(¥ WILEY

Wiley Series in Ecological and Applied Microbiology
Ralph Mitchell, Series Editor

WASTEWATER

MICROBIOLOGY

Third Edition

GABRIEL BITTON



WASTEWATER

Third Edition






WASTEWATER
MICROBIOLOGY

Third Edition

GABRIEL BITTON

Department of Environmental Engineering Sciences
University of Florida, Gainesville, Florida

WILEY—LISS

A JOHN WILEY & SONS, INC., PUBLICATION



This book is printed on acid-free paper.
Copyright © 2005 by John Wiley & Sons, Inc. All rights reserved.

Published by John Wiley & Sons, Inc., Hoboken, New Jersey.
Published simultaneously in Canada.

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form or
by any means, electronic, mechanical, photocopying, recording, scanning, or otherwise, except as
permitted under Section 107 or 108 of the 1976 United States Copyright Act, without either the prior
written permission of the Publisher, or authorization through payment of the appropriate per-copy

fee to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923,

978-750-8400, fax 978-646-8600, or on the web at www.copyright.com. Requests to the Publisher

for permission should be addressed to the Permissions Department, John Wiley & Sons, Inc.,

111 River Street, Hoboken, NJ 07030, (201) 748-6011, fax (201) 748-6008.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best efforts
in preparing this book, they make no representations or warranties with respect to the accuracy or
completeness of the contents of this book and specifically disclaim any implied warranties of
merchantability or fitness for a particular purpose. No warranty may be created or extended by sales
representatives or written sales materials. The advice and strategies contained herein may not be
suitable for your situation. You should consult with a professional where appropriate. Neither the
publisher nor author shall be liable for any loss of profit or any other commercial damages, including
but not limited to special, incidental, consequential, or other damages.

The publisher and the author make no representations or warranties with respect to the accuracy or
completeness of the contents of this work and specifically disclaim all warranties, including without
limitation any implied warranties of fitness for a particular purpose. This work is sold with the
understanding that the publisher is not engaged in rendering professional services. The advice and
strategies contained herein may not be suitable for every situation. In view of ongoing research,
equipment modifications, changes in governmental regulations, and the constant flow of information
relating to the use of experimental reagents, equipment, and devices, the reader is urged to review and
evaluate the information provided in the package insert or instructions for each chemical, piece of
equipment, reagent, or device for, among other things, any changes in the instructions or indication of
usage and for added warnings and precautions. The fact that an organisation or Website is referred to in
this work as a citation and/or a potential source of further information does not mean that the author or
the publisher endorses the information the organization or Website may provide or recommendations it
may make. Further, readers should be aware that Internet Websites listed in this work may have changed
or disappeared between when this work was written and when it is read. No warranty may be created or
extended by any promotional statements for this work. Neither the publisher nor the author shall be liable
for any damages arising herefrom.

For general information on our other products and services please contact our Customer Care Department
within the U.S. at 877-762-2974, outside the U.S. at 317-572-3993 or fax 317-572-4002.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print,
however, may not be available in electronic format.

Library of Congress Cataloging-in-Publication Data:

Bitton, Gabriel.
Wastewater microbiology / Gabriel Bitton. -- 3rd ed.
p.; cm.
Includes bibliographical references and index.
ISBN 0-471-65071-4 (cloth)
1. Sanitary microbiology. 2. Water--Microbiology. 3. Sewage--Microbiology.
[DNLM: 1. Sewage--microbiology. 2. Water Microbiology. 3. Safety
Management. 4. Water Purification--methods. QW 80 B624w 2005] I. Title.
QR48.B53 2005
628.3'01'579--dc22
2004019935

Printed in the United States of America

10 9 8 7 6 5 4 3 21



to Julie and Natalie






CONTENTS

Preface
Preface to the First Edition

Preface to the Second Edition

PART A. FUNDAMENTALS OF MICROBIOLOGY

1. The Microbial World
2. Microbial Metabolism and Growth
3. Role of Microorganisms in Biogeochemical Cycles

PART B. PUBLIC HEALTH MICROBIOLOGY

4. Pathogens and Parasites in Domestic Wastewater
5. Microbial Indicators of Fecal Contamination
6. Water and Wastewater Disinfection

