is distributed in the atmosphere as clouds; on the earth’s surface as

oceans, seas, rivers, and lakes; and underground.

Keywords

Water properties * Water influence on environment * Hydrologic cycle ¢ Global

water distribution

Liquid water, H,O (synonyms: aqua, dihydrogen
monoxide, hydrogen hydroxide), is transparent, odor-
less, tasteless, and ubiquitous. It is colorless in small
amounts but exhibits a bluish tinge in large quantities
(Chaplin 2009a).

As will be seen below, it has unique properties
because of the structure of the water molecule. Water
has influence on human affairs far beyond its apparent
ordinariness. The influence of water on humans and
their existence on planet earth, on account of its
peculiar properties will be discussed below.

1.1 Physical and Chemical Properties
of Water and Their Consequences
1.1.1 Molecular Structure of Water and Its

Strong Surface Tension

Water has a very simple V-shaped atomic structure.
This is because the atoms in the water molecule are
arranged with the two H-O bonds at an angle of about
105° rather than on directly opposite sides of the
oxygen atom. The two hydrogen atoms are bonded to

N. Okafor, Environmental Microbiology of Aquatic and Waste Systems, 3
DOI 10.1007/978-94-007-1460-1_1, © Springer Science+Business Media B.V. 2011



1 Nature, Properties, and Distribution of Water

one side of an oxygen atom, resulting in the V-shaped
structure mentioned above. On account of this, a water
molecule has a positive charge on the side where the
hydrogen atoms are, and a negative charge on the other
side, where the oxygen atom is (see Fig. 1.1). Oxygen
has a higher electronegativity than hydrogen. Because
oxygen has a slight negative charge while the hydrogen
has a slight positive charge, water is a polar molecule,
since there is a net negative charge toward the oxygen
end (the apex) of the V-shaped molecule and a net posi-
tive charge at the hydrogen end. Therefore, water
molecules tend to attract each other, because opposite
electrical charges attract. As will be seen below, this
molecular polarity causes water to be a powerful solvent
and is responsible for its strong surface tension. It is
also responsible for the high specific heat of water
(Pidwirny 2006; Chaplin 2009a; Anonymous 2009a).

The elements surrounding oxygen in the periodic
table, namely, nitrogen, fluorine, phosphorus, sulfur,
and chlorine, all combine with hydrogen to produce
gases under standard conditions. The reason that
oxygen hydride (water) forms a liquid is that it is more
electronegative than all of these elements (other than
fluorine).

Fig. 1.1 The molecular structure of water (Modified from
Chaplin 2009a). Left: A water molecule showing the charges.
Right: Two water molecules attracting each other

Fig. 1.2 Attraction of
water molecules to create
high surface tension
(Copyright Michael
Pidwirny; www.our-planet-
earth.net. Reproduced with
permission from Pidwirny
2006)

Note: In this illustration
the water film is two layers
thick

1.1.2 The High Surface Tension of Water
and Capillarity in Plants

Water molecules as a whole have no net charge, but the
oxygen end has a slight negative charge (since the
electrons tend to stay on the side of the large oxygen
nucleus), and the hydrogen end has a slight positive
charge. For this reason, water is referred to as a polar
molecule because it has a positive end and a negative
end, analogous to the north and south poles of a bar
magnet. On account of this, the negative (oxygen) end
of one water molecule forms a slight bond with the
positive (hydrogen) end of another water molecule.

Because of the above, water has a high surface ten-
sion. In other words, water is adhesive and elastic, and
tends to aggregate in drops rather than spread out over
a surface as a thin film (see Fig. 1.2). This is a result of
water molecules attracting each other because of the
positive charge at one end and the negative charge at
the other. The strong surface tension also causes water
to stick to the sides of vertical structures despite gravi-
ty’s downward pull. Water’s high surface tension allows
for the formation of water droplets and waves, plants’
capillary of water (and dissolved nutrients) from their
roots to their leaves, and the movement of blood through
tiny vessels in the bodies of some animals (Sharp 2002;
Pidwirny 2006; Chaplin 2009a).

1.1.3 The Three Physical States of Water,
and the Floatation of Ice

Water is unique in that it is the only natural substance
on earth that is found in all three physical states —
liquid, solid (ice), and gas (steam) — at the temperatures
normally found on earth. When the water molecule
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Ordered
Molecular
Structure of

Frozen Water

Semi-Ordered
Molecular
Structure of

Liquid Water

Random
Molecular
Structure of

Vaporized Water

Fig. 1.3 Arrangement of molecules in steam, liquid water, and
ice (Copyright Michael Pidwirny; www.our-planet-earth.net.
Reproduced with permission from Pidwirny 2006). Note the highly
organized molecules in ice, the semi-ordered arrangement in liquid
water, and the random molecular structure in water vapor

makes a physical phase change, its molecules arrange
themselves in distinctly different patterns. In ice,
the molecules are highly organized; in liquid water, they
are semi-ordered, while the molecules are randomly
arranged in water vapor (see Fig. 1.3).

The molecular arrangement taken by ice (the solid
form of the water molecule) leads to an increase in volume
and a decrease in density. Expansion of the water mole-
cule at freezing allows ice to float on top of liquid water.

Water molecules exist in liquid form over an impor-
tant range of temperature from 0°C to 100°C. This
range allows water molecules to exist as liquid in most
places on earth (Anonymous 2009b).

1.1.4 The Thermal Properties of Water
and Their Effect on Climate

Because of hydrogen bonding between water
molecules, the latent heats of fusion and of evaporation

and the heat capacity of water are all unusually high.
For these reasons, water serves both as a heat-transfer
medium (e.g., ice for cooling and steam for heating)
and as a temperature regulator (the water in lakes and
oceans helps regulate the climate). Latent heat, also
called heat of transformation, is the heat given up or
absorbed by a unit mass of a substance as it changes
from a solid to a liquid, from a liquid to a gas, or the
reverse of either of these changes. Incorporated in
the changes of state are massive amounts of heat
exchange. This feature plays an important role in the
redistribution of heat energy in the earth’s atmosphere.
In terms of heat being transferred into the atmosphere,
approximately 75% of this process is accomplished by
the evaporation and condensation of water (see The
Hydrological Cycle below: Fig. 1.4).

Water has the second highest specific heat capacity
of any known chemical compound, after ammonia.
Specific heat is the amount of energy required to change
the temperature of a substance. Because water has a
high specific heat, it can absorb large amounts of heat
energy before it begins to get hot. It also means that
water releases heat energy slowly when situations cause
it to cool. Water’s high specific heat allows for the
moderation of the Earth’s climate, through the heat in
oceans, and helps organisms regulate their body tem-
perature more effectively. This explains why water is
used for cooling, say in automobile radiators, and why
the temperature change between seasons is gradual
rather than sudden, especially near the oceans.

Finally, water conducts heat more easily than any
liquid except mercury. This fact causes large bodies of
liquid water like lakes and oceans to have essentially a
uniform vertical temperature profile (Table 1.1).

1.1.5 The Change in the Nature of Water
at Different Temperatures and Lake
Temperatures

An unusual property of water is that the solid state, ice,
is not as dense as liquid water because of the geometry
of the hydrogen bonds (see above) which are formed
only at lower temperatures. For almost all other
substances the solid form has a greater density than
the liquid form. On account of this unusual property
the solid form, ice, floats on its liquid form. Freshwater
at standard atmospheric pressure is most dense at
3.98°C, and will sink by convection as it cools to that
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2006))

Table 1.1 Some properties of liquid water and their consequences on the environment (Modified from Sigee 2005)

S/mo  Property Comparison with other substances

1 Density Maximum density at 4°C, not at
freezing; expands at freezing
(both are unusual properties)

2 Melting and boiling Abnormally high

points

3 Heat capacity Highest of any liquid, except ammonia

4 Heat of vaporization One of the highest known

5 Surface tension Very high

6 Absorption of radiation ~ Large in infra-red and ultra-violet
regions; little in visible light area

7 Solvent properties Excellent solvent for ionic salts and

polar molecules because of bipolar nature

Importance to environment

In lakes prevents freezing and causes seasonal
stratification

Permits water to exist as liquid at earth’s surface;
moderates temperatures by preventing extremes
Permits only gradual changes in climatic
temperatures

Important in heat transfer atmosphere and in
oceans; and moderates temperatures by
preventing extremes

Regulates drop formation in clouds and rain
Important in control of photosynthesis in water
bodies, and in the control of atmospheric
temperature

Important in transfer of dissolved materials in
hydrological systems and biological entities

temperature, and if it becomes colder it will rise
instead. This reversal causes deep water to remain
warmer than shallower freezing water. Because of this,
ice in a body of water will form first at the surface and
progress downward, while the majority of the water
underneath will hold a constant 4°C. This effectively
insulates a lake floor from the cold in temperate climates
(see Table 1.2).

1.1.6 The Low Electrical Conductivity
of Pure Water

Pure water has a low electrical conductivity, but this
increases significantly upon solvation of a small
amount of ionic material water such as hydrogen
chloride. Thus the risks of electrocution are much
greater in water with impurities than in waters in which
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Table 1.2 Density of water molecules at various temperatures
(Modified from SIMetric.co.uk; http://www.simetric.co.uk/si_
water.htm; Anonymous 2009b)

Temperature (°C) Density (gm/cm?)

0 (solid) 0.9150
0 (liquid) 0.9999
4 1.0000
20 0.9982
40 0.9922
60 0.9832
80 0.9718
100 (gas) 0.0006

impurities are absent. Any electrical properties obser-
vable in water are from the ions of mineral salts and
carbon dioxide dissolved in it. Water does self-ionize
where two water molecules become one hydroxide
anion and one hydronium cation, but not enough to
carry sufficient electric current to do any

2H,0 2 H,0" +OH"

work or harm for most operations. In pure water,
sensitive equipment can detect a very slight electrical
conductivity of 0.055 puS/cm at 25°C. Water can also
be electrolyzed into oxygen and hydrogen gases but in
the absence of dissolved ions, this is a very slow
process since very little current is conducted.

1.1.7 The High Chemical Reactiveness
of Water

Water is very chemically reactive, reacting with certain
metals and metal oxides to form bases, and with cer-
tain oxides of nonmetals to form acids. It reacts with
certain organic compounds to form a variety of products,
e.g., alcohols from alkenes. Although, as seen above,
completely pure water is a poor conductor of elec-
tricity, it is a much better conductor than most other pure
liquids because of its self-ionization, i.e., the ability of two
water molecules to react to form a hydroxide ion, OH,
and a hydronium ion, H,O*. Its polarity and ionization
are both due to the high dielectric constant of water.

1.1.8 The pH of Water

Water in a pure state has a neutral pH. As a result, pure
water is neither acidic nor basic. Water changes its

pH when substances are dissolved in it. Rain has a
naturally acidic pH of about 5.6 because it contains
dissolved carbon dioxide and sulfur dioxide.

1.1.9 The High Solvent Power of Water

Because water is a polar compound, it is a good solvent.
Water is a very strong solvent; it is referred to as the
universal solvent because it dissolves many types of
substances. The substances that will mix well and dis-
solve in water (e.g., salts) are known as “hydrophilic”
(water-loving) substances, and those that do not mix
well with water (e.g., fats and oils) are known as
“hydrophobic” (water-fearing) substances. The ability
of a substance to dissolve in water is determined by
whether or not the substance can match or better the
strong attractive forces that water molecules generate
between other water molecules. If a substance has
properties that do not allow it to overcome these strong
intermolecular forces, the molecules are “pushed out”
from among the water and do not dissolve. Water is
able to dissolve a large number of different chemical
compounds and this feature enables it to carry dissolved
nutrients in runoff, infiltration, groundwater flow, and
living organisms.

1.2  Importance and Uses of Water

1.2.1 Composition of Biological Objects
Most living things consist of a large percentage of water:
In humans, for example, it constitutes about 92% of
blood plasma, about 80% of muscle tissue, and about
60% of red blood cells. This is because water is required
for the biochemical reactions taking place in them.

1.2.2 Drinking by Man and Animals
and Domestic Use

All living things need water for their metabolism.
Water is absolutely essential for survival. A person
may survive for a month without food, but only about
a week without water. In order to be clean enough for
human consumption, water usually has to be treated in
some way to remove harmful microorganisms and
chemicals. In the home, water is used for cooking,
cleaning, and disposal of wastes as sewage.
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1.2.3 Irrigation and Aquaculture
Throughout the world, irrigation for growing crops is
probably the most important use of water (except for
drinking). Almost 60% of all the world’s freshwater
withdrawals goes towards irrigation uses. Large-scale
farming cannot provide food for the world’s large pop-
ulations without the irrigation of crop fields by water
from rivers, lakes, reservoirs, and wells. Without irri-
gation, crops could never be grown in the deserts of
countries such as California and Israel.

Another agricultural use to which water is put is in
aquaculture for growing fish.

1.2.4 Power Generation

Power generation with water is in two forms:

Hydroelectric and thermoelectric.

1. Hydroelectric power contributes about 12% of total
power output in the USA. This kind of power
generation is restricted to regions where water can
fall from a high altitude, and in the process cause
the rotation of huge turbines which leads to the
generation of electric power.

2. Thermoelectric production of electrical power
results in one of the largest uses of water in the
United States and worldwide. In thermoelectric
power generation, water is heated either by petro-
leum oil or gas or by heat generated in a nuclear
reaction. The steam produced is used to drive
turbines which generate the electricity. In the
USA, in the year 2000, about 195,000 million
gallons of water each day were used to produce
electricity (excluding hydroelectric power). This
represented about 52% of fresh surface-water
withdrawals.

1.2.5 Transportation

Water is a primary medium for transporting heavy
goods. Huge ships ply the oceans and large lakes of
the world, carrying raw materials and manufactured
products. Water transportation, although relatively
slow is one of the cheapest means of transporting
heavy goods.

1 Nature, Properties, and Distribution of Water

1.2.6 Recreation

Water is used for many recreational purposes, as well
as for exercising and for sports. Some of these include
swimming, waterskiing, boating, fishing, and diving.
In addition, some sports, like ice hockey and ice skating,
take place on ice.

1.2.7 Human Affairs

Water has played an important part in human affairs

for centuries, and still does (Keeley 2005).

1. Religion: Water is considered a purifier in most
religions. Major faiths that incorporate ritual
washing (ablution) include Hinduism, Christianity,
Islam, Judaism, and Shinto. Water baptism is a
central sacrament of Christianity; it is also a part
of the practice of other religions, including Judaism
and Sikhism. In addition, a ritual bath in pure
water is performed for the dead in many religions
including Judaism and Islam.

Many religions also consider particular bodies
of water to be sacred or at least auspicious, for
example, the River Ganges in Hinduism.

Greek philosophers believed that water was one
of the four classical elements along with fire, earth,
and air. Water was also one of the five elements in
traditional Chinese philosophy, along with earth, fire,
wood, and metal. Among the Igbos in Nigeria, water
and rainfall are considered blessings; rainfall during
a celebration is considered a good omen.

2. Politics: Water has caused frictions and even wars
between nations: for example, the Ganges is dis-
puted between India and Bangladesh, while the
Golan Heights which provides 770 million cubic
meters of water per year is disputed between Israel
and Syria.

1.3  The Hydrologic Cycle

The continuous circulation of water from the earth to
the atmosphere and from the atmosphere back to the
earth is known as the hydrologic cycle. The hydrologic
cycle is powered by the energy of the sun. The cycle
operates through evaporation, transpiration in plants,
condensation in clouds, and precipitation.
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Although the hydrologic cycle balances what goes
up with what comes down, one phase of the cycle is
“frozen” in the colder regions of the world during the
winter season. During the winter in the colder parts of
the world, most of the precipitation is simply stored as
snow or ice on the ground. Later, during the spring
snow and ice melt, releasing huge quantities of water
in relatively short periods; this leads to heavy spring
runoff and, sometimes, flooding.

The heating of the ocean water by the sun is the
key process that keeps the hydrologic cycle in motion.
Water evaporates when heated by the sun, then falls
as precipitation in the form of rain, hail, snow, sleet,
drizzle, or fog. On its way to earth, some precipita-
tion may evaporate or, when it falls over land, be
intercepted by vegetation before reaching the ground.
The cycle proceeds by the following processes (see
Fig 1.4):

1. Evaporation

As water is heated by the sun, the surface molecules

become sufficiently energized to break free of the

attractive force binding them together, and then
evaporate and rise as invisible vapor in the atmo-
sphere. As much as 40% of precipitation can be lost
by evaporation.

2. Transpiration

Water vapor is also emitted from plant leaves by the

process of transpiration. Every day an actively grow-

ing plant transpires five to ten times as much water
as it can hold at any one time.
3. Condensation
As water vapor rises, it cools as it encounters the
lower temperatures of the upper atmosphere and
eventually condenses, usually on tiny particles of
dust in the air. When it condenses it becomes a lig-
uid again or turns directly into a solid (ice, hail, or
snow). These water particles then collect and form
clouds. Clouds are formed when air containing
water vapor is cooled below a critical temperature
called the dew point and the resulting moisture con-
denses into droplets on microscopic dust particles
(condensation nuclei) in the atmosphere.
4. Precipitation

Precipitation in the form of rain, snow, and hail

comes from clouds. Clouds move around the

world, propelled by air currents. When they rise
over mountain ranges, they cool, becoming so
saturated with water that water begins to fall as

rain, snow, or hail, depending on the tempera-
ture of the surrounding air.

5. Runoff
Runoff is the visible flow of water from land into
rivers, creeks and lakes, and the oceans following
the precipitation of atmospheric water as snow or
rain. Runoff water runs overland into nearby streams
and lakes; the steeper the land and the less porous
the soil, the greater the runoff. Overland flow is par-
ticularly visible in urban areas. Rivers join each
other and eventually form one major river that car-
ries all of the sub-basins’ runoff into the ocean.

6. Percolation
Water moves downward through cracks and pores in
soil and rocks to the water table. Water can move up
by capillary action; it can move vertically or horizon-
tally under the earth’s surface until it re-enters a sur-
face water system. Some of the precipitation and
melted snow moves downwards, percolates or infil-
trates through cracks, joints, and pores in soil, and
rocks until it reaches the water table where it becomes
groundwater.

7. Groundwater
Subterranean water is held in cracks and pore
spaces. Depending on the geology of the area, the
groundwater can flow to support streams. It can also
be tapped by wells. Some groundwater is very old
and may have been there for thousands of years.

1.4 Classification of Waters

Water may be classified into natural and artificial waters.

1.4.1 Natural Waters
Natural waters may be grouped thus:
1. Atmospheric waters:

(a) Rain

(b) Hail

(c) Snow
2. Surface waters:

(a) Streams

(b) Ponds

(c) Lakes

(d) Rivers and estuaries

(e) Oceans
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3. Ground (or underground) waters:
(a) Springs
(b) Wells
(c) Underground streams

1.4.2 Artificial Waters

Artificial waters, all of which are surface waters, are
man-made, and include:

. Reservoirs

Dams

. Oxidation ponds

. Man-made lakes

. Canals

Fresh
water 3%

Saline

(oceans)

. . 97%
Fig. 1.5 Global distribution

of water (From http://ga.
water.usgs.gov/edu/
waterdistribution.html.

With permission)

Credit: United States
Geological Services (USGS))

Table 1.3 Volumes of water
in global water bodies
(Modified from Gleick 1996)

Water source

Ice caps, glaciers,
and permanent snow

Groundwater
Fresh
Saline
Soil moisture

Ground ice and permafrost

Lakes

Fresh

Saline
Atmosphere
Swamp water
Rivers
Biological water
Total

Earth’s water

Oceans, seas, and bays

Global Distribution of Water
on Earth and Its Study

1.5

Much of the world’s surface (71%) is covered by the
oceans, which have a mean depth of 3.8 km and whose
water is highly saline. The oceans and seas hold 97.5%
of all the world’s waters, the remaining 2.5% being
freshwater. Of this freshwater, 68.9% is locked in gla-
ciers and ice-sheets, while most of the rest (29.9%) is
groundwater. Much of the world’s freshwater is held
in rivers and lakes and constitutes 0.3%. Figure 1.5 and
Table 1.3 show the global distribution of water.

The seas and oceans of the world form a continuous
body of water which are linked to each other. They are,

Distribution of Earth’s Water

) Other 0.9% Suface Rivers 2%/
Ground gg[f/}: _
water
30.1%
Freshwater Fresh
surface water
(liquid)
Water volume Percent of Percent of
(cubic kilometers) freshwater total water
1,338,000,000 - 96.5
24,064,000 68.7 1.74
23,400,000 - 1.7
10,530,000 30.1 0.76
12,870,000 - 0.94
16,500 0.05 0.001
300,000 0.86 0.022
176,400 - 0.013
91,000 0.26 0.007
85,400 - 0.006
12,900 0.04 0.001
11,470 0.03 0.0008
2,120 0.006 0.0002
1,120 0.003 0.0001
1,386,000,000 - 100
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Fig. 1.6 Seas and oceans of the world (Copyright Compare Infobase Limited; www.mapsofworld.com. Reproduced with permission
from Anonymous 2009d)
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Table 1.4 Area and depth of the seas and oceans of the world (Modified from www.infoplease.com; Anonymous 2009c.

With permission)

Name

Pacific Ocean
Atlantic Ocean
Indian Ocean
Southern Ocean
Arctic Ocean
Mediterranean Sea
Caribbean Sea
South China Sea
Bering Sea

Gulf of Mexico
Okhotsk Sea
East China Sea
Hudson Bay
Japan Sea
Andaman Sea
North Sea

Red Sea

Baltic Sea

however, divided into about six oceans and about 13
seas (see Fig. 1.6). They vary greatly in size and depth,
the largest and deepest being the Pacific Ocean (see

Table 1.4).