PART C. MICROBIOLOGY OF WASTEWATER TREATMENT

7. Introduction to Wastewater Treatment

8. Activated Sludge Process

9. Bulking and Foaming in Activated Sludge Plants
10. Processes Based on Attached Microbial Growth
11. Waste Stabilization Ponds
12. Sludge Microbiology
13. Anaerobic Digestion of Wastewater and Biosolids
14. Biological aerosols and Bioodors from Wastewater

Treatment Plants

PART D. MICROBIOLOGY OF DRINKING WATER TREATMENT

15. Microbiological Aspects of Drinking Water Treatment
16. Microbiological Aspects of Drinking Water Distribution

17. Bioterrorism and Drinking Water Safety

PART E. BIOTECHNOLOGY IN WASTEWATER TREATMENT

18. Pollution Control Biotechnology

Xi

Xiii

45
75

107

109
153
173

211

213
225
259
291
307
321
345

371

395

397
419
457

471
473

vii



viii CONTENTS

PART F. FATE AND TOXICITY OF CHEMICALS IN

WASTEWATER TREATMENT PLANTS 499
19. Fate of Xenobiotics and Toxic Metals in Wastewater
Treatment Plants 501
20. Toxicity Testing in Wastewater Treatment Plants Using
Microorganisms 527

PART G. MICROBIOLOGY AND PUBLIC HEALTH ASPECTS OF
WASTEWATER EFFLUENTS AND BIOSOLIDS

DISPOSAL AND REUSE 545

21. Public Health Aspects of Wastewater and Biosolids Disposal
on Land 547

22. Public Health Aspects of Wastewater and Biosolids Disposal
in the Marine Environment 573
23. Wastewater Reuse 589
References 609

Index 729



PREFACE

I would like to mention some of the changes and additions that have been included in the
third edition of Wastewater Microbiology. In general, every chapter of the book has been
revised (up to July 2004) to include the latest developments in the field, and I will highlight
only the major ones.

A review of the most important molecular techniques has been added to Chapter 1,
while the most recent methodology for measuring microbial biomass in environmental
samples is described in Chapter 2. New developments in enhanced biological phosphorus
removal (EBPR) are covered in Chapter 3. Chapter 4 covers new findings on old and emer-
ging (e.g., Helicobacter pylori, Cyclospora, Microsporidia) microbial pathogens and para-
sites. Much progress has been made concerning the detection of Cryptosporidium and
Giardia in environmental samples, including wastewater. The improved methodology is
also covered in Chapter 4. As regards disinfection of water and wastewater, research
efforts are now focusing on UV disinfection in industrialized countries and on the use
of solar radiation in developing countries (Chapter 6).

Armed with new molecular tools and microsensor/microelectrode technology, investi-
gators are making progress in understanding the microbial ecology and the surface prop-
erties of activated sludge flocs. The methodology used is similar to that used in biofilms.
These advances will help us to better understand the flocculation process in activated
sludge (Chapter 8). Concerning bulking and foaming in activated sludge plants, most of
the recent studies have focused on the characterization and phylogeny of filamentous
microorganisms (Chapter 9).

In the last few years we have witnessed an increased interest in biofilm microbiology.
Biofilms develop on biological and nonbiological surfaces and are ubiquitous in natural
aquatic environments and engineered systems (e.g., fixed-film bioreactors). Their ben-
eficial role in fixed-film bioreactors has been known for years (chapter 10). However,
the impact of biofilms on drinking water distribution systems has been the subject of
increased research activity around the world (chapter 16). This interest is further heigh-
tened by the findings that biofilms are the source of medical problems such as dental
plaques or colonization of artificial implants, leading to increased rate of infection in
patients. The discovery of communication among members of the biofilm community
(i.e., quorum sensing using signaling chemicals such as homoserine lactones) may lead
to potential means of controlling biofouling of surfaces.
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Chapter 13 shows that new procedures, particularly molecular techniques, have helped
shed light on the phylogeny of methanogens and other Archaea.

Part D (Microbiology of Drinking Water Treatment) of the third edition now comprises
three chapters instead of two as in the second edition. The third chapter (Chapter 17) intro-
duces the reader to bioterrorism microbial agents and their potential impact on drinking
water safety.