Area Sq km
155,557,000
76,762,000
68,556,000
20,327,000
14,056,000
2,965,800
2,718,200
2,319,000
2,291,900
1,592,800
1,589,700
1,249,200
1,232,300
1,007,800
797,700
575,200
438,000
422,200

Average depth m

4,028 11,033
3,926 9,219
3,963 7,455
4,000-5,000 7,235
1,205 5,625
1,429 4,632
2,647 6,946
1,652 5,016
1,547 4,773
1,486 3,787
838 3,658
188 2,782
128 183
1,350 3,742
870 3,777
94 660
491 2,211
55 421

Greatest known depth m

Place of greatest
known depth

Mariana Trench

Puerto Rico Trench
Sunda Trench

South Sandwich Trench
TT°45'N; 175°W

Off Cape Matapan, Greece
Off Cayman Islands
West of Luzon

Off Buldir Island
Sigsbee Deep

146°10'E; 46°50'N
25°16'N; 125°E

Near entrance

Central Basin

Off Car Nicobar Island
Skagerrak

Off Port Sudan

Off Gotland

Tables 1.5 and 1.6 give the world’s longest rivers
and largest lakes. At any given time rivers and lakes
hold 0.33% of freshwater, while the atmosphere holds

0.035% (Anonymous 2010a, b).
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Table 1.5 The top ten longest rivers of the world (From http://www.infoplease.com/toptens/worldrivers.html; Anonymous 2010a.

With permission)

S/No Name Length (km)
1 Nile 6,690
2 Amazon 6,570
3 Mississippi-Missouri 6,020
4 Yangtze 5,980
5 Yenisey 5,870
6 Amur 5,780
7 Ob-Irtysh 5,410
8 Plata-Parana 4,880
9 Yellow (Hwang) 4,840

10 Congo (Zaire) 4,630

Location Destination

Egypt
Amapa-Para, Brazil
Louisiana, USA

Mediterranean Sea
Atlantic Ocean
Gulf of Mexico

Kiangsu, China East China Sea

Russia Yenisey Gulf in Kara Sea
China Tatar Strait

Russia Gulf of Ob in Kara Sea

Argentina-Uruguay Atlantic Ocean

Shantung, China Yellow Sea

Angola-Zaire Atlantic Ocean

Table 1.6 The top ten largest lakes of the world (From http://www.infoplease.com/toptens/largelakes.html; Anonymous 2010b.

With permission)

Lake Location Volume (km?) Area (km?) Salinity

Caspian Sea Azerbaijan, Iran, Kazakhstan, 78,200 km? 374,000 Mostly saline
Russian Federation, Turkmenistan

Baikal (Ozero Baykal) Russian Federation 23,600 km? 31,500 Fresh

Tanganyika Burundi, Congo (Democratic Republic), 19,000 km? 32,900 Mostly fresh
Tanzania, Zambia

Superior Canada, United States of America 12,100 km? 82,100 Fresh

Malawi (Nyasa, Niassa) Malawi, Mozambique, Tanzania 7,775 km? - Fresh

Michigan United States of America 4,920 km?® 57,750 Fresh

Huron Canada, United States of America 3,540 km? 59,500 Fresh

Victoria Kenya, Tanzania, Uganda 2,760 km? 68,460 Fresh

Great Bear Lake Canada 2,292 km? 31,326 Fresh

Great Slave Canada 2,088 km? 29,568 Fresh

The science which studies waters on earth is hydrology.
The branch of hydrology which studies the oceans is
oceanography; the branch of hydrology which studies
inland waters running or standing, fresh or saline, is
limnology (from the Greek: limne =lake, logos = study).
Limnology includes the study of (natural and man-
made) lakes and ponds, rivers and streams, wetlands,
and groundwaters.

The water which man requires for his domestic and
industrial purposes, however, is freshwater, which
forms only a small proportion by volume of the earth’s
waters (Fig. 1.5 and Table 1.3). Although the abundant
waters of the oceans and seas can be de-salinated to
provide freshwater, the present methods of doing so
are uneconomical.

Freshwater is thus a relatively scarce commodity.
For this reason, it is purified and reused in some

countries. Water which has been used and rain water
draining into the ground, all enter, and form part of,
the hydrologic cycle.
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The Peculiar Nature of Water
as an Environment for Microbial
Habitation

Abstract

As a habitat for the existence of microorganisms, water has properties not found
in other natural microbial habitats such as soil, and plant and animal bodies; indig-
enous aquatic microorganisms are adapted to these conditions. Natural waters are
generally low in nutrient content (i.e., they are oligotrophic); what nutrients there
are, are homogeneously distributed in the water. The movement of water freely
transports microorganisms; to counter this and offer themselves some protection,
many aquatic organisms are either stalked or arranged in colonies immersed in
gelatinous materials. To enable free movement in water, many aquatic microor-
ganisms and/or their gametes have locomotory structures such as flagella.
Microorganisms are often adapted to, and occupy particular habitats in the water
body; some occupy the air—water interphase (neuston), while others live in the
sediment of water bodies (benthic). The conditions which affect aquatic microor-
ganisms are temperature, nutrient, light, salinity turbidity, water movement. The
methods for the quantitative study of aquatic microorganisms are cultural methods
(plate count and MPN), direct methods (microscopy and flow cytometry), and the
determination of microbial mass. The microscopy methods are light (optical), epi-
flourescence, confocal laser scanning microscopy, transmission electron micros-
copy, and scanning electron microscopy. Microbial mass may be direct (weight
after oven-drying) or indirect (turbidity, CO, release, etc).

Keywords
Aquatic microorganisms * Oligotrophic ¢ Aquatic habitats ¢ Flagellar motility
* Epi-flourescence microscopy * Flow cytometry

characteristics to which the organisms living therein
must adapt.

Aquatic microorganisms generally experience
highly fluctuating and highly varying environmental

Microorganisms exist in different natural environ-
ments such as the soil, the animal intestine, the
air, and water. Each of these habitats has peculiar

conditions. These conditions differ not only from one
aquatic macro-environment to another, but also in diffe-
rent sub-locations in the same aquatic macro-environment.

N. Okafor, Environmental Microbiology of Aquatic and Waste Systems, 15
DOI 10.1007/978-94-007-1460-1_2, © Springer Science+Business Media B.V. 2011
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This variability contributes to the well-recognized micro-
bial biodiversity in aquatic environments. On account
of this, because the freshwater macro-environment is
clearly different from the marine macro-environment,
the microorganisms attached to organic matter of the
same composition would be expected to be different.

Various habitats can be recognized within an aquatic
environment. Each habitat is characterized by one or
more microbial communities.

This chapter will discuss the peculiarities of the
aquatic environment as dwelling places for micro-
organisms as well as the methods used in quantitative
study of microorganisms found in water.

The aquatic environment can itself be divided broadly
into freshwater and saline. The microbiology of the
freshwater environment will be discussed in Chap. 5
and that of the saline (marine) environment in Chap. 6.

Water differs from other natural microbial environ-
ments such as soil, plant, and animal bodies in a number
of ways, namely (Sigee 2005):

1. The low concentration of nutrients
Natural bodies of water are generally oligotrophic, i.e.,
low in nutrients. The concentration of nutrients avail-
able to a microbial cell in the environment of natural
waters such as the open sea or rivers away from shore-
lines is usually low, when compared with the concen-
trations found in other microbial habitats such as soil
crevices or plant and animal bodies. The result of this
is that the truly indigenous aquatic microorganisms
must be able to subsist under conditions of low nutrient
availability, which may be unfavorable to their terres-
trial counterparts of the same group. For example,
Escherichia coli is known to die out quickly in distilled
water, whereas aquatic indigenes such as Pseudomomas
spp. and Achromobacter spp. do not.

2. Relative homogeneity of the properties of water
Because of the vastness of the aquatic environment in
comparison with the size of the individual microbial
cell, the aquatic environment is fairly homogeneous in
terms of nutrients, pH, etc. For example, metabolic
products released by aquatic microorganisms are con-
tinuously diluted away in natural waters, say in a river.
Such products, therefore, hardly accumulate in natural
waters in the same way as they could theoretically do
in the soil. Two samples of soils taken an inch apart
from each other may have completely different prop-
erties in terms of pH, the population of microorgan-
isms, etc. This is not the case with water which can be
said to be more homogeneous both in space and time
than other natural environments.

3. The movement of water

Natural bodies of water generally flow. Even when
there is no apparent gross movement of a body of water,
minor movements induced by the wind take place reg-
ularly. Consequently, many truly aquatic microorgan-
isms are attached to larger bodies which provide them
with support, and stop them from drifting. In order to
provide this attachment, some aquatic bacteria are
stalked, for example, the aquatic bacterium Caulobacter
spp. Others form filaments which enable attachment
only at one end leaving the rest of the filament free for
the absorption of nutrients. An example will be found
among the adults of the sessile ciliated Protozoa such
as those found among the Suctoria (see Chap. 4). Still
others form themselves into gelatinous balls or masses
which can offer slightly better protection against the
hazards of moving waters than would be available to
single individuals. Examples of organisms which form
colonial units or are immersed in gelatinous masses are
Zooglea spp. among the Bacteria, and Pandorina spp.
among the Algae.

With respect to the terminology for describing
water movements or flow of freshwaters, those which
are still or exhibit little flow, e.g., ponds or some
lakes, are known as limnetic waters, while those in
which the movement or flow is rapid, as in some
rivers and streams, are known as lotic.

4. Freedom of movement of microorganisms in aquatic

environments

Because of the vastness of the water environment in
comparison with the size of microorganisms, aquatic
microorganisms are afforded movement without
impediment over comparatively huge distances in a
way which is not available to organisms in soil or
other environments inhabited by microorganisms.
Most truly aquatic microorganisms possess flagella
or cilia which enable them or their reproductive cells
to move about freely in aquatic environments. This
is presumably to help them move around freely in
search of food or around those areas of the water
body such as decomposing animal or plant bodies
which may have slightly higher concentrations of
nutrients than the rest of the water. In illustration of
this, the truly aquatic fungi, i.e., Phycomycetes are
the only group among the fungi in which flagellated
gametes are found. Similarly, among the algae which
are recognized as mostly aquatic, flagellated cells or
reproductive structures are found in all of the algae
except the Rhodophyceae (Red Algae) and the
Cyanophyceae or Blue green algae.



2.3 Foreign Versus Indigenous Aquatic Bacteria

2.2  Ecological Habitats
of Microorganisms in Aquatic

Environments

In the ecological study of plants and animals, a popu-
lation is a group of living things of the same kind
living in the same place at the same time, while a habitat
is the place where a population lives (Pugnaire and
Valladares 2007). These concepts are applied here to
the microorganisms living in water. In aquatic environ-
ments, various, sometimes overlapping ecological
populations of microorganisms exist at various depths
of the water column. The various populations inhabi-
ting various aquatic habitats will be described below
(Matthews 1972):
1. Planktonic organisms
Planktonic organisms are populations of free floa-
ting organisms in water. They are the fodder (or
food) upon which the smaller aquatic life, espe-
cially krills and small fish, subsist. Planktons include
algae (Diatoms or Bacillariophyceae) and
Dinoflagellates (Dinophyceae) as well as Protozoa.
2. Tectonic organisms
In contrast to planktonic organisms, tectonic
organisms are those which, while subject to
aquatic flow, also have locomotory means of their
own, and hence can also move apart from being
carried with the flow of water, e.g., ciliated proto-
zoa, flagellated bacteria, etc.
3. “Aufwuchs” (periphyton)
This is a term derived from the German; it indi-
cates that the aquatic microorganism in question is
attached to something. On the basis of the nature
of their support, “aufwuchs” are divided into the
following categories:
(a) Epiphytic — attached to the surfaces of plants
(b) Epizootic — attached to the surface of animals
(c) Epilithon — a community of microorganisms
attached to rocks and stones of the aquatic
environment
(d) Epixylon — the microorganisms found on the
fallen woods in water bodies
(e) Episammon — the community of organisms
attached to sand grains
4. Benthic organisms, benthos
Organisms inhabiting the bottom sediment of
aquatic environments (i.e., bottom or mud-dwelling
organisms) constitute the benthic community or
benthos.
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5. Neuston
The microorganisms which are found at the surface
of an aquatic environment, exactly at the air—water
interface, are referred to as neuston.

6. Pleuston
The specific term “pleuston” may be used to denote the
organisms occupying the air—water interface in a marine
biota. These neuston and pleuston can be regarded as
specialized communities as their air—water interface
habitat is subjected to widely fluctuating environmental
conditions.

7. Seston epipelon
Sestons are the particulate matter suspended in bod-
ies of water such as lakes and seas. Some authors
apply it to all particulates, including plankton, organic
detritus, and inorganic material. Seston produced by
nekton, i.e., large swimming animals, may also act as
a habitat along with other organic debris. Micro-
organisms inhabiting these detritus matters and other
fine sediment surface are referred to as epipelon.

2.3  Foreign Versus Indigenous Aquatic

Bacteria

Microorganisms are constantly being washed into
surface waters from the soil; thus the microbial popu-
lation of the near-side of inland waters is very similar
to the surrounding soil especially after rains. Those
which are not truly indigenous to water soon die. These
are the foreign, migrant, or allochthonous organisms
of water, while the indigenous organisms, known as
authochthonous, survive in the water (Fig. 2.1).

Allochthonous

|

Authochonous

-

+ Time ——

Rainfall

Number of organisms

Fig. 2.1 Relative populations of allochthonous and authoch-
thonous aquatic microorganisms after rainfall (Drawn by the
author: see text)
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2.4 Challenges of Aquatic Life: Factors
Affecting the Microbial Population
in Natural Waters

Various physical and chemical factors affect the micro-
bial population in natural waters. The physical factors
affecting the microbial populations in aquatic environ-
ments are floatation, temperature, nutrients, and light,
while the chemical factors include nutrients, salinity,
and pH (Sigee 2005).
1. Floatation
Flotation or placement in the water column is a chal-
lenge faced by all aquatic organisms. For example, it
is crucial to phytoplankton (microscopic algae) to
stay in the photic zone, where there is access to sun-
light. The small size of most phytoplankton, plus a
special oily substance in the cytoplasm of cells,
helps keep these organisms afloat.

Zooplankton (microscopic protozoa) use a variety
of techniques to stay close to the water surface. These
include the secretion of oily or waxy substances,
possession of air-filled sacs similar to the swim blad-
ders of fish, and special appendages that assist in
floating. Some zooplankton even tread water.

Fishes have special swim bladders, which they
fill with gas to lower their body density. By keeping
their body at the same density as water, a state called
“neutral buoyancy,” fishes are able to move freely
up and down.

2. Temperature

Temperature is one of the main factors affecting
the growth of microorganisms. Psychrophiles (low
temperature loving) are microorganisms which
have an optimum temperature of growth of 0-5°C,
whereas thermophiles (high temperature loving)
have optimum temperatures of 60°C and above.
Mesophiles (middle temperature loving) have opti-
mum temperatures of 20-40°C. The temperature of
natural waters varies from about 0°C in polar
regions to 75-80°C in hot springs. In tropical
regions it is about 25-30°C, and in temperate
regions about 15°C in the summer and lower in the
colder months.

The specific thermal capacity of water is very
high, hence large water bodies are able to either
absorb or lose great amount of heat energy without
much change in their temperature. Because of
this, many aquatic organisms including microbes

3.

experience very stable temperature conditions. For
instance, about 90% of the marine habitats maintain
a constant temperature of about 4°C which encour-
ages the growth of psychrophilic microorganisms.
A good example of a marine psychrophile is Vibrio
marinus, while a good example of a thermophile is
Thermus aquaticus (optimum temperature 70-72°C)
which grows in hot springs and whose thermostable
DNA polymerase is used in the very useful proce-
dure used to amplify DNA, the Polymerase Chain
Reaction (PCR) see Chap. 3.

The temperature of non-marine water bodies like
lakes, streams, and estuaries shows seasonal varia-
tions in temperate countries as indicated above,
with corresponding changes in the microbial popu-
lation. Such bodies in tropical countries are more
stable in temperature and hence have a more con-
stant group of organisms.

Eurythermal species are those that can survive in
a variety of temperatures. Eurythermality generally
characterizes species that live near the water sur-
face, where temperatures change depending on the
seasons or the time of day. Species that occupy
deeper waters generally experience more constant
temperatures, are intolerant of temperature changes,
and are described as stenothermal.

Nutrients

The supply of nutrients is one of the major determi-
nants of microbial density and variety in aquatic
environments. Both organic and inorganic nutrients
are important, and the nutrients may either be pres-
ent dissolved or as particulate material. Aquatic
environments with limited nutrient content are said
to be oligotrophic and those with a high nutrient
content are said to be eutrophic.

The open (the pelagic zone of the) sea has a
stable and very low nutrient load. But, nearshore
water shows variations in nutrient load due to the
addition of nutrients from domestic and indus-
trial wastewaters. A shortage of inorganic nutri-
ents, particularly, nitrogen and phosphorus, may
limit algal growth. However, the presence of
these nutrients in unusually large quantities often
lead to excessive growth of algae and cyano-
bacteria, a condition known as eutrophication.
Heavy metals like mercury have an inhibitory
effect on microorganisms, but certain microor-
ganisms have developed resistance toward these
heavy metals.



4. Light

Almost all forms of life in aquatic habitats are either
directly or indirectly influenced by light, because
primary food production is mainly through photo-
synthesis. Since algae and photosynthetic bacteria
are involved in photosynthesis, they are the most
important forms with respect to light.

Lightis important in the spatial distribution of micro-
organisms in an aquatic environment, especially the
photosynthetic forms. Photosynthetic microorganisms
are mainly restricted to the upper layers of aquatic sys-
tems, the photic zone, where effective penetration of
light occurs. Although photosynthesis is confined to the
upper 50125 m of the water bodies, the depth of the
photic zone may vary depending upon the latitude, sea-
son, and turbidity. Apart from the decrease in the quan-
tity of light with depth, there is also a change in the color
of the light able to penetrate water. Of the component
rays of visible light, blue light is the most transmitted to
the lower depths of water, while the red is the least.

Light may also be bactericidal. It has been sug-
gested that the reason for the death of sewage bacte-
ria in seawater is due to light. Sometimes, there may
be a reduction in the bacterial activity without nec-
essarily killing them. For example, reduction in the
rate of oxidation has been shown to occur in
Nitrosomonas spp., and Nitrobacter spp. due to high
light intensities. Cell division may also be related to
the day and night variation. The diatom Nitzschia
spp. divides mostly in the light, while the dinoflagel-
late Ceratium spp. divides during darkness.

. Salinity

Aquatic species also have to deal with salinity, the
level of salt in the water. Some marine species,
including sharks and most marine invertebrates,
simply maintain the same salinity level in their tis-
sues as is in the surrounding water. Some marine
vertebrates, however, have lower salinity in their tis-
sues than is in seawater. These species have a ten-
dency to lose water to the environment. They make
up for this by drinking seawater and excreting excess
salt through their gills. Freshwater aquatic species
have the opposite problem — a tendency to absorb
too much water. These species must constantly expel
water, which they do by excreting a dilute urine.

Species that occupy both freshwater and marine
habitats at different stages of their life cycle must
transition between two modes of maintaining water
balance. Salmon hatch in freshwater, mature in the
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ocean, and return to freshwater habitats to spawn.
Eels, on the other hand, hatch in salt water, migrate
to freshwater environments where they mature, and
return to the ocean to spawn.

Salinity is particularly variable in coastal waters,
because oceans receive variable amounts of fresh-
water from rivers and other sources. Species in
coastal habitats must be tolerant of salinity changes
and are described as euryhaline. In the open ocean,
salinity levels are generally constant, and species
that live there cannot tolerate salinity changes.
These organisms are described as stenohaline.

A wide range of salinity (i.e., the content of NaCl,
or salt) occurs in natural waters. For example, salinity
is near zero in freshwater and almost at saturation level
in salt lakes, such as those found in the State of Utah
in the USA. A clear distinction can be made between
the flora and fauna of fresh and saltwater systems due
to the variation in the salinity levels. The dissolved salt
concentration of sea water varies from 33 to 37 g per
kg of water. The maximum level of salinity has been
noted in Red Sea where it is 44 parts per thousand.
Thus sea water characteristically contains a high salt
content. Even within the ocean some variations,
though small, may occur in salinity. Concentrations of
salts are normally low in shallow offshore regions and
near river mouths. Some rise in salinity in a water
body may be due to the evaporation of water or ice
formation. Decrease in salinity is also possible by the
inflow of rain water or snow precipitation.

. Turbidity

Since turbidity of water in an aquatic environment
inhibits the effective penetration of light, it is also
considered an important factor affecting microbial
life. Turbidity is caused by suspended materials,
which include particles of mineral material origi-
nating from land, detritus, particulate organic mate-
rial such as cellulose, hemicellulose, and chitin
fragments and suspended microorganisms.

Particulate matter in a water body may provide a
substratum to which various microorganisms
adhere. Many marine microorganisms, including
bacteria and protozoa are attached to solid substrata.
The attached bacterial communities are called
epibacteria or periphytes.

. Water movements (currents)

Water currents are obvious in lentic or limnetic habi-
tats like rivers. In aquatic environments, including
rivers and oceans, currents help aerate the water and
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cause the mixing of nutrients. The movement of water
in ocean geothermal vents also helps in mixing nutri-
ents. In deep waters, the water currents may move in
opposite direction to those on the surface and usually
they are slower. The velocity of water within a water
body, especially in rivers have been found to influ-
ence the nutrient uptake and metabolism. Studies on
biofilms have also shown that, under phosphorus lim-
iting conditions, a small increase in water velocity
can increase the uptake of phosphorus.