In Chapter 18 (Biotechnology of Waste Treatment: Pollution Control Biotechnology), I
have added some information about membrane bioreactors (MBR technology), while in
Chapter 21, new developments in the area of bioremediation have been included.
Finally, in Chapter 23 (Wastewater Reuse), I have made an attempt to introduce the
reader to the microbiological aspects of the treatment of wastewater effluents by
natural and constructed wetlands and by the use of attached algae for polishing wastewater
effluents.

Since the World Wide Web is increasingly becoming an integral part of the learning
process at education institutions, I have added some Web resources to each chapter of
the book to help students increase their knowledge or satisfy their curiosity about topics
discussed in a given chapter. I have also included questions at the end of each chapter.
These questions can help students in studying the material or can be used as homework.

I thank Jorge Gomez Moreno for drawing several of the new figures for the third edition
of this book. His attention to detail is much appreciated.

I am grateful to Nancy, Julie, Natalie, Jonathan, my entire family, and friends for their
love and moral support.

GABRIEL BITTON
Gainesville, Florida



PREFACE TO THE FIRST EDITION

Numerous colleagues and friends have encouraged me to prepare a second edition of
Introduction to Environmental Virology, published by Wiley in 1980. Instead, I decided
to broaden the topic by writing a text about the role of all microorganisms in water and
wastewater treatment and the fate of pathogens and parasites in engineered systems.

In the 1960s, the major preoccupation of sanitary engineers was the development of
wastewater treatment processes. Since then, new research topics have emerged and
emphasis is increasingly placed on the biological treatment of hazardous wastes and the
detection and control of new pathogens. The field of wastewater microbiology has blos-
somed during the last two decades as new modern tools have been developed to study
the role of microorganisms in the treatment of water and wastewater. We have also wit-
nessed dramatic advances in the methodology for detection of pathogenic microorganisms
and parasites in environmental samples, including wastewater. New genetic probes and
monoclonal antibodies are being developed for the detection of pathogens and parasites
in water and wastewater. Environmental engineers and microbiologists are increasingly
interested in toxicity and the biodegradation of xenobiotics by aerobic and anaerobic bio-
logical processes in wastewater treatment plants. Their efforts will fortunately result in
effective means of controlling these chemicals. The essence of this book is an exploration
of the interface between engineering and microbiology, which will hopefully lead to
fruitful interactions between biologists and environmental engineers.

The book is divided into five main sections, which include fundamentals of micro-
biology, elements of public health microbiology, process microbiology, biotransform-
ations and toxic impact of chemicals in wastewater treatment plants, and the public
health aspects of the disposal of wastewater effluents and sludges on land and in the
marine environment. In the process microbiology section, each biological treatment
process is covered from both the process microbiology and public health viewpoints.

This book provides a useful introduction to students in environmental sciences and
environmental engineering programs and a source of information and references to
research workers and engineers in the areas of water and wastewater treatment. It
should serve as a reference book for practicing environmental engineers and scientists
and for public health microbiologists. It is hoped that this information will be a catalyst
for scientists and engineers concerned with the improvement of water and wastewater
treatment and with the quality of our environment.

I am very grateful to all my colleagues and friends who kindly provided me with illus-
trations for this book and who encouraged me to write Wastewater Microbiology. 1 will
always be indebted to them for their help, moral support, and good wishes. I am indebted
to my graduate students who have contributed to my interest and knowledge in the

xi
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microbiology of engineered systems. Special thanks are due to Dr. Ben Koopman for
lending a listening ear to my book project and to Dr. Joseph Delfino for his moral
support. I thank Hoa Dang-Vu Dinh for typing the tables for this book. Her attention to
detail is much appreciated.

Special thanks to my family, Nancy, Julie, and Natalie, for their love, moral support,
and patience, and for putting up with me during the preparation of this book.

GABRIEL BITTON
Gainesville, Florida



PREFACE TO THE SECOND
EDITION

The second edition of Wastewater Microbiology incorporates the latest findings in a field
covering a wide range of topics.

During the past few years, we have witnessed significant advances in molecular
biology, leading to the development of genetic probes, particularly the ribosomal RNA
(rRNA) oligonucleotide probes, for the identification of wastewater microorganisms.
The road is now open for a better identification of the microbial assemblages in domestic
wastewater and their role in wastewater treatment.

The use of genetic tools has also been expanded as regards the detection of pathogens
and parasites (Chapter 4), and biotechnological applications for wastewater treatment
(Chapter 17). Chapter 4 has been expanded due to the emergence of new pathogens and
parasites in water and wastewater. The topic of drinking water microbiology has been
expanded, and two chapters are now devoted to this subject. Chapter 15 deals with
water treatment and Chapter 16 covers the microbiology of water distribution systems.
New methodology that shows the heterogeneous structure of biofilms and their complex
biodiversity includes nondestructive confocal laser-scanning microscopy in conjunction
with 16S rRNA-targeted oligonucleotide probes (Chapter 16). The topic of wastewater
and biosolids disposal on land and in receiving waters has also been expanded and is
now covered in two chapters (Chapters 20 and 21).

New figures and tables have been added to further enhance the illustration of the book.
Many old figures and graphs were redrawn to improve the visual aspect of the book.

I am very grateful to the colleagues who reviewed the book proposal for their valuable
suggestions concerning the second edition of Wastewater Microbiology. 1 am particularly
grateful to my mentor and friend, Professor Ralph Mitchell, of Harvard University. As
editor of the Wiley series in Ecological and Applied Microbiology, he offered me his
full support in the undertaking of this project. I thank Dr. Charles Gerba of the University
of Arizona for his continuous moral support and enthusiasm. I thank Dr. Robert
Harrington, senior editor at Wiley, for enthusiastically endorsing this second edition of
Wastewater Microbiology.

A picture is worth a thousand words. I thank Dr. Christopher Robinson of the Oak
Ridge Institute of Science and Education, and Dr. H.D. Alan Lindquist of the U.S. EPA
for promptly and kindly sending me photomicrographs of Cryptosporidium parvum.
I am grateful to Dr. Rudolf Amann of the Max-Planck Institute for Marine Microbiology,
Bremen, Germany, for allowing me to use his excellent color pictures on the use of rRNA

xiii
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probes in wastewater microbiology, and to Dr. Trello Beffa of the Universite de Neufcha-
tel, Switzerland, for his scanning electron micrograph of compost microorganisms. Many
thanks to Dr. Samuel Farrah and his students, Fuha Lu and "Jerzy Lukasik, for supplying a
scanning electron micrograph of Zooglea.

I am grateful to Nancy, Julie, Natalie, my entire family, and friends for their love and
moral support.

GABRIEL BITTON
Gainesville, Florida
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4 THE MICROBIAL WORLD
1.1 INTRODUCTION

The three domains of life are bacteria, archaea, and eukarya (Fig. 1.1) (Rising and
Reysenbach, 2002; Woese, 1987). Bacteria, along with actinomycetes and cyanobacteria
(blue-green algae) belong to the prokaryotes while eukaryotes or eukarya include fungi,
protozoa, algae, plant, and animal cells.
Viruses are obligate intracellular parasites that belong to neither of these two groups.
The main characteristics that distinguish prokaryotes from eukaryotes are the following
(Fig. 1.2):

1. Eukaryotic cells are generally more complex than prokaryotic cells.

2. DNA is enclosed in a nuclear membrane and is associated with histones and other
proteins only in eukaryotes.

3. Organelles are membrane-bound in eukaryotes.
4. Prokaryotes divide by binary fission whereas eukaryotes divide by mitosis.

5. Some structures are absent in prokaryotes: for example, Golgi complex, endoplas-
mic reticulum, mitochondria, and chloroplasts.

Other differences between prokaryotes and eukaryotes are shown in Table 1.1.

We will now review the main characteristics of prokaryotes, archaea, and eukaryotes.
Later, we will focus on their importance in process microbiology and public health. We
will also introduce the reader to environmental virology and parasitology, the study of
the fate of viruses, and protozoan and helminth parasites of public health significance in
wastewater and other fecally contaminated environments.

Bacteria
Gram

Positive Proteobacteria
Bacteria

Cyanobacteria Crenarchaeota

Green Sulfur Planctomyces
Bacteria

Archaea

Thermales Spirochetes

Green EUkarya
Non-Sulfur
Bacteria
Korarchaeota
Algae

Thermotogales

Agquificales

Figure 1.1 The tree of life. From Rising and Reysenbach (2002) and Woese (1987).
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EUKARYOTIC CELL
(Animal ceif)
Nucleus

Cell membrane Mitochondrion

Cytoplasm

Nucleolus Lysosome
Golgi body
Endoplasmic
reticulum
Nuclear membrane
PROKARYOTIC CELL
DNA
Ribosomes
Cell wall
Flagellum
Cytoplasmic
membrane

Figure 1.2 Prokaryotic and eukaryotic cells.