2.5 Methods for the Enumeration
of Microorganisms in the Aquatic
Environment

It may sometimes be necessary, as part of understanding
microbial ecology in aquatic systems, to determine the
number of microorganisms in a body of water. This
section looks at the various methods used.

The methods for enumerating organisms in the
aquatic environment may be divided broadly into
cultural methods, direct microscopic methods, and
determination of microbial mass.

2.5.1 Cultural Methods

1. The plate count

The plate count on agar is one of the oldest tech-

niques in the science of bacteriology (Buck 1977;

Anonymous 2006). It has a number of advantages,

including the following:

(a) Itis easy to perform.

(b) It is scientifically uncomplicated.

(c) Itis relatively inexpensive.

(d) It allows cultivable organisms to develop.

(e) Within the limits of its shortcomings given
below, it permits the quantitative comparison of
organisms from different habitats.

(f) Tt also facilitates the study of the different sub-
strates on which organisms grow, and hence
their physiology, through the incorporation of
the substrates in the agar medium.

Useful as it is, it has a number of disadvantages
which constitute major handicaps in some
circumstances:

(a) The method selects organisms which can grow
in the particular chemical components of the

medium and the temperature, and other environ-
mental conditions for cultivating the organism.

(b) Total counts are calculated from plate counts
on the assumption that each colony counted has
arisen from a single bacterial cell; this is not
necessarily always the case, due to possible
clumping of the bacterial cells.

(c) The procedure selects organisms which are cul-
tivable, and molecular methods show that many
more organisms are in natural environments
than are counted by the plate count method.

. The Most Probable Number (MPN) method

The most probable number (MPN) technique is an
important technique in estimating microbial popula-
tions in soils, waters, and agricultural products. Soils
and food, and even some bodies of water are heteroge-
neous; therefore, exact cell numbers of an individual
organism can be impossible to determine. The MPN
technique is used to estimate microbial population sizes
in such situations. The technique does not rely on quan-
titative assessment of individual cells; instead, it relies
on specific qualitative attributes of the microorganism
being counted. The important aspect of MPN method-
ology is the ability to estimate a microbial population
size based on a process-related attribute that is based on
the physiological activity of the organism.

The principle of methodology for the MPN tech-
nique is the dilution and incubation of replicated cul-
tures across several serial dilution steps. This technique
relies on the pattern of positive and negative test results
following inoculation of a suitable test medium (usu-
ally with a pH sensitive indicator dye) with the test
organism (Colwell 1977; Anonymous 2006).

The assumptions underlying the technique are as
follows:

(a) The organisms are randomly and evenly dis-
tributed throughout the sample.

(b) The organisms exist as single entities, not as
chains, pairs or clusters and they do not repel
one another.

(c) The proper growth medium, temperature, and
incubation conditions have been selected to
allow even a single viable cell in an inoculum
to produce detectable growth.

(d) The population does not contain viable, sub-
lethally injured organisms that are incapable of
growth in the culture medium used.

(e) The MPN techniques also assume that all test
organisms occupy a similar volume.
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This procedure has advantages and disadvantages.
Some of the advantages of the MPN methods are
as follows:

(a) MPN methodology results in more uniform
recovery of a microbial population across dif-
ferent portions of a body of water.

Unlike direct quantitative procedures, it mea-
sures only live and active organisms; direct
methods measure living and dead organisms.
The disadvantages are:

The procedures of MPN are laborious.

The MPN procedures also have a lower order
of precision than direct counts.

The principle of the MPN method resides in the
dilution procedure for counting bacteria. In dilution
counting, a serial tenfold dilution of the water
whose bacterial content is to be determined is made.
A loopful of the dilution is streaked out on a suit-
able medium. For the dilution technique to be valid,
enough dilutions must be made for growth not to
occur at one of such dilutions; hence the phrase
“dilution to extinction” is applied to the dilution
method. The number of organisms in the original
liquid is assumed to be the reciprocal of the dilution
in which growth occurs, just before the dilution at
which no growth occurs. Thus, if in series of tenfold

(b)

(a)
(b)

dilutions, growth occurs at dilution 10° but not at
dilution 10% the number of organisms in the origi-
nal dilution is taken to be 10* or 100 (more accu-
rately the number should be stated as more than 10°
but less than 10*. The rationale behind the MPN
method is illustrated in Fig. 2.2).

The MPN is thus counting by the method of
“dilution to extinction” made more accurate by the
use of several tubes. For precise estimates, a very
large number of tubes should be inoculated at each
dilution. The confidence intervals can be narrowed
by inoculating more tubes at each dilution or by
using a smaller dilution ratio; a twofold dilution
gives a greater precision than four-, five-, or tenfold
dilution. If the microbial population size is not
known, it is best to use a tenfold dilution with at
least five (but preferably more) tubes at each dilu-
tion. If some idea of the microbial population size is
known, it is best to use a dilution of 2, even if fewer
tubes are used. The MPN is read from tables. Details
of this method are available in Standard Methods
for the Determination of Water and Wastewater
(Anonymous 2006). The number of organisms is
recorded in terms of Most Probable Numbers
(MPN). Figures obtained in MPN determinations
are indices of numbers which, more probably than
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any others, would give the results shown by labora-
tory examination. It should be emphasized that they
are not actual numbers which, when determined
with the plate count, are usually much lower. MPN
index and 95% confidence limits for various combi-
nations of positive results, when five tubes are used
for dilution (10, 1, and 0.1 ml), are given in

Table 2.1.

3. The membrane filtration method

The membrane filtration method consists in filter-

ing a measured volume of the water sample through

a membrane composed of cellulose esters and other

materials. The bacteria present are retained on the

surface of the membrane, and by incubating the
membrane face upward on a suitable agar or liquid
medium and temperature, colonies develop on the
membrane which can then be counted. The volume
of liquid chosen will depend on the expected bacte-
rial density of the water and should be such that
colonies developing on the membrane lie between

10 and 100.

The advantages of the filtration method over the
multiple-tube method are:

(a) Rapidity: It is possible to obtain direct counts
of coliforms and E. coli in 18 h without the use
of probability tables.

(b) Labor, media, and glassware are also saved.

(c) For testing water for fecal contamination, nei-

ther spore-bearing anaerobes nor mixtures of

organisms which may give false presumptive
reactions in MacConkey broth cause false posi-
tive results on membranes.

A sample may be filtered on the spot or in a

nearby laboratory with limited facilities

instead of taking the liquid to the proper
laboratory.

Membranes have, however, the following disadvan-

tages:

(a) They are unsuitable for waters of high turbidi-
ties, and in which the required organisms are
low in number, since they can be blocked before
enough organisms have been collected.

(b) For water testing, when non-coliforms predomi-
nate over coliforms, the former may overgrow
the membrane and make counting of coliforms
difficult.

(c) Similarly, in water testing, if non-gas produc-
ing lactose-fermenters predominate in the
water, false results will be obtained.

(d)

Membrane filters are used to count various microor-
ganisms including bacteriophages. Standard Methods
for the Determination of Water and Wastewater
(Anonymous 2006) contains detailed information
on this.

4. Dilution of water for viable counts (plate count or
MPN)
Depending on the load of bacteria expected in water,
the water will need to be diluted before the determi-
nation of its bacterial content. Table 2.2 gives a pos-
siblerange of dilutions of water and other consumable
liquids, whose bacterial load may be determined by
plate count or MPN determinations.

2.5.2 Direct Methods

Direct methods involve direct visualization of the
microorganisms using a microscope. The impulses
may be transmitted to a set up which may be read off
as graphs or other visual end points. As will be seen
below, some direct methods are often combined with
some of the cultural methods described above.

2.5.2.1 Light Microscopy
The most common method of enumerating total micro-
bial cells is the direct counting of cell suspension in a
counting chamber of known volume using a micro-
scope. One such counting chamber is the Neubauer
counting chamber which has grids to facilitate
counting, usually done under a light microscope. More
sophisticated direct counting methods do not use the
human eye, but instead use sensors which according to
the desired program may detect size or different kinds
of organisms depending on which dye is used to identify
which organism. The various approaches are discussed
under the title microscopy, below.
1. Optical (light) microscopy
The optical or light microscope uses visible light
and a system of lenses to magnify images of small
samples. The image can be detected directly by the
eye, imaged on a photographic plate or captured
digitally. In light microscopy, the wavelength of the
light limits the resolution to around 0.2 pm. The
shorter the wave length the greater the magnifica-
tion of the image; hence, in order to gain higher
resolution, the use of an electron beam with a far
shorter wavelengths is used in electron microscopes.
The light for the light microscope may be daylight.
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Table 2.1 Most probable number index and 95% confidence limits for five tube, three dilution series (From Standard Methods for
the Examination of Water and Wastewater; Anonymous 2006. With permission)

Number of tubes giving positive reaction out of

5 of 10 ml
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5 of 0.1 ml
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MPN index per
100 ml
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110
140
180
130
170
220

95% confidence limits:

Lower
<0.5
<0.5
<0.5
<0.5
<0.5
<0.5
<0.5
<0.5
<0.5
1

O N R RW WD D=

—_
N=Ri S}

Upper
7
7
11
7
11
11
15
15
13
17
17
21
21
28
24
29
29
35
35
40
38
45
46
55
63
56
78
80
93
93
70
89
110
93
120
150
130
170
220
190
250
340
500
300
490
700

(continued)
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Table 2.1 (continued)

Number of tubes giving positive reaction out of MPN index per 95% confidence limits:

5 of 10 ml 5of 1 ml 50f 0.1 ml 100 ml Lower Upper
5 4 3 280 90 850
5 4 4 350 120 1,000
5 5 0 240 68 750
5 5 1 350 120 1,000
5 5 2 540 180 1,400
5 5 3 920 300 3,200
5 5 4 1,600 640 5,800
5 5 5 >1,600 - -

Table 2.2 Possible dilution of water and some consumable fluids prior to viable counts determination (Modified from science.
kennesaw.edu/~bensign/aqmeth/bacteriawaterquality.doc)

Suggested dilutions
Item 0 10! 10? 10° 10* 10° 10° 107 10
Iced tea
Bottled water
Pasteurized milk

+ + + +

Drinking water
Swimming pool
Wells, springs
Stagnant lakes, ponds

+ + 4+ + o+ o+
+ o+ 4+ + o+ o+

+ + o+ o+

River water
Toilet water + + +
Raw sewage effluent + + + +

However, bright light similar to day light may be (a) The light source (Xenon or Mercury arc-dis-

produced from mercury-vapor lamps or xenon-arc charge lamp).
lamps. The Neubauer counter has wide applications (b) The excitation (illumination) filter (which fil-
including being used to count blood cells in animal ters away light of other wavelengths leaving
and human pathology laboratories, apart from being one of a specific wavelength or color).
used for bacterial counts. (c) The dichroic mirror (or dichromatic beam splitter)
2. Fluorescence microscopy which simultaneously reflects the illumination
In fluorescence microscopy, the object being stu- light to the object and allows the reflected fluores-
died is labeled with a fluorescent dye which gives cent light (of a different wavelength or color from
the object one color, say red, but emits another the illumination light) to pass through.
color, say green. Some materials, for example, chlo- (d) The emission filter, which allows the much
rophyll are innately fluorescent and are said to be weaker fluorescence or reflected light to pass
auto-fluorescent. Most current fluorescence micro- through, and filters away any illuminating light
scopes are operated in the epi-illumination mode coming from the object (see Fig. 2.3). The fil-
(illumination and detection from one side of the ters and the dichroic mirror are selected in
sample) and hence the system is known as epifiuo- accordance with wavelengths of the illumina-
rescence microscopy. The excitation, illumination, tion light and the reflected light peculiar to the
or oncoming light strikes the object on one (usually, fluorescent dye used.
the top) side and, as will be seen below, this further The epifluorescence microscope is widely used in
decreases the amount of excitation light entering biology. It is used to count microorganisms directly
the detector. The major components of a fluores- in fresh and marine water as well as in milk, clinical

cence microscope are (Fig. 2.3): specimens, and in environmental materials. The
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bacterial cells are captured on the surface of poly-
carbonate membrane filters, stained with a fluores-
cent dye such as acridine orange, and visualized
using epifluorescence microscopy. The fluoro-
chrome (fluorescent dye) which is currently popu-
lar is 4', 6’ diamidino-2-phenyl indole (DAPI).
When using fluorescence techniques, the sample is
either stained and then filtered onto membrane fil-
ters, or the cells are stained on the filters.
Fluorochrome — stained — cells counts give an esti-
mate of total living heterotrophic bacterial popula-
tion in aquatic environments. However, a large
proportion of the total cells are sometimes in a
metabolically inactive state.

To get an estimate of metabolically active cells,
a dehydrogenase stain assay can be employed. In
this method, the active dehydrogenase enzyme
reduces a synthetic water soluble, membrane per-
meable, straw colored tetrazolium salt converting
it to a pink-red, water insoluble formozan. The
proportion of cells that have accumulated pink
formozan through enzymatic dehydrogenation of
tetrazolium substrate represents metabolically
active cells.

It has also been used to characterize planktonic
procaryotic populations. An image analysis system
may be used to digitize the video image of auto-
fluorescing or fluorochrome-stained cells in the

}ennen Objective

Fig. 2.3 Setup illustrating the principle of the epifluorescence microscope (From http://international.abbottmolecular.com/
DiagramoftheFluorescenceMicroscope_8843.aspx. With permission)

microscope field. The digitized image can then be
stored, edited, and analyzed for total count or indi-
vidual cell size and shape parameters, and results
can be printed as raw data, statistical summaries, or
histograms (Sieracki et al. 1985).

. The confocal laser scanning microscope

The confocal laser scanning microscope (CLSM or
LSCM) is now often used in biology (Prasad et al.
2007).

It is called “confocal” (meaning the same focus)
because the final image has the same focus as the
point of focus in the object. When an object is
imaged in the fluorescence microscope, the signal
produced is from the full thickness of the specimen;
on account of this, most of the image is out of focus
to the observer. The pinhole aperture of the confo-
cal microscope blocks out this out-of-focus light
(dotted lights in Fig. 2.4) and thus light from above
and below the point of focus in the object. Filtering
away some of the light reduces the amount of light
and thus also reduces the “visibility” of the focused
part of the specimen. To make up for this, laser
beams are used which produce extremely bright
light at a fixed wavelength. Highly sensitive photo-
multiplier-detectors (PMTs) are used to pick up and
multiply the reduced laser beam striking the image.
The laser is focused on a fixed portion of the speci-
men (a square or rectangle) at a time using a
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Fig. 2.4 Diagram illustrating the principle of the confocal microscope (From http:/www.gonda.ucla.edu/bri_core/confocal.htm;
Schibler 2010. With permission)

motorized system of mirrors controlled by a

computer. The computer also allows the system to

scan sequential planes in the (opposite direction)

Z-direction, and create overlays of all the in-focus Z

section, and store them. The information can also be

used to create three-dimensional images, or movie

rotations of well-stained specimens (Schibler 2010).

The confocal microscope has several advantages
over conventional optical microscopy including:

(a) Controllable depth of field through controllable
three-dimensional (3D) reconstructions.

(b) The elimination of image degrading out-of-focus
information, thus obtaining high resolution
images.

(c) The ability to collect serial optical sections
from thick specimens.

The key feature of confocal microscopy is its ability

to produce sharp images of thick specimens at vari-

ous depths. Images are taken point-by-point and

reconstructed with a computer, rather than projected
through an eyepiece. First developed in 1953, it
took another 30 years and the development of lasers
for confocal microscopy to become a standard tech-
nique toward the end of the 1980s.

In this system, a laser beam passes through a
light source aperture and then is focused by an
objective lens into a small focal volume within a
fluorescent specimen. A mixture of emitted fluo-
rescent light as well as reflected laser light from
the illuminated spot is then recollected by the
objective lens. A beam splitter separates the light
mixture by allowing only the laser light to pass
through and reflecting the fluorescent light into the
detection apparatus. After passing a pinhole, the
fluorescent light is detected by a photo-detection
device (photomultiplier tube [PMT]) transforming
the light signal into an electrical one which is
recorded by a computer.
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The detector aperture obstructs the light that is not
coming from the focal point, as shown by the dotted
gray line in the image. The out-of-focus points are
thus suppressed: most of their returning light is
blocked by the pinhole. This results in sharper images
compared to conventional fluorescence microscopy
techniques and permits one to obtain images of vari-
ous X-Y axis planes; for depth, the object is also
scanned in the Z axis plane (Schibler 2010).

2.5.2.2 Electron Microscopy
Electron microscopes were developed due to the limi-
tations of the light microscopes which are limited by
the physics of light to 500x or 1000x magnification
and a resolution of 0.2 pm. The desire in the early
1930s to study the fine details of the interior structures
of organic cells such as the nucleus, mitochondria, etc.,
fueled this need. The transmission electron microscope
(TEM) was the first type of electron microscope to be
developed and is patterned exactly on the light trans-
mission microscope except that a focused beam of
electrons is used instead of light to “see” through
the specimen. It was developed in Germany in 1931.
The first of the other type of electron microscope, the
scanning electron microscope (SEM) came out in
1942, but the commercial came out about 1965.
1. The transmission electron microscope (TEM)
The ray of electrons is produced by a pin-shaped
cathode heated up by electric current. The electrons
are produced in a vacuum at high electric voltage.
The higher the voltage, the shorter are the electron
waves and the higher is the power of resolution.
Modern powers of resolution range from 0.2 to
0.3 nm and magnification is around 300,000x. The
electron microscope is like the light microscope;
however, the “lens” is an electric coil generating an
electromagnetic field. Specimens are thin, no more
than 100 nm thick, and are “stained” with heavy
metal salts to make them visible. The formed
image is made visible on a fluorescent screen, or it
is captured on photographic material. Photos taken
with electron microscopes are always black and
white. The degree of darkness corresponds to the
electron density (i.e., differences in atom masses)
of the candled preparation.
2. The scanning electron microscope (SEM)
The path of the electron beam within the scanning
electron microscope differs from that of the TEM
and is based on television techniques. The method

is suitable for the showing of preparations with
electrically conductive surfaces. Biological objects
have thus to be made conductive by coating with a
thin layer of heavy metal, usually gold. The power
of resolution is smaller than in transmission elec-
tron microscopes, but the depth of focus is much
higher. Scanning electron microscopy is therefore
also well suited for very low magnifications. The
surface of the object is scanned with the electron
beam point by point whereby secondary electrons are
set free. The intensity of this secondary radiation is
dependent on the angle of inclination of the object’s
surface. The secondary electrons are collected by a
detector placed at an angle at the side above the
object. The image appears a little later on a viewing
screen.

A comparison of the light, transmission, and
scanning microscopes is given in Table 2.3.

2.5.2.3 Flow Cytometry

Flow cytometry comes from ‘“cyto” for cell, and
“meter” for measure in the word cytometer. The
technology involves the use of a beam of laser light
projected through a liquid stream that contains cells, or
other particles in the size range of 0.2-150 um dia-
meter, which when struck by the focused light give out
signals which are picked up by detectors. These sig-
nals are then converted for computer storage and data
analysis, and can provide information about various
cellular properties.

Cells flow one at a time through a region of interac-
tion at the rate of over 1,000 cells per second. The bio-
physical properties detected are then correlated with
the biological and biochemical properties of interest.
The high throughput of cells allows for rare cells,
which may have inherent or inducible differences, to
be easily detected and identified from the remainder of
the cell population.

In order to make the measurement of biological/
biochemical properties of interest easier, the cells are
usually stained with fluorescent dyes which bind spe-
cifically to cellular constituents. The dyes are excited
by the laser beam and emit light at longer wavelengths.
This emitted light is picked up by detectors, and the
signals are converted to digital so that they may be
stored for later display and analysis.

Flow cytometers also have the ability to selectively
deposit cells from particular populations into tubes, or
other collection vessels. These selected cells can then
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Table 2.3 Comparison of the properties of the light, and transmission and scanning electron microscopes (From http://universe-
review.ca/R11-13-microscopes.htm#top; Anonymous 2010)

Characteristic
Resolution (average)
Resolution (special)
Magnifying power
Depth of field

Type of objects
Preparation technique
Preparation thickness
Specimen mounting
Field of view

Source of radiation
Medium

Nature of lenses

Focusing

Magnification adjustments

Specimen contrast

be used for further experiments, cultured, or stained

Compound microscope
500 nm

100 nm

up to 1,500x

Poor

Living or non-living
Usually simple
Rather thick

Glass slides

Large enough
Visible light

Air

Glass

Mechanical
Changing objectives
By light absorption

Transmission electron microscope
10 nm

0.5 nm

up to 5,000,000x

Moderate

Non-living

Skilled

Very thin

Thin films on copper grids
Limited

Electrons

Vacuum

One electrostatic +a few em. lenses

Current in the objective lens coil
Current in the projector lens coil
By electron scattering

5. Color detectors

Scanning electron microscope
2 nm

0.2 nm
~100,000x
High

Non-living

Easy

Variable
Aluminum stubs
Large

Electrons
Vacuum

One electrostatic +a few em.
lenses

Current in the objective lens coil
Current in the projector lens coil
By electron scattering

with another dye/antibody and reanalyzed. The data

can be displayed in a number of different formats, each

having advantages and disadvantages. The common

methods are histogram, or dotplots. A flow cytometer

typically consists of the following:

1. Flow chamber
Cells flow through the flow chamber one at a time
very quickly, about 10,000 cells in 20 s or more
often 500 cells per second.

2. Laser
A small laser beam of very bright light hits the
cells as they pass through the flow chamber. The
way the light bounces off each cell gives infor-
mation about the cell’s physical characteristics.
Light bounced off at small angles is called for-
ward scatter. Light bounced off in other direc-
tions is called side scatter.