1.2 CELL STRUCTURE

1.2.1 Cell Size

Except for filamentous bacteria, prokaryotic cells are generally smaller than eukaryotic
cells. Small cells have a higher growth rate than that of larger cells. This may be explained
by the fact that small cells have a higher surface-to-volume ratio than larger cells. Thus,
the higher metabolic activity of small cells is due to additional membrane surface available
for transport of nutrients into and waste products out of the cell.

1.2.2 Cytoplasmic Membrane (Plasma Membrane)

The cytoplasmic membrane is a 40—80 A-thick semipermeable membrane that contains a
phospholipid bilayer with proteins embedded within the bilayer (fluid mosaic model)
(Fig. 1.3). The phospholipid bilayer is made of hydrophobic fatty acids oriented
towards the inside of the bilayer and hydrophilic glycerol moieties oriented towards the
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TABLE 1.1. Comparison of Prokaryotes and Eukaryotes

Eukaryotes (Fungi, Protozoa,
Feature Prokaryotes (Bacteria) Algae, Plants, Animals)
Cell wall Present in most prokaryotes (absent in Absent in animal; present in

Cell membrane
Ribosomes
Chloroplasts
Mitochondria

Golgi complex
Endoplasmic
reticulum
Gas vacuoles
Endospores
Locomotion

Nuclear membrane
DNA

Cell division

mycoplasma); made of peptidoglycan

Phospholipid bilayer

70S in size

Absent

Absent; respiration associated with
plasma membrane

Absent

Absent

Present in some species

Present in some species
Flagella composed of one fiber

Absent
One single molecule

Binary fission

plants, algae, and fungi
Phospholipid bilayer + sterols
80S in size
Present
Present

Present
Present

Absent

Absent

Flagella or cilia composed of
microtubules; amoeboid
movement

Present

Several chromosomes where
DNA is associated with
histones

Mitosis

outside of the bilayer. Cations such as Ca®" and Mg " help stabilize the membrane struc-
ture. Sterols are other lipids that enter into the composition of plasma membranes of
eukaryotic cells as well as some prokaryotes, such as mycoplasma (these bacteria lack a
cell wall).

Chemicals cross biological membranes by diffusion, active transport, and endocytosis.

Diffusion. Because of the hydrophobic nature of the plasma membrane, lipophilic
compounds diffuse better through the membrane than ionized compounds. The rate of dif-
fusion across cell membranes depends on their lipid solubility and concentration gradient
across the membrane.

Active transport. Hydrophilic compounds (that is, lipid insoluble) may be transferred
through the membrane by active transport. This transport involves highly specific

phospholipid bilayer

protein embedded
in phospholipid
matrix

Figure 1.3 Structure of cytoplasmic membrane. Adapted from Alberts et al. (1989).
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carrier proteins, requires energy in the form of adenosine triphosphate (ATP) or phos-
phoenol-pyruvate (PEP) and allows cells to accumulate chemicals against a concentration
gradient. There are specific active transport systems for sugars, amino acids, and ions.
Toxic chemicals gain entry into cells mainly by diffusion and some may use active trans-
port systems similar to those used for nutrients.

Endocytosis. In eukaryotic cells, substances can cross the cytoplasmic membranes by
endocytosis, in addition to diffusion and active transport. Endocytosis includes phagocy-
tosis (uptake of particles) and pynocytosis (uptake of dissolved substances).

1.2.3 Cell Wall

All bacteria, except mycoplasma, have a cell wall. This structure confers rigidity to cells
and maintains their characteristic shape, and it protects them from high osmotic pressures.
It is composed of a mucopolysaccharide called peptidoglycan or murein (glycan strands
cross-linked by peptide chains). Peptidoglycan is composed of N-acetylglucosamine
and N-acetylmuramic acid and amino acids. A cell wall stain, called the Gram stain
differentiates between gram-negative and gram-positive bacteria on the basis of cell
wall chemical composition. Peptidoglycan layers are thicker in gram-positive bacteria
than in gram-negative bacteria. In addition to peptidoglycan, gram-positive bacteria
contain teichoic acids made of alcohol and phosphate groups.