3. Light detector
The light detector processes the light signals and
sends the information to the computer. Forward
scatter tells you the size of the cell. Side scatter tells
if the cell contains granules. Each type of cell in
the immune system has a unique combination of
forward and side scatter measurements, allowing you
to count the number of each type of cell.

4. Filters
The filters direct the light emitted by the fluoro-
chromes (fluorescent dyes) to the color detectors.

As the cells pass through the laser, the fluoro-
chromes attached to the cells absorb light and then
emit a specific color of light depending on the type
of fluorochrome. The color detectors collect the dif-
ferent colors of light emitted by the fluorochromes
and send them to a computer.

. Computer

The data from the light detector and the color detec-
tors is sent to a computer and plotted on a
histogram.

Flow cytometers or flourescence activated cell
sorters are instruments which analyze optical
parameters of many individual cells in a short space
of time. The sample flows through an orifice and
across the path of a light source, usually a laser.
Optical parameters like light scatter and fluores-
cence are measured on each cell by photodetectors.
The signals received are processed by a computer.
On the basis of predefined optical properties, cells
can be sorted and collected automatically. Some of
the advantages of flow cytometry are:

(a) Rapid analysis of relatively large sample sizes,
i.e., 10°~10° cells per minute.

(b) Modifications of the technique allow detection
of smaller and less abundant cells in natural
water samples.A well-known application of
the flow cytometer is the analysis of natural
phytoplankton by auto-fluorescence. By this
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technique, cyanobacterial phototrophs are
enumerated and separated from other phyto-
plankton based on phycoerythrin and chloro-
phyll fluorescence. The former fluoresces
orange and the latter red.

2.5.3 Determination of Bacterial Mass

Bacterial mass may be determined by direct weight
measurement, or indirectly by the measurement of
metabolic activities of the organism. For the determi-
nation of growth yields, wet or dry weight estimations
are commonly used. For evaluating metabolic and
enzymatic activities, protein or nitrogen content of a
bacterial suspension is determined.

2.5.3.1 Direct Methods

After centrifuging the cells, wet weight can be deter-
mined. Dry weight is determined after drying the cells
to constant weight.

Nitrogen content and total carbon content can also
be determined using well-known laboratory proce-
dures such as the Association of Official Agricultural
Chemists (AOAC) procedures.

2.5.3.2 Indirect Methods

Bacterial mass may be determined by measuring the
turbidity of cell suspensions; production of carbon
dioxide, oxygen uptake, or production of acid can
also be related to microbial mass after a calibration of
the values against known quantities. These methods
are particularly useful with very low concentration of
cells. Chlorophyll determination is also a useful
method, especially for algae; synthesis of ATP has also
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been used as a function of rate of microbial activity or
total biomass (Hodson et al. 1976).
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Abstract

Our increased knowledge of living things at the molecular level has greatly
influenced the modern approach in biology. Thus, for example, the taxonomy of
microorganisms is no longer based mostly on their morphology, but also on the
sequence of bases in the genes of the 16S RNA of the small subunit of the ribo-
somes. This chapter looks at selected basic molecular biology topics of relevance
to the environment. The processes of transcription and translation in protein syn-
thesis are discussed. The principles behind some molecular procedures such as the
polymerase chain reaction and micro-arrays are discussed. Many microorganisms
in environments such as water and soil are not culturable and are studied only with
molecular biology. Metagenomics, or the culture-independent genomic analysis of
an assemblage of microorganisms, in environments such as marine or freshwater

has potential to answer fundamental questions in microbial ecology.

Keywords

Protein synthesis ® Polymerase chain reaction ® Microarrays * Gene identification

* Metagenomics

In recent times giant strides have been taken in
harnessing our knowledge of the molecular basis of
many biological phenomena. Many new techniques
such as the polymerase chain reaction (PCR) and DNA
sequencing have arrived on the scene. In addition,
major projects involving many countries such as the
human genome project have taken place. Coupled with
all these exciting technological developments, new
vocabulary such as genomics has arisen. These have
transformed the approaches used in microbiology. For
example, with molecular biology techniques, it is now
possible to study the microbial populations of any
environment by using culture-independent analyses of
16S rRNA gene sequences (see for example Elshahed
et al. 2007; Bansal 2005).

This chapter will discuss only selected aspects of
molecular biology in order to provide a background
for understanding some of the newer directions of
environmental microbiology. The discussion will be
kept as simplified and as brief as possible, just enough
in complexity and length to achieve the purpose of the
chapter. The student is encouraged to look at many
excellent publications in this field.

3.1 Protein Synthesis

Proteins are very important in the metabolism of living
things. They are in hormones for transporting mes-
sages around the animal body; they are used as storage

N. Okafor, Environmental Microbiology of Aquatic and Waste Systems, 33
DOI 10.1007/978-94-007-1460-1_3, © Springer Science+Business Media B.V. 2011
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such as in the whites of eggs of birds and reptiles and
in seeds; they transport oxygen in the form of hemo-
globin; they are involved in contractile arrangements
which enable movement of various animal body parts,
through contractile proteins in muscles; they protect
the animal body in the form of antibodies; they are in
membranes where they act as receptors, participate in
membrane transport and antigens, and they form tox-
ins such as diphtheria and botulism. The most impor-
tant function, if it can be so termed, is that they form
the basis of enzymes which catalyze all the metabolic
activities of living things; in short, proteins and the
enzymes formed from them are the engines of life.
Notwithstanding the bewildering diversity of living
things, varying from bacteria to protozoa to algae to
maize to man, the same 20 amino acids are found in all

Cytosine

Thymine Cytosine

Pyrimidines

living things. On account of this, the principles affecting
proteins and their structure are same in all living things.

The macromolecules linked to heredity are deo-
xyribonucleic acid (DNA) and ribonucleic acid (RNA).
The genetic information which determines the poten-
tial properties of a living thing is carried in the DNA
present in the nucleus, except in some viruses where it
is carried in RNA. DNA is also present in the plant
organelles mitochondria and chloroplasts.

DNA consists of four nucleotides, adenine, cytosine,
guanine, and thymine. RNA is very similar except that
uracil replaces thymine (see Fig. 3.1). RNA occurs in
the nucleus and in the cytoplasm as well as in the
ribosomes.

The processes of protein synthesis will be
summarized briefly below. In protein synthesis, infor-
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Fig. 3.2 Cloverleaf-
shaped transfer RNA
(From The Internet
Encyclopedia of Science;
http://www.daviddarling.
info/encyclopedia/T/tRNA.
html. Reproduced with
permission)

mation flow is from DNA to RNA via the process of
transcription, and thence to protein via translation.
Transcription is the making of an RNA molecule from
a DNA template. Translation is the construction of a
polypeptide from an amino acid sequence from an
RNA molecule (see Fig. 3.2). The only exception to
this is in retroviruses where reverse transcription
occurs: a single-stranded DNA is transcribed from a
single-stranded RNA (the reverse of transcription).

3.1.1 Transcription
An enzyme, RNA polymerase, opens the part of the
DNA to be transcribed. Only one strand of DNA, the
template or sense strand, is transcribed into RNA. The
other strand, the anti-sense strand is not transcribed.
The anti-sense strand is used in making ripe tomatoes
to remain hard. The RNA transcribed from the DNA is
the messenger or m-RNA (see Fig. 3.3). Because some
students appear to be confused by the various types of
RNA, it is important that we mention at this stage that
there are two other types of RNA besides m-RNA.
These are ribosomal or r-RNA and transfer or t-RNA.
During this step, mRNA goes through different types
of maturation including one in which the non-coding
sequences are eliminated, in a process known as splicing.
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Anticodon loop

When m-RNA is formed, it leaves the nucleus in
eukaryotes (there is no nucleus in prokaryotes!) and
moves to the ribosomes.

3.1.2 Translation

In all cells, ribosomes are the organelles where proteins
are synthesized. They consist of two-thirds of ribosomal
RNA, r-RNA, and one-third protein. Ribosomes consist
of two subunits, a smaller subunit and a larger subunit.
In prokaryotes, typified by E. coli, the smaller unit is
30S and larger 50S. S is Svedberg units, the unit of
weights recorded in an ultra centrifuge for the two parts.
The length of -RNA differs in each. The 30S unit has
16S r-RNA and 21 different proteins. The 50S subunit
consists of 5S and 23S r-RNA and 34 different proteins.
The smaller subunit has a binding site for the m-RNA.
The larger subunit has two binding sites for t-RNA.
The messenger RNA (mRNA) is the “blueprint” for
protein synthesis and is transcribed from one strand of
the DNA of the gene; it is translated at the ribosome
into a polypeptide sequence. Translation is the synthesis
of protein from amino acids on a template of messen-
ger RNA in association with a ribosome. The bases on
m-RNA code for amino acids in triplets or codons, that
is, three bases code an amino acid. Sometimes, different
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Fig. 3.3 Summary of protein synthesis activities (Copyright Terese
Winslow; http://www.teresewinslow.com/. With permission)

Note: There are two phases in protein synthesis: Transcription and
Translation. In transcription, one strand of the DNA is used as a
template for synthesizing messenger RNA (mRNA). In translation,

triplet bases may code for the same amino acid. Thus
the amino acid glycine is coded by four different
codons: GGU, GGC, GGA, and GGG. However, a
codon is always for one amino acid. There are 64 dif-
ferent codons; three of these UAA, UAG, and UGA are
stop codons and stop the process of translation. The
remaining 61 code for the amino acids in proteins (see
Table 3.1). Translation of the message generally begins
at AUG, which also codes for methionine. For AUG to
act as a start codon, it must be preceded by a ribosome
binding site. If that is not the case, it simply codes for
methionine (Purvees et al. 1995).

Promoters are sequences of DNA that are the start
signals for the transcription of mRNA. Terminators
are the stop signals. mRNA molecules are long
(500-10,000 nucleotides).

the ribosome binds to this mRNA, and moves along it three
nucleotides at a time,each triplet (known as a codon) being respon-
sible for the synthesis of an amino acid. The polypeptide chain is
increased one amino acid at a time, until a codon which does not
code for any amino acid (a stop or non-sense codon) is reached.

Ribosomes are the sites of translation. The ribo-
somes move along the mRNA and bring together the
amino acids for joining into proteins by enzymes.

Transfer RNAs (tRNAs) carry amino acids to mRNA
for linking and elongation into proteins. Transfer RNA
is basically cloverleaf-shaped. tRNA carries the proper
amino acid to the ribosome when the codons call for
them. At the top of the large loop are three bases, the
anticodon, which is the complement of the codon.
There are 61 different tRNAs, each having a different
binding site for the amino acid and a different anti-
codon. For the codon UUU, the complementary anti-
codon is AAA. Amino acid linkage to the proper tRNA
is controlled by the aminoacyl-tRNA synthetases.
Energy for binding the amino acid to tRNA comes from
ATP conversion to adenosine monophosphate (AMP).
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Table 3.1 The genetic U

code — codons U UUU=Phe
UUC=Phe
UUA=Leu
UUG=Leu
C CUU=Leu
CUC=Leu
CUA=Leu
CUG=Leu
A AUU=Ile
AUC=Ile
AUA=Ile
AUG=Met
G GUU=Val
CUC=Val
GUA=Val
GUG=Val
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UCU =Ser UAU=Tyr UGU=Cys U
UCC=Ser UAC=Tyr UGC=Cys C
UCA=Ser UAA =Stop UGA =Stop A
UCG=Ser UAG=Stop UGG=Trp G
CCU=Pro CAU=His CGU=Arg U
CCC=Pro CAC=His CGC=Arg C
CCA=Pro CAA=GIn CGA=Arg A
CCG=Pro CAG=GIn CGG=Arg G
ACU=Thr AAU=Asn AGU =Ser U
ACC=Thr AAC=Asn AGC=Ser C
ACA=Thr AAA=Lys AGA=Arg A
ACG=Thr AAG=Lys AGG=Arg G
GCU=Ala GAU=Asp GGU=Gly U
GCC=Ala GAC=Asp GCG=Gly C
GCA=Ala GAA=Glu GGA=Gly A
GCG=Ala GAG=Glu GGG=Gly G

Note: (i) Most codons for a given amino acid differ only in the last (third) base of the triplet
(exceptions: Leu, Arg, Ser); (ii) One codon (AUG or Met) also signals the START of a poly-
peptide chain; (iii) Three codons (UAA, UAG, and UGA) are used to signal the END of a
polypeptide chain (STOP codons)

AUG start codon; UAA, UAG, and UGA stop (nonsense) codons

Amino Acids: Phephenylalanine, Leuleucine, Ileisoleucine, Metmethionine, Valvaline;
Serserine, Proproline, Thrthreonine, Alaalanine, Tyrtyrosine; Hishistidine, Gln glutamine,
Asnasparagine, Lyslysine, Asp aspartic acid; Glu glutamic acid, Cyscysteine, Trp tryptophan,

Argarginine, Gly glycine

In summary, during translation, the ribosome binds
to the mRNA at the start codon (AUG) that is recog-
nized only by the initiator tRNA. During this stage,
complexes, composed of an amino acid linked to tRNA,
sequentially bind to the appropriate codon in mRNA by
forming complementary base pairs with the tRNA anti-
codon. The ribosome moves from codon to codon along
the mRNA. Amino acids are added one by one, trans-
lated into polypeptidic sequences dictated by DNA and
represented by mRNA. At the end, a release factor
binds to the stop codon, terminating translation and
releasing the complete polypeptide from the ribosome.

Elongation terminates when the ribosome reaches a
stop codon, which does not code for an amino acid and
hence not recognized by tRNA.

After protein has been synthesized, the primary
protein chain undergoes folding; secondary, tertiary,
and quadruple folding occurs. The folding exposes
chemical groups which confer their peculiar properties
on the protein. Protein folding is the process by which
a protein assumes its functional shape or conforma-
tion. All protein molecules are simple unbranched
chains of amino acids, but it is by coiling into specific
three-dimensional shapes that they are able to perform
their biological functions.

3.2 The Polymerase Chain Reaction
The Polymerase Chain Reaction (PCR) is a technology
used to amplify small amounts of DNA. The PCR
technique was invented in 1985 by Kary B. Mullis
while working as a chemist at the Cetus Corporation, a
biotechnology firm in Emeryville, California. So use-
ful is this technology that Muillis won the Nobel Prize
for discovery in 1993, 8 years later. It has found use in
a wide range of situations, from the medical diagnosis
to microbial systematics and from courts of law to the
study of animal behavior.
The requirements for PCR are:
(a) The DNA or RNA to be amplified
(b) Two primers
(c¢) The four nucleotides found in the nucleic acid
(d) A heat stable DNA derived from the thermophilic
Archaebacterium, Thermus aquaticus, Taq
polymerase

The Primer: A primer is a short segment of nucleotides
which is complementary to a section of the DNA which
is to be amplified in the PCR reaction.

Primers are annealed to the denatured DNA tem-
plate to provide an initiation site for the elongation of
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the new DNA molecule. For PCR, primers must be
duplicates of nucleotide sequences on either side of the
piece of DNA of interest, which means that the exact
order of the primers’ nucleotides must already be
known. These flanking sequences can be constructed
in the lab, or purchased from commercial suppliers.

The Procedure: There are three major steps in a PCR,

which are repeated for 30 or 40 cycles. This is done on

an automated cycler (thermocycler), which can heat

and cool the tubes with the reaction mixture in a very

short time.

(a) Denaturation at 94°C
The unknown DNA is heated to about 94°C, which
causes the DNA to denature and the paired strands
to separate.

(b) Annealing at 54°C
A large excess of primers relative to the amount of
DNA being amplified is added and the reaction
mixture cooled to allow double-strands to anneal;
because of the large excess of primers, the DNA
single strands will bind more to the primers,
instead of with each other.

(c) Extension at 72°C
This is the ideal working temperature for the
polymerase. Primers that are on positions with no
exact match, get loose again (because of the higher
temperature) and do not give an extension of the
fragment. The bases (complementary to the tem-
plate) are coupled to the primer on the 3’ side (the
polymerase adds dNTP’s from 5' to 3’, reading the
template from 3’ to 5’ side, bases are added com-
plementary to the template). The process of the
amplification in the PCR process is shown in
Fig. 3.4.

3.2.1 Some Applications of PCR

in Environmental Biotechnology

PCR is extremely efficient and simple to perform. It is

useful in biotechnology in the following areas:

(a) To generate large amounts of DNA for genetic
engineering, or for sequencing, once the flanking
sequences of the gene or DNA sequence of interest
is known

(b) To determine with great certainty the identity of an
organism to be used in an environmental biotech-
nology, such as those to be used in bioremediation

(c) To determine rapidly which organism is the cause of
contamination in a production process so as to elim-
inate its cause, provided the primer appropriate
to the contaminant is available

3.3  Microarrays

The availability of complete genomes from many
organisms is a major achievement of biology. Aside
from the human genome, the sequencing of the com-
plete genomes of many microorganisms has been com-
pleted and the sequences are now available at the
website of The Institute for Genomic Research (TIGR),
a nonprofit organization located in Rockville, MD with
its website at www.tigr.org. At the time of writing,
TIGR had the complete genome of 294 microorgan-
isms on its website (268 bacteria, 23 Archae, and
3 viruses). The major challenge is now to decipher the
biological function and regulation of the sequenced
genes. One technology important in studying func-
tional microbial genomics is the use of DNA
Microarrays (Hinds et al. 2002a).

Microarrays are microscopic arrays of large sets of
DNA sequences that have been attached to a solid sub-
strate using automated equipment. These arrays are
also referred to as microchips, biochips, DNA chips,
and gene chips. It is best to refer to them as microar-
rays so as to avoid confusing with computer chips.

DNA microarrays are small, solid supports onto
which the sequences from thousands of different genes
are immobilized at fixed locations. The supports
themselves are usually glass microscope slides; silicon
chips, or nylon membranes may be used. The DNA is
printed, spotted, or, actually, directly synthesized onto
the support mechanically at fixed locations or
addresses. The spots themselves can be DNA, cDNA,
or oligonucleotides (Fig. 3.5).

The process is based on hybridization probing.
Single-stranded sequences on the microarray are
labeled with a fluorescent tag or flourescein, and hybrid-
ized to, in fixed locations on the support. In microarray
assays, an unknown sample is hybridized to an ordered
array of immobilized DNA molecules of known
sequence to produce a specific hybridization pattern
that can be analyzed and compared to a given standard.
The labeled DNA strand in solution is generally called
the target, while the DNA immobilized on the microar-
ray is the probe, a terminology opposite that is used in
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Fig. 3.5 Schematic representation of the cDNA microarray procedure

Southern blot. Microarrays have the following advan-
tages over other nucleic acid—based approaches:

(a) High throughput: Thousands of array elements
can be deposited on a very small surface area
enabling gene expression to be monitored at the
genomic level. Also, many components of a micro-
bial community can be monitored simultaneously
in a single experiment.

High sensitivity: Small amounts of the target and
probe are restricted to a small area ensuring high
concentrations and very rapid reactions.
Differential display: Different target samples can
be labeled with different fluorescent tags and then
hybridized to the same microarray, allowing the
simultaneous analysis of two or more biological
samples.

(b)

(©)

(d) Low background interference: Non-specific bind-
ing to the solid surface is very low resulting in easy
removal of organic and fluorescent compounds that
attach to microarrays during fabrication.
Automation: Microarray technology is amena-
ble to automation making it ultimately cost-
effective when compared with other nucleic acid
technologies.

©)

3.3.1 Applications of Microarray

Technology

Microarray technology is still young but yet it has
found use in a few areas which have importance in
microbiology in general as well as in.
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(a) Disease diagnosis
(b) Drug discovery
(c) Toxicological research
(d) Environmental microbiology (Zhou 2002)

Microarrays are particularly useful in studying gene
function. A microarray works by exploiting the ability
of a given mRINA molecule to bind specifically to, or
hybridize to, the DNA template from which it origi-
nated. By using an array containing many DNA sam-
ples, it is possible to determine, in a single experiment,
the expression levels of hundreds or thousands of genes
within a cell by measuring the amount of mRNA bound
to each site on the array. With the aid of a computer, the
amount of mRNA bound to the spots on the microarray
is precisely measured, generating a profile of gene
expression in the cell. It is thus possible to determine
the bioactive potential of a particular microbial metab-
olite as a beneficial material in the form of a drug or its
deleterious effect (Madigan and Martinko 2006).

When a diseased condition is identified through
microarray studies, experiments can be designed which
may be able to identify compounds, from microbial
metabolites or other sources, which may improve or
reverse the diseased condition.

In the environment, it can be used to determine the
nature of the microbial population without necessarily
isolating the organisms (Hinds et al. 2002b).

3.4 Sequencing of DNA

3.4.1 Sequencing of Short DNA Fragments
DNA sequencing is the determination of the precise
sequence of nucleotides in a sample of DNA. Two
methods developed in the mid-1970s are available:
The Maxim and Gilbert method and the Sanger method.
Both methods produce DNA fragments which are
studied with gel electrophoresis. The Sanger method is
more commonly used and will be discussed here. The
Sanger method is also called the dideoxy method, the
enzymic method. The dideoxy method gets its name
from the critical role played by synthetic analogues of
nucleotides that lack the -OH at the 3’ carbon atom
(star position): dideoxynucleotide triphosphates
(ddNTP) (see Fig. 3.6). When (normal) deoxynucle-
otide triphosphates (ANTP) are used, the DNA strand
continues to grow, but when the dideoxy analogue is
incorporated, chain elongation stops because there is
no 3’ — ' -OH for the next nucleotide to be attached to.
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Fig. 3.6 Normal and dedeoxy nucleotides

For this reason, the dideoxy method is also called the
chain termination method.

For Sanger sequencing, a single strand of the DNA to
be sequenced is mixed with a primer, DNA polymerase
I, an excess of normal nucleotide triphosphates and a
limiting (about 5%) of the dideoxynucleotides labeled
with a fluorescent dye, each ddNTP being labeled with
a different fluorescent dye color. This primer will deter-
mine the starting point of the sequence being read, and
the direction of the sequencing reaction. DNA synthesis
begins with the primer and terminates in a DNA chain
when ddNTP is incorporated in place of normal dNTP.
Because all four normal nucleotides are present, chain
elongation proceeds normally until, by chance, DNA
polymerase inserts a dideoxy nucleotide instead of the
normal deoxynucleotide. The result is a series of frag-
ments of varying lengths. Each of the four nucleotides is
run separately with the appropriate ddNTP. The mix
with the ddCTP produces fragments with C (cytosine);
that with ddTTP (thymine) produces fragments with T
terminals, etc. The fluorescent strands are separated
from the DNA template and electrophoresed on a poly-
acrilamide gel to separate them according to their
lengths. If the gel is read manually, four lanes are pre-
pared, one for each of the four reaction mixes. The read-
ing is from the bottom of the gel up, because the smaller
the DNA fragment the faster it is on the gel. A picture of
the sequence of the nucleotides can be read from the gel
(see Fig. 3.7). If the system is automated, all four are
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Fig. 3.7 Diagram illustrating autoradiograph of a sequencing
gel of the chain terminating DNA sequencing method (Arrow
shows direction of the electrophoresis. By convention the auto-
radiograph is read from bottom to the top)

mixed and electrophoresed together. Because the
ddNTPs are of different colors, a scanner can scan the
gel and record each color (nucleotide) separately. This
can be used for relatively short fragments of DNA,
700-800 nucleotides.

3.4.2 Sequencing of Genomes or Large
DNA Fragments

The best example of the sequencing of a genome is
perhaps the human genome, which was completed a
few years ago. During the sequencing of the human
genome, two approaches were followed: The use of
bacterial artificial chromosomes (BACs) and the short
gun approach.

3.4.2.1 Use of Bacterial Artificial
Chromosomes

The Human Genome Project was publicly funded, and

the National Institutes of Health and the National

Science Foundation have funded the creation of

“libraries” of BAC clones. Each BAC carries a large
piece of human genomic DNA in the order of
100-300 kb. All of these BACs overlap randomly, so
that any one gene is probably on several different
overlapping BACs. Those BACs can be replicated as
many times as necessary, so there is a virtually endless
supply of the large human DNA fragment. In the
publically funded project, the BACs are subjected to
shotgun sequencing (see below) to figure out their
sequence. By sequencing all the BACs, we know
enough of the sequence in overlapping segments to
reconstruct how the original chromosome sequence
looks.

3.4.2.2 Use of the Shotgun Approach

An innovative approach to sequencing the human
genome was pioneered by a privately funded sequenc-
ing project: Celera Genomics. The founders of this
company realized that it might be possible to skip the
entire step of making libraries of BAC clones. Instead,
they blast apart the entire human genome into frag-
ments of 2—10 kb and sequence those. Now, the chal-
lenge is to assemble those fragments of sequence into
the whole genome sequence. It was like having hun-
dreds of 500-piece puzzles, each being assembled by
a team of puzzle experts using puzzle-solving com-
puters. Those puzzles are like BACs — smaller puzzles
that make a big genome manageable. Celera threw
all those puzzles together into one room and scram-
bled the pieces. They, however, have scanners that scan
all the puzzle pieces and huge powerful computers to
fit the pieces together.

3.5 The Open Reading Frame

and the Identification of Genes

Regions of DNA that encode proteins are first tran-
scribed into messenger RNA and then translated into
protein. By examining the DNA sequence alone, we
can determine the putative sequence of amino acids
that will appear in the final protein. In translation,
codons of three nucleotides determine which amino
acid will be added next in the growing protein chain.
The start codon is usually AUG, while the stop codons
are UAA, UAG, and UGA. The Open Reading Frame
(ORF) is that portion of a DNA segment which will
putatively code for a protein; it begins with a start
codon and ends with a stop codon.
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Fig. 3.8 Sequence from a hypothetical DNA fragment (From Cooper (2008), on behalf of Board of Regents, University of
Wisconsin; http://bioweb.uwlax.edu/genweb/molecular/seq_anal/translation/translation.html. Reproduced with permission)

Table 3.2 Some Internet tools for the gene discovery in DNA sequence bases (Modified from Fickett 1996)

Category Services

Database search BLAST; search sequence bases
FASTA; search sequence bases
BLOCKS; search for functional motifs
Profilescan

MotifFinder

FGENEH; integrated gene identification
GenelD; integrated gene identification

GRAIL; integrated gene identification

Gene identification

EcoParse; integrated gene identification

Once a gene has been sequenced, it is important to
determine the correct open reading frame. Every region
of DNA has six possible reading frames, three in each
direction because a codon consists of three nucleotides.
The reading frame that is used determines which amino
acids will be encoded by a gene. Typically, only one
reading frame is used in translating a gene (in eukary-
otes), and this is often the longest open reading frame.
Once the open reading frame is known, the DNA
sequence can be translated into its corresponding
amino acid sequence.

For example, the sequence of DNA in Fig. 3.8 can
be read in six reading frames: three in the forward and
three in the reverse direction. The three reading frames
in the forward direction are shown with the translated
amino acids below each DNA sequence. Frame 1 starts
with the “a,” Frame 2 with the “t,” and Frame 3 with
the “g.”” Stop codons are indicated by an “*” in the
protein sequence. The longest ORF is in Frame 1.

Genes can be identified in a number of ways, which
are discussed below:

1. Using computer programs

As was shown above, the open reading frame (ORF)

is deduced from the start and stop codons. In prokary-

otic cells which do not have many extrons (interven-

Organism(s) Web address

Any blast@ncbi.nlm.nih.gov
Any fasta@ebi.ac.uk

Any blocks @howard.flicr.org
Any http://ulrec3.unil.ch.

Any motif@genome.ad.jp
Human service@theory.bchs.uh.edu
Vetebrate geneid @bircebd.uwf.edu
Human grail@ornl.gov

Escherichia coli

ing non-coding regions of the chromosome), the

ORF will in most cases indicate a gene. However, it

is tedious to manually determine ORF and many

computer programs now exist which will scan the
base sequences of a genome and identify putative

genes. Some of the programs are given in Table 3.2.

In scanning a genome or DNA sequence for genes

(i.e., in searching for functional ORFs), the follow-

ing are taken into account in the computer

programs:

(a) Usually, functional ORFs are fairly long and do
not usually contain less than 100 amino acids
(i.e., 300 codons).

(b) If the types of codons found in the ORF being
studied are also found in known functional
ORFs, then the ORF being studied is likely to
be functional.

(c) The ORF is also likely to be functional if its
sequences are similar to functional sequences
in genomes of other organisms.

(d) In prokaryotes, the ribosomal translation does
not start at the first possible (earliest 5") codon.
Instead, it starts at the codon immediately
downstream of the Shine—Dalgardo binding
site sequences. The Shine—Dalgardo sequence
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is a short sequence of nucleotides upstream of
the translational start site that binds to ribo-
somal RNA and thereby brings the ribosome to
the initiation codon on the mRNA. The com-
puter program searches for a Shine—Dalgardo
sequence and finding it helps to indicate not
only which start codon is used, but also that the
ORF is likely to be functional.

(e) If the ORF is preceded by a typical promoter (if
consensus promoter sequences for the given
organism are known, check for the presence of
a similar upstream region).

(f) If the ORF has a typical GC content, codon
frequency, or oligonucleotide composition of
known protein-coding genes from the same
organism, then it is likely to be a functional
ORF.

2. Comparison with Existing Genes

Sometimes, it may be possible to deduce not only

the functionality or not of a gene (i.e., a functional

ORF), but also the function of a gene. This can be

done by comparing an unknown sequence with the

sequence of a known gene available in databases
such as The Institute for Genomic Research

(TIGR) in Maryland (Rogic et al. 2001).

3.6 Metagenomics
Metagenomics is the genomic analysis of the collective
genome of an assemblage of organisms or “metage-
nome.” Metagenomics describes the functional and
sequence-based analysis of the collective microbial
genomes contained in an environmental sample
(Fig. 3.9). Other terms have been used to describe the
same method, including environmental DNA libraries,
zoolibraries, soil DNA libraries, eDNA libraries,
recombinant environmental libraries, whole genome
treasures, community genome, and whole genome
shotgun sequencing. The definition applied here
excludes studies that use PCR to amplify gene cas-
settes or random PCR primers to access genes of inter-
est since these methods do not provide genomic
information beyond the genes that are amplified.
Many environments have been the focus of metag-
enomics, including soil, the oral cavity, feces, and
aquatic habitats, as well as the “hospital metagenome”
a term intended to encompass the genetic potential of

Environmental sample

Metagenomic library construction

Transform into a
m) Clone mmp host bacterium
(e.g.E. coli)

Extract
DNA

Metagenomic
analysis

screen for
expression of
particular phenotype

screen for particular
sequences by PCR or
hybridization

random
sequencing

Fig. 3.9 Schematic procedure for metagenomic analysis
(Modified from Riesenfeld et al. 2004)

organisms in hospitals that contribute to public health
concerns such as antibiotic resistance and nosocomial
infections.

Uncultured microorganisms comprise the majority
of the planet’s biological diversity. In many environ-
ments, as many as 99% of the microorganisms cannot
be cultured by standard techniques, and the uncultured
fraction includes diverse organisms that are only dis-
tantly related to the cultured ones. Therefore, culture-
independent methods are essential to understand the
genetic diversity, population structure, and ecological
roles of the majority of microorganisms in a given
environmental situation. Metagenomics, or the culture-
independent genomic analysis of an assemblage of
microorganisms, has the potential to answer funda-
mental questions in microbial ecology. Several mark-
ers have been used in metagenomics, including 16S
mRNA, and the genes encoding DNA polymerases,
because these are highly conserved (i.e., because they
remain relatively unchanged in many groups). The
marker most commonly used, however, is the sequence
of 16S mRNA. The procedure in metagenomics is
described in Fig. 3.9. Its potential application in bio-
technology and environmental microbiology is that it
can facilitate the identification of uncultured organ-
isms whose role in a multi-organism environment such
as sewage or the degradation of a recalcitrant chemical
soil may be hampered because of the inability to
culture the organism.
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Abstract

The principles behind the taxonomy of the microorganisms, especially the
molecular approach (using the sequence of the 16S RNA in the small subunit of
the ribosome) in the identification of bacteria, are discussed. The detailed taxon-
omy of bacteria, fungi, algae, protozoa, and viruses (including bacteriophages) is
discussed, and emphasis is laid on those microorganisms which are aquatic. The
chapter includes information on some of the smaller macroorganisms found in
water such as nematodes and rotifers. The activities of aquatic microorganisms in
photosynthesis, and the global cycling of nitrogen and sulfur is discussed.

Keywords
Taxonomy of microbial groups * Photosynthesis in aquatic microorganisms
* Aquatic nitrogen and sulfur cycles * Rotifers and nematodes ¢ Bacteria * Fungi

* Protozoa * Algae » Three domains of living things * Woese * 16S or 18S RNA

4.1 Taxonomy of Microorganisms

in Aquatic Environments

In this section, the classification of microorganisms
will be discussed and emphasis will be laid on those
microorganisms found in aquatic systems. The follow-
ing are the organisms to be discussed:

4.1.1 Nature of Modern Taxonomy

Modern taxonomy is the science of biological classifi-

cation. It consists of three sections:

(a) Classification: The theory and process of arran-
ging organisms into taxonomic groups or
taxa (singular, taxon), on the basis of shared

Bacteria properties.

Archeae (b) Nomenclature: The assignment of names to taxo-

Eukarya nomic groups.

Fungi (c) Identification: The determination of the taxon to
Algae which a particular organism belongs, based on the
Protozoa properties of the organism.

Viruses
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Taxonomy is important because it:

1. Allows the orderly organization of huge amounts
of information regarding organisms

2. Enables predictions about their properties and
formation of hypothesis about them

3. Facilitates the accurate characterization and
identification of “unknown” organisms

4. Places organisms in meaningful manageable groups
and thus facilitates scientific communication

4.1.2 Evolution of the Classification
of Living Things

Landmarks in the evolution and development of bio-

logical classification may be ascribed to the contribu-

tions of the following:

1. Linnaeus (1707-1778)
The Swedish naturalist, Carolus Linnaeus, is credited
with introducing the earliest organized classification
of living things in his Systema Naturae or natural
system. He divided living things into plants and ani-
mals. Based on morphology and motility, the dis-
tinction between the two groups of organisms was
clear: plants were green and did not move; on the
other hand, animals were not green, but moved.

2. Ernst Haeckel (1834-1919)
Soon after the discovery of the microscope, previ-
ously invisible microscopic organisms were observed,
some of which had properties common to both plants
and animals. Some such as Euglena were green like,
but they also moved about like animals. Because the
clear-cut criteria which separated plants from animals
were absent in these “new” organisms, the German
biologist who was a contemporary of Charles Darwin,
in 1866 coined the name Protista for a third kingdom,
in addition to the Plant and Animal Kingdoms.

3. Robert Harding Whittaker (1920-1980)
Whittaker was an American. Born in Wichita, Kansas,
he worked in various places including the University
of California, Irvine, and Cornell University. In 1968,
he proposed the five-kingdom taxonomic classifica-
tion of living things into the Animalia, Plantae, Fungi,
Protista (Algae and Protozoa), and Monera (Bacteria).
His categorization of living things was based on three
criteria: cell-type (whether prokaryotic or eukaryotic);
organizational level (unicellular or multi-cellular);
nutritional type (autotrophy or heterotrophy).

4. Carl R. Woese (1928-)
The current classification of living things is based on
the work of Carl Robert Woese of the University of

Mlinois. While earlier classifications were based

mainly on morphological characteristics and cell-

type, following our greater understanding of living
things at the molecular level, Woese’s classification
is based on the sequence of the gene of the ribosomal

RNA (rRNA) in the 16S of the small subunit of the

prokaryotic ribosome, or the 18S of the small subunit

of the eukaryotic ribosome (Petti et al. 2006).

The sequence of the rRNA in the 16S or 18S of the
small subunit of the ribosome is used for the following
reasons:

(a) The ribosome is an important organelle in all
living things where it is used for a basic function
for the support of life, namely, protein synthesis.

(b) The 16S (prokaryote) or 18 S (eukaryote) rRNA is
an essential component of the ribosome.

(c¢) The function of 16S or 18 S rRNA is identical in
all ribosomes.

(d) The sequences of the 16S or 18 S rRNA are ancient
(or highly conserved) and change only slowly with
evolutionary time.

(e) Organisms can generally inherit genes in two ways:
From parent to offspring (vertical gene transfer), or
by horizontal or lateral gene transfer, in which genes
jump between unrelated organisms, a common
phenomenon in prokaryotes. There is little or no
lateral gene transfer in the sequences in the 16S or
18 S RNA of the ribosomal small units.

All the above properties make the sequence of the
rRNA in the 16S or 18S of the small subunit of the
ribosome useful as molecular chronometers for mea-
suring evolutionary changes among organisms. Using
this method, living things are now divided into three
domains: Archae, Bacteria, and Eukarya. A diagram-
matic representation of the three domains is given in
Fig. 4.1, and their distinguishing properties are given
in Table 4.1 (Woese 1987, 2000, 2002).

4.1.3 Determining Taxonomic Groups
Within Domains

The smallest unit of biological classification is the
Species. Species sharing similar properties are put in a
Genus. Genera (plural of genus) sharing similar charac-
teristics are put in a Family. Families with similar pro-
perties are arranged in an Order. Orders with similar
properties are classified as into a Class. Classes which
share similar properties are grouped into a Phylum.
Phyla (plural of phylum) with similar properties are put
in a Kingdom and similar kingdoms are in a Domain.
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Fig. 4.1 Three domains of living things based on Woese’s work (Modified from Ciccarelli et al. 2006)

Table 4.1 Summary of differences among the three domains of living things (Modified from Madigan and Martinko 2006)

S. No. Characteristic Bacteria Archae Eukarya

1. Prokaryotic cell structure + + _

2. DNA present in closed circular form + + -

3. Histone proteins present* - + +

4. Nuclear membrane - - +

5. Muramic acid in cell wall + - -

6. Membrane lipids: Fatty acids or branched hydrocarbons Fatty acids Branched Fatty acids

hydrocarbons

Unbranched fatty acid chains attached to glycerol by ester linkages + - +

7. Ribosome size 70 S 70S S80S

8. Initiator t-RNA Formyl-methionine Methionine Methionine

9. Introns in most genes® - - +

10. Operons® + + _

11. Plasmids + + Rare

12. Ribosome sensitive to diphtheria toxin - + +

13. Sensitivity to streptomycin, chloramphenicol, and kanamycin + - -

Physiological/special structures

14. Methanogenesis + + _

15. Denitrification + + _

16. Nitrogen fixation + + _

17. Chlorophyll-based photosynthesis + - + (Plants)

18. Gas vesicles + + _

19. Chemolithotrophy + + —

20. Storage granules of poly-B-hydroxyalkanoates + + -

21. Growth above 80°C + + _

22. Growth above 100°C - + _

“Histone proteins are present in eukaryotic chromosomes; histones and DNA give structure to chromosomes in eukaryotes; proteins
in archeae chromosomes are different

"Noncoding sequences within genes

“Operons: Typically present in prokaryotes, these are clusters of genes controlled by a single operator

9TATA box (also called Hogness Box): an AT-rich region of the DNA with the sequence TATAT/AAT/A located before the initiation site
*Transcription factor is a protein that binds DNA at a specific promoter or enhancer region or site, where it regulates transcription
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Several mnemonics exist to help with remembering
the correct order of the listing of taxonomic groups.
Two are given below:

Domain  Kingdom Phylum Class Order Family Genus Species

David Kindly  Pay Cash  Or
Dignified Kings Play Chess On Fine

Furnish Good  Security
Green Silk

The names of the ascending taxonomic groups to
which the fruit fly, humans, peas, and the bacterium,
E coli belong are given in Table 4.2.

4.1.3.1 Definition of Species

In the Domain Eukarya, a species is defined as a group
of organisms which can mate and produce fertile
offspring. Even though goats are of different kinds, they
will mate and produce fertile offspring; similarly with
dogs. The horse and the donkey are of different species,
because although they can mate and produce offspring,
the offspring are not fertile. This definition is occasion-
ally complicated by the lateral transfer of genes.

In Bacteria and Archae, the definition is a little
different. A species in these Domains is a collection of
strains that share many stable properties and differ
significantly from other groups.

4.1.3.2 Nomenclature of Biological Objects

Biological objects, including microorganisms are
named in the binomial system devised by Carolus
Linnaeus. The genus name is written first and begins
with an uppercase (capital) letter; the other half of the
name is written in lowercase (small) letters and is the
species name. The two are written in italics or
underlined if written in long hand. When written for-
mally, the name of the author who first described the
organism is included and the year of the publication is
given; the names are usually written in Latin or lati-
nized. The name of a hypothetical Bacillus discovered

in water by John Smith and published in 2007 could be
Bacillus aquanensis Smith 2007. Usually only the
genus and species names are given; the author and year
of publication are omitted (van Regenmortel 1999).

4.1.3.3 Criteria and Methods for the

Identification and Classification

of Bacteria and Archae: Morphological,

Physiological, Nucleic Acid,

and Chemical Properties
Whereas members of the Domain Eukarya are classified
largely on their morphological characteristics which are
adequately diverse, morphological types are very lim-
ited in the Domains Bacteria and Archae. Therefore,
while morphological properties are used, other charac-
teristics are employed in addition to morphology. The
properties used for classifying and identifying unknowns
among organisms in the Domains Bacteria and Archae
are given in Table 4.3. The principles of methods used
are described briefly below.

Morphological and Physiological Methods
1. Nutritional types of Bacteria
Living things are classified into major nutritional
types on the basis of the following attributes:
(a) Carbon source utilized
A carbon skeleton is required for the compounds
used for growth and development such as carbo-
hydrates, amino acids, fats, etc. The organism is
autotrophic if it manufactures its food and
obtains its carbon through fixing CO, such as is
the case with plants, algae, and some bacteria.
When the organism cannot manufacture its own
food from CO, but must utilize food already
manufactured from CO,, in the form of carbo-
hydrates, proteins etc., it is heterotrophic. This
is the case with animals and most bacteria.

Table 4.2 Taxonomic groups of some organisms (From Anonymous 2008a)

Rank Human Fruit fly Pea E. coli

Domain Eukarya Eukarya Eukarya Bacteria

Kingdom Animalia Animalia Plantae Bacteria

Phylum (animals) or division (plants) Chordata Arthropoda Magnoliophyta Proteobacteria

Class Mammalia Insecta Magnoliopsida Gammaproteobacteria
Order Primates Diptera Fabales Enterobacteriales
Family Hominidae Drosophilidae Fabaceae Enterobacteriaceae
Genus Homo Drosophila Pisum Escherichia

Species H. sapiens D. melanogaster P. sativum E. coli
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Table 4.3 Some properties used for bacterial classification and

identification

S. No.
1.

Property

Nutritional type

(i)  Autotrophy

(i) Heterotrophy

Energy release

(i) Lithotrophy

(i) Organotrophy

Cell wall: Gram reaction

(i)  Gram negative

(i) Gram positive

Cell morphology

(i)  Cell shapes

(i) Cell aggregation

(iii) Flagellation — motility

(iv) Spore formation and location

(v)  Special staining, e.g., Ziehl-Nielsen
Physiological properties

(i)  Utilization of various sugars

(i)  Utilization of various polysaccharides

(iii) Utilization of various nitrogenous
substrates

(iv) Oxygen requirement
(v) Temperature requirements
(vi) pH requirement

(vii) Production of special enzymes, e.g.,
catalase, coagulase, optochin, oxidase

Antigenic properties

Molecular (nucleic acid) methods

(i) G+ C composition

(ii) DNA:DNA hybridization

(iii)) Ribotyping

(iv) Fluorescent in-situ hybridization (FISH)
Chemical analysis (Chemotaxonomy)

(i) Lipid analysis

(i)  Protein analysis

Table 4.4 Nutritional types of living things

S/No  Nutritional type

Energy source

Carbon source
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(b) Source of reducing equivalent
During the generation of energy in the cell,
electrons are transferred from one compound to
another. An organism is said to be organ-
otrophic when it uses organic compounds as a
source of electrons. When the source of elec-
trons is inorganic, it is said to be lithotrophic.

(c) Source of energy
Some organisms derive energy for the genera-
tion of ATP used for the biosynthesis of new
compounds and other cellular activities from
sunlight; such organisms are phototrophic.
When the generation of ATP occurs through
energy obtained from chemical reactions, the
organism is said to be chemotrophic.

The carbon source utilized, the source of
reducing equivalent, and the source of energy
determine the nutritional type of bacteria, and a
wide variety of combinations of these three is
possible. Table 4.4 gives a selection of the
possible permutations.

2. Cell wall: Gram reaction

The Gram stain was devised by the German doctor,
Christian Gram in 1884 and divides bacteria into
two groups: Gram positive and Gram negative. On
account of the greater thickness of peptidoglycan in
the Gram positive wall (see Fig. 4.2), the iodine-
crystal violet stain in the Gram stain is retained when
decolorized with dilute acid, whereas it is removed
in the Gram negative cell wall. The Gram stain also
divides all bacteria into two groups regarding their
susceptibility to the classical antibiotic penicillin:
Gram-positive bacteria, being susceptible, while
Gram negative bacteria are not (Fig. 4.3).

. Cell morphology

(a) Individual cell shapes
Cell shapes in bacteria are limited and are
spheres (coccus— cocci, plural), rods, spiral, or
comma or vibrio (see Fig. 4.4).

Reducing equivalent Example

1 Photoautotrophs Light CO, Organotrophic Plants, Cyanobacteria

2 Photoautotrophs Light CO, Lithotrophic Sulfur bacteria e.g.,
HS—S Beggitoa sp.

3 Chemoautotrophs Chemotrophic CoO, Oxidation of sulfur Thiobacillus oxidans

4 Photoheterotrophs Light Organic compounds Organotrophic Purple non-sulfur bacteria

5 Chemoheterotrophs ~ Chemotrophic Organic compounds Organotrophic Animals, fungi, protozoa,

most bacteria
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Gram-ve cell wall

Gram-+ve cell wall

a Lipid-polysaccharide
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_ | — Quter membrane

" | ﬂPeptidoglycan

Fig. 4.2 Diagram illustrating the generalized structure of the
bacterial cell wall (Note the comparative thicknesses of the pep-
tidoglycan layers in the Gm+ve and Gm—ve walls)

Note that the peptidoglycan layer is very thick in Gram +ve
walls, but very thin in Gram —ve bacterial cells. This thick
peptidoglycan enables Gram +ve walls retain crystal violet, the
primary stain in the Gram, when decolorized with dilute acid.
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Fig. 4.3 Gram staining

(b) Cell aggregates
Cocci can occur in pairs (diplococci), in chains
(streptococci), or in clumps (staphylococci).
Rods may occur in short chains of two or three
or in long chains or filaments.

(c) Flagellation
The flagella may be at one end (polar) and may
occur singly or as a tuft. The flagella may occur
all around the cell when it is peritrichous (see
Fig. 4.5).

(d) Spores and location of spores
Spores are bodies resistant to heat and other
adverse conditions which may be terminal or
placed mid-way in the cell; in either position, it
may be less than the diameter of the cell or may
be wider. The terminal wider spore gives the
shape of a drumstick, and is diagnostic of the

Periplasmic space

¥~ Cell membrane —>

Pl

Crystal violet is not retained in Gram —ve bacteria because the
peptidoglycan layer is thin. The Gram —ve wall would be color-
less after decolorization with dilute acid. However in the Gram
stain, after decolourization, the cells are counterstained with a
red stain, safranin. On account of this the Gram negative cells
appear red in the Gram stain, while Gram +ve cells are violet
(see text and Fig. 4.3)

- A

Gram positive bacteria

anaerobic rod-like spore-former, Clostridium tet-
anii, the causative agent of tetanus (see Fig. 4.6).
(e) Acid-fast (Ziel-Nieelsen) stain
If the bacterium is suspected to belong to Myco-
bacterium spp., or any of the other acid-fast
bacteria it might be stained with hot basic
fuchsin; acid fast bacteria retain the dye when
decolorized.
4. Utilization of various substrates
Utilization of various sugars, carbohydrates, and
nitrogenous sources
The ability of the organism to produce acid and/or
gas from a medium containing a particular substrate
is diagnostic of its ability to utilize it. The utilization
of a wide range of sugars and other carbohydrates, and
nitrogen sources including urea is tested by the pres-
ence of gas in the small (Durham) tube placed in the
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Fig. 4.4 Bacterial cell O
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Fig. 4.5 Bacterial flagellation

Fig. 4.6 Spore locations in the bacterial cell

test tube containing the medium; a change in the color
of indicator would indicate acid production by the
organism (see Fig. 4.7).

5. Determination of optimum growth conditions
Optimum pH, temperature, and oxygenrequirements
are determined by growing the organism under dif-
ferent conditions of pH and temperature and finding
the best condition. For oxygen requirement, the
organism may be grown in an agar stab and sealed
with sterile molten petroleum jelly to determine if it
will grow under anaerobic conditions.

6. Secretion of special enzymes
The secretion of unique enzymes is diagnostic.
Some of the following enzymes are diagnostic (see
Fig. 4.7a).
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Staphylococcus

( X X )
Filament
Stalked Spiral
bacterium

Growth medium with pH indicator

Bubble of gas in Durham tube

Durham tube

Fig. 4.7 Setup for testing bacterial utilization of various
substrates

Coagulase: Coagulase is an enzyme produced by
Staphylococcus aureus that converts fibrinogen to
fibrin. In the laboratory, it is used to distinguish
between different types of Staphylococcus isolates.
Coagulase negativity excludes S. aureus. The coagu-
lase test is used to differentiate Staphylococcus
aureus from the other species of Staphylococcus.
The test uses rabbit plasma that has been inoculated
with a staphylococcal colony. The tube is then incu-
bated at 37°C for about 90 min. If positive (i.e., the
suspect colony is S. aureus), the serum will coagu-
late, resulting in a clot. If negative (i.e., if the tested
colony is S. epidermidis), the plasma remains liquid.
Catalase: Catalase is a common enzyme found in
living organisms. Its functions include catalyzing
the decomposition of hydrogen peroxide to water
and oxygen.
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Fig.4.7a The use of Special Enzymes secreted by some Gram positive cocci in their Classification

2H,0, —2H,0 + O,

In microbiology, the catalase test is used to differenti-
ate between staphylococci and micrococci, which are
catalase-positive, from streptococci and enterococci,
which are catalase-negative

Optochin: Optochin (ethyl hydrocuprein hydro-
chloride) is used for the presumptive identification
of Streptococcus pneumoniae, which is optochin
sensitive, from Streptococcus viridans which is
resistant. Bacteria that are optochin sensitive will
not continue to grow (i.e., Streptococcus pneumo-
niae will die), while bacteria that are not optochin
sensitive will be unaffected (i.e., Streptococcus
viridans will survive).

Oxidase: An oxidase is any enzyme that catalyzes an
oxidation/reduction reaction involving molecular oxy-
gen (O,) as the electron acceptor. In these reactions,
oxygen is reduced to water (H,0) or hydrogen perox-
ide (H,0,). The oxidases are a subclass of the oxi-
doreductases. In microbiology, the oxidase test is used
as a phenotypic character for the identification of bac-
terial strains; it determines whether a given bacterium
produces cytochrome oxidases (and therefore utilizes
oxygen with an electron transfer chain) (see Fig. 4.7a).

. Serology

Bacterial species and serotypes can be identified by
specific antigen/antibody reactions. Antigens are
substances that induce the production of antibodies
inananimal body. Bacteria and bacterial components
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serve as excellent antigens. The test includes
production of antibodies in an animal host and test-
ing of the antiserum by either the agglutination or
precipitation test. In the agglutination test, a drop of
the culture of a particular bacterium is mixed on a
slide with the anti-serum of an individual infected
by it and examined under a microscope. If clump-
ing occurs, the test bacterium is considered to be
the same or closely related to the bacterium used as
the antigen.

Nucleic Acid Methods
The methods for the characterization and identification
of bacteria which have been discussed so far are based
on phenotypic properties, i.e., the outward manifesta-
tion of the innate (genetic) attributes of the organism.
The properties to be discussed in this section are those
of the nucleic acids of the organisms. They alone how-
ever do not define the organism and must be taken along
with the phenotypic properties. They are very useful in
refining the description of an organism. They are par-
ticularly useful in identifying strains within a species.
(a) G+ C ratio
The G + C ratio is the percentage of guanine + cyto-
sine in an organism’s DNA. Several methods exist
for determining this ratio. One method is to deter-
mine the Tm or temperature of melting of the DNA.
At room temperature, DNA is double stranded.
However, as its temperature is raised gradually,
the two strands separate and the rapidity of separa-
tion with increasing temperature depends on the
amount of G and C in the organism’s DNA. G and
C are linked by triple bonds and are therefore less
likely to separate than A and T bonds, which have
double bonds. The higher the G + C content, the
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ss DNA = Single stranded DNA
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higher the temperature at which the DNA separates
completely.

DNA begins to separate at 70-75°C and separates
completely at about 90°C, when it is said to have
melted. When cooled slowly, it begins to anneal
(i.e., to reform itself into double strands). In anneal-
ing, the strands do not return to their previous
“partners” but will anneal with any strand with com-
plimentary bases no matter the source, including
those coming from the same organism, other orga-
nisms, or even those synthesized in the laboratory.
This phenomenon of annealing with complimentary
strands from any source is important in other proce-
dures such as in the identification of unknowns, the
Polymerase Chain Reaction (PCR), etc.

When the Tm method is used to determine the
G + C composition, the temperature of the double
(ds) DNA is raised slowly and subjected to spectro-
photometric reading at 260 nm. The graph of the
spectrophotometric readings is plotted against
the change in temperature (see Fig. 4.8). The Tm is
the midpoint of the resulting graph. Two organisms
with similar phenotypic properties and the same
G + C ratio are likely to belong to the species.

(b) DNA-DNA hybridization
This technique measures the degree of genetic
similarity between pools of DNA sequences. It is
usually used to determine the genetic distance
between two species.

It was seen above that when melted DNA is
allowed to cool slowly, the single-stranded DNA
will anneal with any single-stranded DNA no
matter its source, as long the bases are complimen-
tary. To determine how closely related an unknown
organism is with a known one, DNA from the two
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Table 4.5 Some signature sequences unique to the domains (Modified from Madigan and Martinko 2006)

S/No Oligonucleotide sequence
1 CACACCCG

2 CAACCYCR

3 UCCCUG

4 UACACACCG

Y = Any pyridine

R = Any purine

organisms are mixed and heated slowly and allowed
to anneal slowly. The unknown or the known is
labeled with a fluorescent dye or with radioactive
phosphorous and measured at 260 nm in the
spectrophotometer. The extent of the taxonomic
relatednessis reflected in the extent of the annealing.
If the two organisms are of the same species, there
will be complete annealment. Some authors have
suggested that organisms of the same species will
have 90% annealing, while those of the same genus
will have about 75% annealing.

(¢c) Ribotyping

Ribotyping is an RNA-based molecular character-
ization of bacteria. In ribotyping, bacteria genomic
DNAs are digested and separated by gel electro-
phoresis. Universal probes that target specific con-
served domains of ribosomal RNA coding
sequences are used to detect the band patterns.
Ribosomal genes are known to be highly con-
served in microbes, meaning that the genetic infor-
mation coding for rRNA will vary much less
within bacteria of the same strain than it will
between bacterial strains. This characteristic
allows for a greater ability to distinguish between
different bacterial strains.

Inribotyping, restriction enzymes (i.e., enzymes
which cut DNA at specific positions) are used to
cut the genes coding for rRNA into pieces, and gel
electrophoresis is used to separate the pieces by
size. Genetic probes then visualize locations of
different-size fragments of DNA in the gel, which
appear as bands. The banding pattern of DNA
fragments corresponding to the relevant rRNA is
known as the ribotype.

A probe is a strand of nucleic acid which is
synthesized in the laboratory and can be labeled
with a dye or radioactively. Probes are used to
hybridize to a complementary nucleic acid from a
mixture. Probes can be general or specific. Thus, it

Occurrence in (%)

Archaea Bacteria Eukarya
100 0 0

0 >95 0

>95 0 100

0 >99 100

(d)

is possible to design probes which will bind to
sequences in the ribosomal RNA of all organisms
irrespective of Domain. On the other hand, specific
probes can be designed which will react only with
nucleic acid of Bacteria, Archae, or Eukarya
because of the unique sequences found in these
groups. Even within species in the various domains,
signature sequences exist which will enable the
identification of the species using probes (see
Table 4.5). Ribotyping is so specific that it has
been nicknamed “molecular finger printing.”
FISH — Fluorescent In Situ Hybridization

This is a special type of ribotyping. In FISH, the
whole organism is used without need to isolate the
organism’s DNA. The cells are treated with chem-
icals which make the cell walls and cell mem-
branes permeable, thus permitting the entry of
probes labeled with fluorescent dyes. After hybrid-
ization of the ribosomes with the dye, the entire
organism fluoresces and can be seen under the
light microscope. FISH is widely used in ecologi-
cal and clinical studies. It can be used for the rapid
identification of bacterial pathogens in clinical
specimens; ordinary procedures take about 48 h,
but FISH can be completed in a few hours.

Chemical Analysis of Microbial
Components for Taxonomic Purposes
(Chemotaxonomy)

(a)

Protein analyses

Proteins are isolated from the whole bacterium,
the cell membrane, or the ribosome. The proteins
are run in a two-dimensional gel electrophoresis
on polyacrylamide gel. The first run separates the
proteins on the basis of their molecular weights
and the second on the basis of their iso-electric
points (Ochiai and Kawamoto 1995). The result-
ing protein pattern is diagnostic of a particular
organism. If many samples are examined, the
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Table 4.6 Principal gas chromatography (GC) fatty acid methyl
ester (FAME) products of B. pseudomallei and B. thailandensis
(From Inglis et al. 2003. With permission)

% of total FAME content for:

B. pseudomallei B. thailandensis

FAME peak (n=287) (n=13)
18:1 w7c 32 32

16:0 23 25

17:0 cyclo 5.7 5.5

16:0 30H 4.1 4.6

19:0 cyclo w8c 3.7 3.8

14:0 35 2.6

18:0 0.9 1.1

14:0 20H* 0.58 Not detected

“http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=25
4375&rendertype=table&id=t1#t1fn3

patterns can be scanned with a computer. Patterns
from unknown organisms are compared with
patterns of known organisms to determine the
relatedness of the known to the unknown.

Fatty acid analyses — fatty acid methyl ester
(FAME)

This method is widely used in clinical, food, and
water microbiology for the identification of bacte-
ria. Fatty acids from the cell membrane of bacteria
as well from the outer membrane of Gram negative
bacteria are extracted and converted to their methyl
esters. The esters are then run in a gas chromato-
graph. The patterns of the gas chromatograms are
diagnostic and can be used to identify unknowns.
For example, Burkholderia pseudomallei, the cause
of melioidosis, has been distinguished from the
closely related but non-pathogenic Burkholderia
thailandensis by gas chromatography (GC) analy-
sis of fatty acid derivatives. A 2-hydroxymyristic
acid derivative (14:0 20H) was present in 95%
of B. pseudomallei isolates but absent from all
B. thailandensis isolates (see Table 4.6) (Inglis
et al. 2003; Banowetz et al. 2006).

(b)

4.1.4 Bacteria

4.1.4.1 Taxonomic Groups Among Bacteria

Bacterial groups are described in two compendia,
Bergey’s Manual of Determinative Bacteriology and
Bergey’s Manual of Systematic Bacteriology. The first
manual (on Determinative Bacteriology) is designed
to facilitate the identification of a bacterium whose
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identity is unknown. It was first published in 1923 and
the current edition, published in 1994, is the ninth. The
companion volume (on Systematic Bacteriology)
records the accepted published descriptions of bacte-
ria, and classifies them into taxonomic groups. The
first edition was produced in four volumes and pub-
lished between 1984 and 1989. The bacterial classifi-
cation in the latest (second) edition of Bergey’s Manual
of Sytematic Bacteriology is based on 16S RNA
sequences, following the work of Carl Woese, and
organizes the Domain Bacteria into 18 groups (or
phyla; singular, phylum). It is to be published in five
volumes: Volume 1 which deals with the Archae and
the deeply branching and phototrophic bacteria was
published in 2001; Volume 2 published in 2005 deals
with the Proteobacteria and has three parts; Volume 3
(2009) and Volume 4 (2009) will deal with Firmicutes
and The Bacteroidetes, Planctomycetes, Chlamydiae,
etc. respectively; Volume 5 will be published in 2010
and deals with the Actinobacteria (Bergey’s Manual
Trust 2009; Garrity 2001-2006).

The manuals are named after Dr. D H Bergey who
was the first Chairman of the Board set up by the then
Society of American Bacteriologists (now American
Society for Microbiology) to publish the books. The
publication of Bergey Manuals is now managed by the
Bergey’s Manual Trust. Of the 18 phyla in the bacteria
(see Figs. 4.9 and 4.10), the Aquiflex is evolutionarily
the most primitive, while the most advanced is the
Proteobacteria. In the following discussion, emphasis
will be laid on the bacteria which are aquatic.

1. Aquifex

The two species generally classified in Aquifex are
A. pyrophilus and A. aeolicus. Both are highly ther-
mophilic, growing best in water temperature of
85-95°C. They are among the most thermophilic
bacteria known. They can grow on hydrogen, oxy-
gen, carbon dioxide, SO,, SZO& or NO, and mineral
salts, functioning as a chemolithoautotroph (an
organism which uses an inorganic carbon source
for biosynthesis and an inorganic chemical energy
source). As a hyperthermophilic bacterium, Aquifex
aeolicus grows in extremely hot tempuratures such
as near volcanoes or hot springs. They grow opti-
mally at temperatures around 85°C but can grow at
temperatures up to 95°C. It needs oxygen to carry
on its metabolic machinery, but it can function in
relatively low levels of oxygen. The genus Aquifex
consists of Gram negative rods.
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Fig.4.9 Illustrations of some bacteria (All items in table repro-

Colonies of the yellow bacterium, Flavobacterium. Sp
Copyright Higfo annholm

Cralioneffa sp (iron ba . B range-coloured iron-oxide
deposited on the bacterial strands
Reproduced with the kind permission of Dr Bill Ghiorse

Tt diwww microbelibrary ongfndex php/libran & -authors/30-william-ghiorse

Reproduced with permission from Amencan Society for {ASM)

Helicobacter pylori waterborne bacterium associated with peptic
uleer. Reproduced with the permission of Mr Luke Marshall

d ultrathin seclion
T i — Hx bacterium found in deep sca vems.
Mot i outer covening or toga. Reproduced with the kind permission of Prol

Dr Karl O. Stetter

e )
Canlobacter sp Note the stalk
Courtesy: Dr Yves Brun, Indiana University Biology Depanment
f a
Plamctomyvees hrasifiensis. Notice the cratenform structures and the polar

unicom prostheca-like projection. Bar = 0.3 micrometers. Reproduced with the
kind permission of Prof John A. Fuerst

“yanobacteria (Anabaena sp)
Credit: Federico Emiliant (Univsidad Nacional del Litoral), Mark
Schneegurt (Wichita State University), and Cyanosite (www-
cyanosite bio. purdue edu)

duced with permission)

2. Thermodesulfobacterium

Thermodesulfobacterium is a thermophilic sulfate
reducer. Sulfate reducers include a wide range of
morphological types, including rods, vibrios,
ovals, spheres, and even tear-dropped or onion-
shaped cells. Some are motile, others are not. Most
sulfate-reducing bacteria are mesophilic, but a few
are thermophiles, among which is the Gram nega-
tive and anaerobic Thermodesulfobacterium. The
bacterium is non-spore-forming. It is an aquatic
organism and has been isolated from volcanic hot
springs, deep-sea hydrothermal sulfides, and other
marine environments. In marine sediments and in
aerobic wastewater treatment systems, sulfate
reduction accounts for up to 50% of the mineral-
ization of organic matter. Furthermore, sulfate
reduction strongly stimulates microbially enhanced
corrosion of metals. Sulfate Reducing Bacteria
(SRB) are discussed in more detail later.

. Thermotoga

Thermotoga is typically a rod-shaped cell envel-
oped in an outer cell membrane (the “toga” or
jacket). Thermotoga enzymes are known for being
active at high temperatures. Enzymes from
Thermotoga spp. are extremely thermostable and
therefore, useful for many industrial processes
such as in the chemical and food industries. The
organisms are thermophilic or hyperthermophilic,
growing best around 80°C and in the neutral pH
range. The salt tolerance of Thermotoga species
varies greatly; while some display an extremely
high salt tolerance, others are restricted to low-
salinity habitats. This aerobic Gram-negative
organism is typically non-spore-forming and
metabolizes several carbohydrates, both simple
and complex, including glucose, sucrose, starch,
cellulose, and xylan. It can grow by anaerobic res-
piration using H, as electron donor and Fe’* as
electron acceptor. It is found in hot springs and in
the hydrothermic vents of ocean floors. Thermotoga
maritime has been widely studied.

. Green non-sulfur bacteria (Chloroflexi)

The Green non-sulfur bacteria are now known as
Chloroflexi are typically filamentous, and can move
about by bacterial gliding. They are facultatively
aerobic and have a different method of carbon fixa-
tion (photoheterotrophy) from other photosynthetic
bacteria. Like green plants, they also carry out pho-
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bacteria Deferribacter
) i Spirochetes -
Deinococci Flavobacteria Planctomyces/
Pirella
Green non-sulfur
bacteria Cytophaga
Verucomicrobia
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Thermotoga Chiamydia
Cyanobacteria
Thermodesulfo
bacterium Actinobacteria
Aquifex Gram-positive bacteria

Fig.4.10 Bacterial groups according to the 16S RNA classification

5.

tosynthesis, but there are differences between the
two; for instance, unlike plants, they do not pro-
duce oxygen during photosynthesis. The process
of photosynthesis in the bacteria and in higher
plants is discussed more fully below.
Deinecoccus-Thermus

The Deinococcus-Thermus are a small group of
Gram negative bacteria comprised of cocci which
are highly resistant to environmental hazards
because they are able to quickly repair damage
to their DNA. There are two main groups. The

Deinococcales include a single genus, Deino- 6.

coccus, with several species that are resistant to
radiation; they have become famous for their
ability to “eat” nuclear waste and other toxic
materials, survive in the vacuum of atmosphere
space, and survive extremes of heat and cold.
Thermus spp. include several genera resistant to
heat. Deinococcus radiodurans is an extremophilic
bacterium, and is the most radioresistant organ-
ism known. It can survive heat, cold, dehydration,

Nitrospira

e-Proteobacteria
d-Proteobacteria
o-Proteobacteria
B-Proteobacteria
v-Proteobacteria

vacuum, and acid, and because of its resistance to
more than one extreme condition, D. radiodurans
is known as a polyextremophile.

Thermus aquaticus is important in the develop-
ment of the polymerase chain reaction (PCR) where
repeated cycles of heating DNA to near boiling
make it advantageous to use a thermostable DNA
polymerase enzyme. These bacteria have thick cell
walls that give them Gram-positive stains, but they
include a second membrane and so are closer in
structure to those of Gram-negative bacteria.
Spirochetes
Spirochetes are Gram-negative bacteria, which
have long, helically coiled cells. Spirochetes are
chemoheterotrophic in nature, with lengths
between 5 and 250 um and diameters around
0.1-0.6 um. Spirochetes are distinguished from
other bacterial phyla by the presence of flagella,
sometimes called axial filaments, running length-
wise between the cell membrane and an outer
membrane. These cause a twisting motion which
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allows the spirochete to move about. The spiro-
chete shape may also be described as consisting of
an axial filament around which the cell is wound
giving spirochetes their characteristic corkscrew
shapes. Most spirochetes are free-living and anaer-
obic, but they also include the following disease-
causing members:

» Leptospira species, which causes leptospirosis

(also known as Weil’s disease)

* Borrelia burgdorferi, which causes Lyme disease
* Borrelia recurrentis, which causes relapsing
fever
e Treponema pallidum, which causes syphilis
. Green sulfur bacteria
Green Sulfur Bacteria are found in anaerobic
environments such as muds, anaerobic, and sul-
fide-containing fresh or marine waters, and wet-
lands. These anoxygenic phototrophic bacteria
live in environments where light and reduced
sulfur compounds are present. They are found
most often under the Purple Sulfur bacterial
layer. Green sulfur bacteria are capable of using
sulfide or elemental S as the electron donor. The
elemental S arises from H,S oxidation and is
deposited extracellularly, before the oxidation of
sulfate. There are four genera of green sulfur
bacteria, Chlorobium, Prosthecohloris (with stalks
or prostheca), Pelodictyon (with vacuoles), and
Clathrochloris (motile).

The Green Sulfur Bacteria strains are green
because of the presence of bacteriochlorophylls
(bchls) “c” and “d” and small traces of bchl “a”
located in chlorobium vesicles attached to the
cytoplasmic membrane. Some are brown and they
contain bacteriochlorophyll ‘“e.” These brown
strains are found in the deeper layers of wetlands
and water. Both of the two groups can be found
also living in extreme conditions of salinity and
high temperatures. The morphology of both color
types is most often either straight or curved rods.

They are non-motile phototrophic short to long
rods which utilize H,S as electron donor oxidizing
it to SO, and to SO,*. The sulfur so produced lies
outside the cells. Light energy absorbed by
Bacteriochlorophylls c, d, or e is channeled to
Bacteriochlorophyll a, which actually carries out
photosynthetic energy conversion, and ATP syn-
thesis takes place. A well-known member is
Chlorobium tepidum.

10.

In marine environments, they are found in the
water column where hydrogen sulfide diffuses up
from anaerobic sediments and where oxygen dif-
fuses down from surface waters where oxygenic
photosynthesis is taking place. In the Black Sea, the
largest anoxic water body in the world, they are
found at a depth of 100 m (Manske et al. 2008).
They also live in special tissues in invertebrates such
as Riftia pachyptila (vestimentiferan tube worms)
and Calyptogena magnifica (“giant” white clams)
that live around deep sea hydrothermal vents. There
they provide energy, by oxidizing reduced sulfur
compounds, and organic matter, by converting car-
bon dioxide to organic compounds, which the inver-
tebrates use. They are sometimes abundant in coastal
waters, and several members of the group have gas
vacuoles in their cells to help them float.

. Flavobacteria

Flavobacteria are Gram negative rods that are
motile by gliding and found in aquatic environ-
ments, both freshwater and marine, and in the soil.
Colonies are usually yellow to orange in color,
hence their name. Flavobacteria are a group of
commensal bacteria and opportunistic pathogens.
Flavobacterium psychrophilum causes the septi-
cemic diseases of rainbow trout fry syndrome and
bacterial cold water disease. They decompose sev-
eral polysaccharides including agar but not cellu-
lose. The type species is F. aquatile.

. Defferibacter

These are thermophilic, anaerobic, chemolithoau-
totrophic Gram negative straight to bent rods.
They can use a wide range of electron acceptors
including Fe* and Mn*". They are found in a wide
range of aquatic environments including deep-sea
hydrothermal vents. A well-known member is
Deferribacter desulfuricans

Cytophaga

Cytophaga are unicellular, Gram-negative gliding
bacteria. They are rod-shaped, but specific strains
differ in diameter and length with some being
pleomorphic (many shaped). The type species is
C. johnsonae, which has a moderately long thin
shape. Many strains are red, yellow, or orange
because of unique pigments synthesized by the
group. Cytophaga strains tend to be versatile in
making these and one strain may synthesize 25
different structural varieties of pigment. The main
habitats of Cytophaga are soils at or close to neu-
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tral pH, decaying plant material, and dung of ani-
mals. In freshwater environments, they are found
on riverbanks and lake shores, in estuaries, bottom
sediments, and algal mats. They are also common
in sewage treatment plants, especially at the latter
stages where only recalcitrant molecules remain.
Cytophaga tend to degrade polymers such as cel-
lulose and have been shown to be the major cellu-
lose degraders in some lakes. A few species have
been isolated from the oral cavity of humans where
they appear to be part of the normal flora, but can
occasionally cause septicemias. Some Cyfophaga
strains are pathogens of fish.
Planctomyces/Pirella

Planctomyces, Pirella, Gemmata, and Isosphaera
form a phylogenetically related group of microor-
ganisms that have many unusual properties. They
are the only bacteria, other than the confusing case
of the Chlamydia, whose cells lack peptidoglycan.
Cells of this group divide by budding. Some mem-
bers of the group produce long appendages, called
stalks, and new cells are motile, developing stalks
as they mature. Some members of this group have
structures resembling nuclear membranes (Bauld
and Staley 1976): others have fimbrin.

Cells of this group can be pigmented (light rose,
bright red, or yellow to ochre) or non-pigmented.
An example of the species is Planctomyces limno-
philus, which is ovoid, has a diameter of 1.5 pm,
and forms red pigmented colonies. It grows slowly
at temperatures between 17°C and 39°C and takes
at least a week to form colonies. Stalks of the
organism are very thin and cannot be seen by light
microscopy. These stalks appear to be made of
thin fibers twisted into a bundle that emanates
from one pole of the ovoid cell. Cells multiply by
budding and new cells are motile and stalkless,
but eventually grow stalks as part of a maturation
process similar to that seen for Caulobacter.

These microbes are common inhabitants of
freshwater lakes, marine habitats, and salt ponds,
but most have been difficult to isolate in pure
culture. For example, three of the four species in
Planctomyces have only been observed in lake
water and never isolated.

Verrucomicrobia

Verrucomicrobia, with the best example as
Verrucomicrobia spinosum, has been isolated from
freshwater, soil environments, and human feces. It

13.

14.
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produces cytoplasmic appendages called prosth-
eca. Prostheca are like warts and the name of the
group comes from the Greek word for warts. Both
mother and daughter contain prostheca at the time
of the cell division.
Chlamydia
Chlamydia are obligate intracellular pathogens
with poor metabolic capabilities. They cannot syn-
thesize biomolecules such as amino acids which
they obtain from their hosts. Many Chlamydiae
coexist in an asymptomatic state within specific
hosts, and it is widely believed that these hosts pro-
vide a natural reservoir for these species.
Chlamydiae exist in two states: a metabolically
inert elementary body (EB) and a metabolically
active reticulate body (RB) found only inside cells.
EB is similar to the virions of viruses and enters the
body by phagocytosis. Once ingested and inside the
cell, EB divides and becomes RB. After it has killed
the cell, it becomes EB again and is ready to be
transmitted. Chlamydiae are spread by aerosol or
by contact and require no alternate vector.
Diseases caused by Chlymidia include sexually
transmitted infections (STIs) (Chlamydia tracho-
matosis), pneumonia (Chlamydia pneumoniae),
and bird pneumonia (Chlamydia psittaci).
Cyanobacteria
Cyanobacteria (Greek: xvavos (kyands) = blue +
bacterium) obtain their energy through photosyn-
thesis. They are often referred to as blue-green
algae, because they were once thought to be algae.
They are a significant component of the marine
nitrogen cycle system and an important primary
producer in many areas of the ocean. Their ability
to perform oxygenic (plant-like) photosynthesis is
thought to have converted the reducing atmosphere
of the early earth into an oxidizing one, which dra-
matically changed the life forms on Earth and
provoked an explosion of biodiversity.
Cyanobacteria are found in almost every
conceivable habitat, from oceans to freshwater to
bare rock to soil. Most are found in freshwater, while
others are marine, occur in damp soil, or even tempo-
rarily moistened rocks in deserts. A few are endo-
symbionts in lichens, plants, various protists, or
sponges and provide energy for the host. Some live
in the fur of sloths, providing a form of camouflage.
Cyanobacteria include unicellular and colonial
species. Colonies may form filaments, sheets, or
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even hollow balls. Some filamentous colonies
show the ability to differentiate into several differ-
ent cell types: vegetative cells, the normal, photo-
synthetic cells that are formed under favorable
growing conditions; akinetes, the climate-resistant
spores that may form when environmental condi-
tions become harsh; and thick-walled heterocysts,
which contain the enzyme nitrogenase, vital for
nitrogen fixation. Heterocysts may also form under
the appropriate environmental conditions (anoxic)
wherever nitrogen is necessary. Heterocyst-
forming species are specialized for nitrogen fixa-
tion and are able to fix nitrogen gas, which cannot
be used by plants, into ammonia (NH,), nitrites
(NO,"), or nitrates (NO,"), which can be absorbed
by plants and converted to protein and nucleic
acids. The rice paddies of Asia, which produce
about 75% of the world’s rice, do so because of the
high populations of nitrogen-fixing cyanobacteria
in the rice paddy fields.

Photosynthesis in cyanobacteria generally uses
water as an electron donor and produces oxygen as
a by-product, though some may also use hydrogen
sulfide as is the case among other photosynthetic
bacteria. Carbon dioxide is reduced to form carbo-
hydrates via the Calvin cycle. In most forms, the
photosynthetic machinery is embedded into folds
of the cell membrane, similar to thylakoids found
in the chloroplasts of higher plants.

The cyanobacteria are traditionally classified

by morphology into five sections, I-V: Chroococ-
cales, Pleurocapsales, Oscillatoriales, Nostocales,
and Stigonematales. The latter two contain
hetrocysts. The members of Chroococcales are
unicellular and usually aggregated in colonies. In
Pleurocapsales, the cells have the ability to form
internal spores (baeocytes). In Oscillatorialles, the
cells are singly arranged and do not form special-
ized cells, (akinets and heterocysts). In Nostocalles
and Stigonematalles, the cells have the ability to
develop heterocysts under certain conditions.
Gram positive bacteria (including Mycoplasmas
and Actinobacteria)
Like the Proteobacteria, the Gram positive bacteria
are very diverse; they contain many bacteria encoun-
tered in everyday life as agents of disease and
inputs of production in industry or as important
organisms in food microbiology. Some of them
(the Mycoplasma) lack cell walls.

Gram-positive bacteria fall into two major phylo-
genetic divisions, “low-G + C” and “high-G + C.”:
(a) Low G + C group: G + C below 50%;

(b) High G + C group: G + C higher than 50%
(@) Low G + C Group: G + C Below 50%
Non-sporulating Low G + C Group

Staphylococcus: The staphylococci have
spherical cells often found in groups resem-
bling clusters of grapes. Bacteria of this
genus were originally grouped with other sphe-
rical microorganisms, especially of the genus
Micrococcus, since these two genera often
shared similar habitats. However, physiological
studies and phylogenetic analysis have shown
that these two genera are very different from
one another. The differences between staphy-
lococci and micrococci are discussed below.

Lactic Acid Bacteria: The lactic acid bacteria
are Gram-positive rods and cocci that produce
lactic acid as their primary end product. An
important group characteristic is the absence
of cytochromes, porphyrins and respiratory
enzymes. They are therefore incapable of oxi-
dative phosphorylation or any type of respira-
tion and are totally dependent on fermentation.
Lactic acid bacteria do, however, contain
mechanisms to deal with the toxic byproducts
of oxygen, which categorizes them as aeroto-
lerant anaerobes. They include Streptococcus,
Leuconostoc, Pediococcus, Lactococcus,
Enterococcus, and Lactobacillus. Lactic acid
bacteria are primarily differentiated based on
the types of end products they form. Homo-
fermentative lactic acid bacteria produce only
lactic acid as an end product, while heterofer-
mentative lactic acid bacteria produce lactate,
ethanol, and CO, as well (Axelssson and Ahrne
2000; Narayanan et al. 2004).

Sporulating Low G + C Group

Bacillus: These are spore-forming aerobic
rods. Bacillus is a genus of rod-shaped, beta-
hemolytic Gram-positive bacteria. Bacillus
species are catalase-positive obligate or facul-
tative aerobes. Ubiquitous in nature, Bacillus
includes both free-living in soil, water and air,
as well as some pathogenic species. Under
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stressful environmental conditions, the cells
produce endospores resistant to heat, radiation,
chemicals and other unfavorable conditions.

Clostridium: These are Gram-positive spore-
forming obligately anaerobic rods. Individual
cells are rod-shaped, and the name comes
from the Greek for spindle. Clostridium
includes common free-living bacteria as well
as important pathogens, including C. botuli-
num, an organism producing a very potent
toxin in food; C. difficile, which can overgrow
other bacteria in the gut during antibiotic ther-
apy; C. tetani, the causative organism of teta-
nus; C. perfringens, formerly called C. welchii,
which causes a wide range of symptoms, from
food poisoning to gas gangrene. Because
C. perfringens produces much gas, it is also
used as a replacement for yeasts in breadmak-
ing. C. sordellii has been linked to the deaths
of more than a dozen women. They are impor-
tant in the anaerobic conditions of muds.

Heliobacteria: Heliobacteria are strictly
anaerobic, spore-forming photoheterotrophic
members of the Firmicutes. 16s rRNA studies
put them among the Firmicutes (Bacillus and
Clostridium) but they do not stain Gram-
positively like the other members. They have
no outer membrane and like certain other fir-
micutes (clostridia), they form heat resistant
endospores. They are the only firmicutes
known to conduct photosynthesis. Soluble
periplasmic components appear absent in
heliobacteria and photosynthesis takes place at
the cell membrane, which does not form folds
or compartments as it does in purple pho-
totrophic bacteria. A particularity of heliobac-
terial photosynthesis is the occurrence of a
unique Bacteriochlorophll (BChl) g. BChl g is
chemically closer to Chl a than to BChl a.
Correspondingly, heliobacteria appear to be
more closely related to oxygenic photosynthe-
sis than the green sulfur bacteria (based on
16S-rRNA phylogeny as well as on trees built
from sequences of the photosynthetic reaction
center). A small group, it is the only known
phototrophic one among the Gram positives.
Heliobacteria consist of three genera,

(b)
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Heliobacterium (3 spp.), Heliobacillus (1 sp.),
and Heliophilum (1 sp.). They cannot tolerate
sulfide, all known species can fix nitrogen.
They are common in the waterlogged soils of
paddy fields.

High G + C Group: G + C Above 50%

These include Actinomycetes, Mycobacteria,
Micrococcus, and Corynebacterium:
Actinomycetes

Actinomycetes are filamentous and spore-
forming (non heat resistant spores), found in
soil. They are very important as antibiotic pro-
ducers. Typical example is Streptomyces sp.
They include some of the most common soil
life, playing an important role in decomposi-
tion of organic materials, such as cellulose
and chitin and thereby playing a vital part in
organic matter turnover and carbon cycle.
Actinomycetes of the family Actinoplanaceae,
especially Actinoplanes, are readily isolated
from the flowing waters of rivers and streams,
where they are important in the decomposi-
tion of wood and other cellulolisic materials.

Mycobacterium

This is a slow-growing acid-fast strain (Ziel-
Nieelsen stain) implicated in diseases (M. lep-
rae, leprosy; M. tuberculosis, tuberculosis).
Many are however free-living and inhabit
aquatic environments. These environmental or
waterborne mycobacteria (WBM) inhabit a
diverse range of natural environments and are a
frequent cause of opportunistic infection in
human beings and livestock. Several hospital
and community outbreaks of mycobacterial
infections, including infections as diverse as
life-threatening pneumonia in patients with arti-
ficial ventilation, cystic fibrosis, and chronic
granulomatous disease; outbreaks of skin infec-
tion following liposuction; furunculosis after
domestic footbaths; mastitis after body piercing;
and abscess formation in intravenous drug users.

Corynebacteria

Corynebacterium is a genus of Gram-positive,
facultatively anaerobic, nonmotile, rod-shaped
actinobacteria. Most do not cause disease, but
are part of normal human skin flora. Coryne-
bacterium diphtheriae is the cause of diphtheria
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Ta.ble 4.7 Properties (l)f ) Species Cells arrangement G + C ratio Oxygen requirement

Micrococci and Staphylococei Micrococcus Clusters, tetrads (fours) 66-73 Strictly aerobic
Staphylococcus Clusters, pairs 30-39 Microaerophilic

16.

17.

in humans. The genes encoding exotoxins
that are the cause of diphtheria (caused by
Corynebacterium) as well as cholera and some
other bacterial diseases are mobile in aquatic and
terrestrial environments and have been found
in sediments and in river water using PCR.

Micrococcus

These are cocci in bunches and very similar

to staphylococci. They are distinguished from

each other according to the properties shown

in Table 4.7.
Nitrospira
Nitrospira are nitrite-oxidizing bacteria that are
important in marine habitats. In aquaria, for exam-
ple, if the ammonia/nitrite/nitrate cycle is exhausted,
the ecosystem suffers and fish can get sick or die.
Therefore, nitrite-oxidizing bacteria as well as the
other bacteria in this system are important for
healthy marine ecosystems. In addition, Nitrospira-
like bacteria are the main nitrite oxidizers in waste-
water treatment plants.
Proteobacteria (including purple bacteria)
The Proteobacteria are a major group of bacteria.
They include a wide variety of pathogens, such as
Escherichia, Salmonella, Vibrio, and Helicobacter.
Others are important agriculturally or industrally;
still others are free-living, and include many of the
bacteria responsible for nitrogen fixation. The
group is defined primarily in terms of ribosomal
RNA (rRNA) sequences, and is named after the
Greek god Proteus, who could change his shape,
because of the great diversity of forms found
within the group. Proteus is also the name of a
bacterial genus within the Proteobacteria.

All Proteobacteria are Gram-negative, with an
outer membrane mainly composed of lipopolysac-
charides. Many move with flagella, but some are
nonmotile or move by bacterial gliding. The latter
include the myxobacteria, a unique group of bac-
teria that can aggregate to form multicellular fruit-
ing bodies.

There is also a wide variety in the types of
metabolism. Most members are facultatively or
obligately anaerobic and heterotrophic, but there

are numerous exceptions. A variety of genera,
which are not closely related to each other, convert
energy from light through photosynthesis. These
are called purple bacteria, referring to their mostly
reddish pigmentation.

The Proteobacteria are divided into five sec-
tions, referred to by the Greek letters alpha through
epsilon, again based on rRNA sequences.

Alpha (o) Proteobacteria

The Alphaproteobacteria comprise the most pho-
totrophic genera, but also several genera metabo-
lizing Cl-compounds (compounds with a single
carbon atom e.g., Methylobacterium, symbionts of
plants (e.g., Rhizobia) and animals, and a group
of intracellular pathogens, the Rickettsiaceae.
Moreover, the precursors of the mitochondria of
eukaryotic cells are thought to have originated in
this bacterial group.

Beta () Proteobacteria

The Betaproteobacteria consist of several groups of
aerobic or facultative bacteria which are often
highly versatile in their degradation capacities, but
also contain chemolithotrophic genera (e.g., the
ammonia-oxidizing genus Nitrosomonas) and some
phototrophs (genera Rhodocyclus and Rubrivivax).
Beta Proteobacteria play an important role in nitro-
gen fixation in various types of plants, oxidizing
ammonium to produce nitrite- an important chemi-
cal for plant function. Many of them are found in
environmental samples, such as waste water or soil.
Pathogenic species within this class are the
Neisseriaceae (gonorrhea and meningoencephali-
tis) and species of the genus Burkholderia.

Gamma (y) Proteobacteria

The Gammaproteobacteria comprise several
medically and scientifically important groups of
bacteria, such as the Enterobacteriaceae, Vibrion-
aceae, and Pseudomonadaceae. Many important
pathogens belong to this class, e.g., Salmonella
(enteritis and typhoid fever), Yersinia (plague),
Vibrio (cholera), Pseudomonas aeruginosa
(lung infections in hospitalized or cystic fibrosis
patients), and E coli.
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Delta (6) Proteobacteria)

The Deltaproteobacteria comprise a group of pre-
dominantly aerobic genera, the fruiting-body-
forming myxobacteria, and a branch of strictly
anaerobic genera, which contains most of the
known sulfate-reducing bactria, (Desulfovibrio,
Desulfobacter, Desulfococcus, Desulfonema, etc.)
andsulfur-reducingbacteria(e.g., Desulfuromonas)
alongside several other anaerobic bacteria with
different physiology (e.g., ferric iron-reducing
Geobacter and Pelobacter and Syntrophus species,
which live symbiotically together).

Epsilon (€) Proteobacteria

The Epsilonproteobacteria consist of only a few
genera, mainly the curved to spiral-shaped
Wolinella, Helicobacter, and Campylobacter.
Most of the known species inhabit the digestive
tract of animals and humans and serve as symbi-
onts (Wolinellain cows) or pathogens (Helicobacter
in the stomach and Campylobacter in the duode-
num in humans). There have also been numerous
environmental sequences of epsilons recovered
from hydrothermal vent and cold seep habitats.

4.1.4.2 Aspects of the Physiology and Ecology
of Microorganisms in the Aquatic
Environment

This section will discuss the physiology of some of

the activities of aquatic microorganisms which con-

tribute to their ecology in bodies of water as well as

to their economic importance. Items to be discussed

are photosynthesis, nitrogen economy, especially
nitrogen fixation, sulfate reduction, and iron in the
aquatic environment.

Photosynthesis
Photosynthesis is the conversion of CO, to carbohy-
drates using light energy. This process has been described
as the most important biological reaction on earth, since
it is the means by which the energy of the sun is
harnessed by living things, through their consumption
of the products of photosynthesis. Photosynthesis is
carried out by plants, algae, and some bacteria, but not
by Archae. It is an important factor affecting the ecol-
ogy of microorganisms in aquatic environments
(Achenbach et al. 2001). Photosynthesis is generally
better known in plants than in bacteria; plant photosyn-
thesis will therefore be discussed as a basis for under-
standing bacterial photosynthesis (see Fig. 4.11).
Photosynthesis is hinged on three items: (a)
Photosynthetic pigments, (b) the light or light-depen-
dent reactions of photosynthesis, and (c) the dark or
light-independent reactions of photosynthesis.

The Pigments of Photosynthesis

A pigment is any substance that absorbs light. The
color of the pigment comes from the wavelengths of
light reflected by the pigment (in other words, those
not absorbed). Chlorophyll, the green pigment com-
mon to all photosynthetic cells, absorbs all wave-
lengths of visible light except green, which it reflects,
and thus is detected by human eyes as green. Black
pigments absorb all of the wavelengths that strike



66 4 Taxonomy, Physiology, and Ecology of Aquatic Microorganisms

them. White pigments/lighter colors reflect all or
almost all of the light energy striking them. Pigments
have their own characteristic absorption spectra, the
absorption pattern of a given pigment.

Chlorophyll (chl) found in plants, algae, and
cyanobacteria, is very similar to bacteriochlorophyll
(bchl) found in bacteria, other than cyanobacteria (see
Fig. 4.12). There are several types of chlorophylls and
of bacteriochlorophylls, (named a, b, c, d, e, and g)
differing from each in slight differences in structure.
Bchls “a” and “b” are found in the purple bacteria;
while bchls “c,” “d,” and “e” are found in Green sulfur
bacteria; bchl “g” is found in Heliobacteria. In higher
plants, photosynthesis takes place only in chl “a”; all
other chlorophylls along with carotenoids are acces-
sories and gather light which is channeled to chl “a.”
Similarly, in bacteria, bchl “a” is the site of photosyn-
thesis; all the other bacteriochlorophylls are accesso-
ries and gather light which is channeled to bchl “a.”

Accessory pigments include carotenoids found in
higher plants and cyanobacteria and phycobilins found
in the algae. Pigments have their own characteristic
absorption spectra. Figure 4.13 shows the wavelength
of various chlorophylls and accessory pigments.

The Light Reactions

In higher plants, the light dependent reactions, take
place on membranous structures known as thylakoids
found in chloroplasts in complex processes, that are
not yet fully understood. The process is much simpli-
fied as described below.

In plants, light is absorbed by complexes formed
between protein and chlorophyll molecules known as
photosystems, Photosystem I (PSI) and Photosystem 11
(PSII). PSII absorbs light energy (photons) at a wave-
length of 680 nm and is called P680 while PSI it
absorbs photons at 700 nm and is called P700.

When a pigment absorbs light energy, one of three
things will occur: Energy may be dissipated as heat; it
may be re-emitted immediately as a longer wavelength,
a phenomenon known as fluorescence; or the energy
may trigger a chemical reaction, as in photosynthesis.
In plant photosynthesis, the action begins at the PSII
chlorophyll-protein complex which becomes excited
and loses an electron; this electron is passed through a
series of enzymes until it is transferred to water,
causing it to lose electrons:

2H,0 - 4H" +4e” +0,

The electron released from the splitting of water is
transferred to PSI, which can itself capture light
energy; this energy is transferred by enzymes used to
reduce NADP* to NADPH and ATP the other energy
currency of cells, thus ADP + Pi = ATP.

While the photosynthetic process in cyanobacteria
is similar to that of plants, green bacteria and purple
sulfur bacteria have photosynthetic processes different
from the process in plants.

Cyanobacteria do not have chloroplasts, but have
structures on their cell membranes which are similar
to thylakoids. They have photosystems similar to
PS II and PS I found in the chloroplasts of higher
plants. They can produce NADPH and ATP in the
way as higher plants and they are the only bacteria
which produce O, during photosynthesis. However,
instead of carotenoids or chlorophyll “b” which act as
accessory pigments in higher plants, they have
phycobilins.

Purple Bacteria: Purple bacteria and green sulfur
bacteria have only one type of photosystem. The single
photosystem in purple bacteria is structurally related
to PS II in cyanobacteria and plant chloroplasts; it,
however, has a P870 molecule, i.e., it absorbs light at
870 nm and can make ATP in the transfer of
electrons.

In order to make NADPH, purple bacteria use an
external electron donor (hydrogen, hydrogen sulfide,
sulfur, sulfite, or organic molecules such as succinate
and lactate) to feed electrons into a reverse electron
transport chain.

Green Sulfur Bacteria: These bacteria contain a pho-
tosystem that is analogous to PS I (P840) in chloro-
plasts. It makes ATP through the transfer of electrons.
Electrons are removed from an excited chlorophyll
molecule and used to reduce NAD* to NADH. The
electrons removed from P840 must be replaced. This
is accomplished by removing electrons from H.S,
which is oxidized to sulfur which appear as globules
in the cells (hence the name “green sulfur bacteria”).

H,S=2H +S".

The Dark or Light-Independent Reactions

of Photosynthesis

The energy rich ATP and NADPH molecules formed
in the light dependent phase of photosynthesis are used
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Fig. 4.12 Structure of chlorophylls and bacteriochlorophylls
(From Encyclopedia of Life Sciences; Fujita 2005. With
permission) Structure of various Chls (a) and BChls (b). (a) Chls
a, b, ¢ and d. Differences in side-chains of Chls b, ¢ and d from

Chl a are highlighted with yellow boxes. (b) BChls a, b, c, d, e, g
and Zn-BChl a. Differences in sidechains, ring oxidation state,
and the central metal ion of BChls b, ¢, d, e, g and Zn-BChl a are
highlighted with yellow boxes.
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Fig. 4.13 Wavelengths
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for the production of energy rich carbohydrates
(sugars) in the Calvin cycle (see Fig. 4.11).

The fixation or reduction of carbon dioxide is a
light-independent process in which carbon dioxide
combines with a five-carbon sugar, ribulose 1,5-bis-
phosphate (RuBP), to yield two molecules of a three-
carbon compound, glycerate 3-phosphate (GP), also
known as 3-phosphoglycerate (PGA). GP, in the pres-
ence of ATP and NADPH from the light-dependent
stages, is reduced to glyceraldehyde 3-phosphate
(G3P) and enters the citric acid cycle.

The processes of photosynthesis can be represented
by the general formula:

CO, +2H,A = CH,0+H,0 + 2A,

where H, A is the source of the reducing power for the
conversion of CO, to carbohydrates.

In higher plants, algae and cyanobacteria, where
water is the source of the reducing power photosynthe-
sis, can be represented thus:

CO, +2H,0 = CH,O +H,0 +0,.

In bacteria, other than cyanobacteria, where water
is not the source of reducing power and hence oxygen
is not involved (anoxygenic), for example, the green
sulfur bacteria, where hydrogen sulfide is utilized, the
photosynthetic equation is given thus:

CO, +2H,S = CH,O +H,0 + 2.

/ Carotenoids

1
500
Wavelength (nm)

Summary: Differences Between Photosynthesis

in Plants and in the Bacteria

Like green plants, some bacteria are photosynthetic,

using the energy of sunlight to reduce carbon dioxide to

carbohydrate. There are a number of differences between
the two groups which are summarized below:

1. Chlorophyll and bacteriochlorophyll
Chlorophyll, the photosynthetic pigment in plants,
is replaced in bacteria by bacteriochlorophyll
(except in the Cyanobacteria). Both types of
pigments are similar and differ only in some side
chains (see Fig. 4.12).

2. Sites for photosynthesis in green plants and bacteria
In higher plants, photosynthesis takes places in
membraneous structures known as thylakoids which
are located in organelles known as chloroplasts. In
bacteria, the site for photosynthesis varies from one
group of bacteria to the other. In the cyanobacteria,
although chloroplasts are absent, photosynthesis
occurs in thylakoid-like structures; in helicobacte-
ria, it takes place on the cell membranes; in the
purple bacteria, it takes place in invaginations of the
cell membrane; in the green bacteria, it takes place
on the cell membrane as well as in special membrane
folding known as chlorosomes.

3. Oxygenic and anoxygenic photosynthesis
In higher plants, algae and cyanobacteria, the light
energy excites the molecules of chlorophyll leading
to release of energy which splits the water molecule
and to the release of oxygen as a by-product, and
finally the provision of H for fixing the CO,. In most
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bacteria (apart from cyanobacteria), oxygen is not
released because water does not provide the H
which converts the CO, to carbohydrates. Rather,
light energy excites bacteriochlorophyll leading to
energy which splits H from H,S. In the dark, many
photosynthetic bacteria can produce energy by the
transfer of electron, or anaerobically.
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Using 16 S RNA analysis, they are placed among
the Firmicutes, Gram positive bacteria; although,
they do not stain Gram positive, but they form heat
resistant endospores. Heliobacteria are the only fir-
micutes known to conduct photosynthesis. They are
photoheterotrophic, i.e., they require organic car-
bon sources. They do not fix carbon dioxide, they
lack rubisco, and do not have Calvin cycle.

Aspects of the Physiology of Photosynthetic Bacteria
The photosynthetic bacteria can be divided into two soils such as in paddy fields. They are also strong
groups: The anaerobic photosynthetic groups and the nitrogen fixers.

aerobic photosynthetic bacteria. 2. The aerobic photosynthetic bacteria (APB )

They are found in soils, especially water logged

1. The anaerobic photosynthetic bacteria (AnPB)

The bacterial order Rhodospirillales contains three

photosynthetic families:

(a) Rhodospirillaceae: Purple non-sulfur bacteria,
e.g., Rhodospirillum. These cells contain bacte-
riochlorophyll “a” or “b” located on specialized
membranes continuous with the cytoplasmic
membrane. They are not able to use elemental
sulfur as electron donor and typically use an
organic electron donor, such as succinate or
malate, but can also use hydrogen gas.

(b) Chromatiaceae: These include purple sulfur bac-
teria, e.g., Chromatium. They are able to use sul-
fur and sulfide as the sole photosynthetic electron
donor and sulfur can be oxidized to sulfate. They
can use inorganic sulfur compounds, such as
hydrogen sulfide as an electron donor. Purple sul-
fur bacteria must fix CO, to survive, whereas non-
sulfur purple bacteria can grow aerobically in the
dark by respiration on an organic carbon source.
They store elemental sulfur inside their cells, and
these appear globules within their cells, hence
their name, purple sulfur bacteria.

(c) Chlorobiaceae: These are green sulfur bacteria;
their cells contain bacteriochlorophyll “c” or
“d” located in chlorobium vesicles attached to
the cytoplasmic membrane.

(d) Heliobacteria: The heliobacteria are anaerobic
and phototrophic, converting light energy into
chemical energy by photosynthesis using a PSI
type reaction center (RC) (P798). The primary
pigment involved is bacteriochlorophyll g, which
is unique to the group and has a unique absorp-
tion spectrum. On account of this, the heliobac-
teria occupy their own special environmental
niche. Phototrophy takes place on the cell mem-
brane, which does not form folds or compart-
ments as it does in purple phototrophic bacteria.

The cyanobacteria are photosynthetic and aerobic,
but recently another photosynthetic aerobic group
was discovered. It was previously generally believed
that anoxygenic photosynthesis was an anaerobic
growth mode of either obligately anaerobic, or fac-
ultatively anaerobic bacteria capable of switching
between respiration under aerobic conditions and
phototrophy under anaerobic conditions. Recently

(1979), the first reported member of the aerobic

phototrophic bacteria, Erythrobacter longus,

discovered in the Bay of Japan, changed our
previous knowledge of the phototrophic bacteria.

APBs have since been found in a wide variety of

both marine and freshwater habitats, including

acid mine drainage sites, soils, saline lakes, and
soda lakes. (Rathgeber et al. 2004). Other genera
of APBs found in freshwater and marine envi-
ronments include the following: Erythrobacter;,

Roseobacter,, Porphyrobacter,, Acidiphilium

Erythromonas, Erythromicrobium, Roseococcus,

and Sandaracinobacter.

The distinguishing features of APBs are:

(a) They produce their photosynthetic apparatus
only in the presence of oxygen and the absence
of light.

(b) The presence of bacteriochlorophyll a (BChl a)
incorporated into light harvesting (LH) and
reaction center (RC) complexes capable of
transforming light into electrochemical energy
under aerobic conditions.

(c) Arelatively low amount of photosynthetic units
per cell.

(d) Extreme inhibition of BChl synthesis by light.

(e) An abundance of carotenoid pigments.

(f) Apparent lack of intracytoplasmic photosyn-
thetic membranes.

(g) The inability to grow phototrophically under
anaerobic conditions.
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The APBs produce a photosynthetic apparatus
similar to that of purple phototrophic bacteria.
However, this apparatus, in contrast to that of the
anaerobic photosynthetic bacteria is produced only
under aerobic conditions. In facultatively anaero-
bic organisms, the photosynthetic apparatus is syn-
thesized under conditions of oxygen shortage and
absence of light.

They are a phylogenetically diverse group inter-
spersed predominantly throughout the a-Proteobac-
teria, closely related to anoxygenic phototrophic
purple non-sulfur bacteria as well as chemotrophic
species. Recently, however, more and more APBs
have been placed in the B-Proteobacteria.

Nitrogen Economy in Aquatic Systems

Nitrogen Fixation

Nitrogen is important in microorganisms for the manu-
facture of proteins and nucleic acids, both of which are
essential for the continued existence of all living things.
Although the element is abundant in the atmosphere,
constituting about 80%, the ability of making atmo-
spheric nitrogen available to living things is present
only in a few organisms. Biological nitrogen fixation
can be represented by the following equation, in which
2 moles of ammonia are produced from 1 mole of
nitrogen gas, at the expense of 16 moles of ATP and a
supply of electrons and protons (hydrogen ions):

microorganisms including aerobic and anaerobic ones.
(Naqvi 2006). Among aerobes, nitrogen fixers include
all members of Azotobacter and Beijerinckia,, some
Klebsiella and some cyanobacteria. Under anaerobic
conditions, such as, occur in sediments or in the deeper
regions of water columns, the following organisms fix
nitrogen: Some Clostridium spp., Desulfovibrio, pur-
ple sulfur bacteria, purple non-sulfur bacteria, and
green sulfur bacteria.

The nitrogenase enzyme complex is highly sensitive
to oxygen and it is inactivated when exposed to oxy-
gen, because oxygen reacts with the iron component
of the proteins. Aerobic organisms including cyanobac-
teria, which produce oxygen during photosynthesis,
combat the problem of nitrogenase inactivation by
different methods. Cyanobacteria for example have
special cells, heterocysts, where nitrogen fixation
occurs and in which nitrogenase is protected because
they contain only photosystem I whereas the other
cells have both photosystem I and photosystem II
(which generates oxygen when light energy is used to
split water to supply H, in photosynthesis.). For the
same reason, also, Azotobacter and Rhizobium pro-
duce large amounts of extracellular polysaccharide,
which helps limit the diffusion of oxygen to the cells.
Furthermore, Rhizobium root nodules contain oxygen-
scavenging molecules such as leghemoglobin, which
regulate the supply of oxygen to the nodule tissues in

N, +8H++8e” +16 ATP=2NH, + H, +16ADP +16 Pi.

This reaction is performed exclusively by prokaryotes
using a nitrogenase enzyme complex. This enzyme
consists of two proteins — an iron protein and a
molybdenum-iron protein — as shown Fig. 4.14.

The reactions occur while N, is bound to the nitroge-
nase enzyme complex. The Fe protein is first reduced by
electrons donated by ferredoxin. Then the reduced Fe pro-
tein binds ATP and reduces the molybdenum—iron protein,
which donates electrons to N, producing HN=NH. In two
further cycles of this process (each requiring electrons
donated by ferredoxin), HN=NH is reduced to H,N-NH,,
and this in turn is reduced to 2NH,. Depending on the type
of microorganism, the reduced ferredoxin, which supplies
electrons for this process, is generated by photosynthesis,
respiration, or fermentation (Anonymous 2010e).

Nitrogen fixation may be done by bacteria living
symbiotically with higher plants such as Rhizobium
spp. and legumes or by free-living organisms. In the
aquatic environment, the nitrogen fixers are free-living

the same way as hemoglobin regulates the supply of
oxygen to mammalian tissues.

Other microbial activities which participate in
regulating the nitrogen economy of aquatic systems
are nitrification and denitrification.

Nitrification

Nitrification is the conversion of ammonium to nitrate by
the nitrifying bacteria. These bacteria are chemo-
autothrophs which obtain energy by oxidizing ammo-
nium, while using CO, as their source of carbon to
synthesize organic compounds. The nitrifying bacteria
are found in most soils and waters of moderate pH, but
are not active in highly acidic soils. They almost always
are found as mixed-species communities or consortia.
Some of them — e.g., Nitrosomonas convert ammonium
to nitrite (NO,") while others — e.g., Nitrobacter convert
nitrite to nitrate (NO,"). The nitrifying bacteria are so
numerous in waters rich in ammonium such as sewage
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Fig. 4.14 The enzymes of nitrogen fixation (Reproduced from
Berg et al. 2002. With permission)

Note: Ferrodoxins are a group of red-brown proteins contain-
ing iron and sulfur, which act as electron carriers during photo-
synthesis, nitrogen fixation, or oxidation-reduction reactions in
green plants, algae, and anaerobic bacteria.

Nitrogenase is a two-protein complex. One component, nitro-
genase reductase is an iron-containing protein that accepts
electrons from ferredoxin, a strong reductant, and then delivers
them to the other component, nitrogenase, which contains Iron
(Fe) and molybdenum (Mo).

The overall reaction in nitrogen fixation via nitrogenase is:
8H* + N, + 8¢ + 16ATP + 16H,0 —
2NH, + H, + 16ADP + 16P, + 16H,_

effluents that they readily convert the ammonium
compounds therein into nitrates. The nitrates can accu-
mulate in groundwater, and may ultimately enter drinking
water. Regulations in many countries control the amount
of nitrate in drinking water, because in the anaerobic
conditions of the animal alimentary canal, nitrates can be
reduced to highly reactive nitrites by microorganisms.
Nitrites are absorbed from the gut and bind to hemoglobin,
reducing its oxygen-carrying capacity. In young babies,
this can lead to a respiratory illness known as blue baby
syndrome. Nitrites can also react with amino compounds,
forming nitrosamines which are highly carcinogenic.

Denitrification

Denitrification is the conversion of nitrate to gaseous
compounds (nitric oxide, nitrous oxide, and N,) by
microorganisms. Denitrification goes t