Animal cells do not have cell walls; however, in other eukaryotic cells, the cell walls
may be composed of cellulose (e.g., plant cells, algae), chitin (e.g., fungi), silica (e.g.,
diatoms), or polysaccharides such as glucan and mannan (e.g., yeasts).

1.2.4 Outer Membrane

The outermost layer of gram-negative bacteria contains phospholipids, lipopolysacchar-
ides (LPS), and proteins (Fig 1.4). Lipopolysaccharides constitute about 20 percent of

%
)
h)
%
i)
“%
%,
o
%
%,
%
foo
% Peptidoglycan
Outer
Inner
membrane ‘ membrane
LEGEND

6 Protein

fm Lipopolysaccharide
4 vipias Cytoplasm

ﬂ, Lipoprotein

Figure 1.4 Outer membrane of gram-negative bateria. From Godfrey and Bryan (1984).
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the outer membrane by weight and consist of a hydrophobic region bound to an oligosac-
charide core. The LPS molecules are held together with divalent cations. Proteins consti-
tute about 60 percent of the outer membrane weight and are partially exposed to the
outside. Some of the proteins form water-filled pores, porins, for the passage of hydrophi-
lic compounds. Other proteins have a structural role, as they help anchor the outer
membrane to the cell wall. The outer membrane of gram-negative bacteria is an efficient
barrier against hydrophobic chemicals, namely some antibiotics and xenobiotics, but is
permeable to hydrophilic compounds, some of which are essential nutrients.

Chemical (e.g., Ethylendiamine tetraacetic acid, polycations) and physical (e.g.,
heating, freeze-thawing, drying, and freeze-drying) treatments, as well as genetic altera-
tions, can increase the permeability of outer membranes to hydrophobic compounds.

1.2.5 Glycocalyx

The glycocalyx is made of extracellular polymeric substances (EPS), which surround some
microbial cells and are composed mainly of polysaccharides. In some cells, the glycocalyx
is organized as a capsule (Fig. 1.5). Other cells produce loose polymeric materials that are
dispersed in the growth medium.

Extracellular polymeric substances are important from medical and environmental
viewpoints: (1) capsules contribute to pathogen virulence; (2) encapsulated cells are pro-
tected from phagocytosis in the body and in the environment; (3) EPS helps bacteria
adsorb to surfaces such as teeth, mucosal surfaces, and environmentally important surfaces
such as water distribution pipes (see Chapter 16); (4) capsules protect cells against desic-
cation; (5) they play a role in metal complexation, particularly in wastewater treatment
plants (see Chapters 20 and 21); and (6) they play a role in microbial flocculation in the
activated sludge process (see Chapter 8).

1.2.6 Cell Motility

Microbial cells can move by means of flagella, cilia, or pseudopods. Bacteria display
various flagellar arrangements ranging from monotrichous (polar flagellum; e.g., Vibrio
coma), lophotrichous (bundle of flagella at one end of the cell; e.g., Spirillum volutans),
to peritrichous (several flagella distributed around the cell; e.g., Escherichia coli)

Figure 1.5 Capsules of Klebsiella aerogenes. From Bitton.
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Monotrichous Lophotrichous Peritrichous

Figure 1.6 Flagellar arrangements in bacteria.

(Fig. 1.6). The flagellum is composed of a protein called flagellin and is anchored by a
hook to a basal body located in the cell envelope. Flagella enable bacteria to attain
speeds of 50—100 wm/s. They enable cells to move toward food (chemotaxis), light
(phototaxis), or oxygen (aerotaxis). Chemotaxis is the movement of a microorganism
toward a chemical, generally a nutrient. It also enables the movement away from a
harmful chemical (negative chemotaxis). Chemotaxis can be demonstrated by placing a
capillary containing a chemical attractant into a bacterial suspension. Bacteria, attracted
to the chemical, swarm around the tip and move inside the capillary. Two sets of proteins,
chemoreceptors and transducers, are involved in triggering flagellar rotation and sub-
sequent cell movement. From an ecological viewpoint, chemotaxis provides a selective
advantage to bacteria, allowing them to detect carbon and energy sources. Toxicants
(e.g., hydrocarbons, heavy metals) inhibit chemotaxis by blocking chemoreceptors, thus
affecting food detection by motile bacteria as well as predator—prey relationships in
aquatic environments.

Eukaryotic cells move by means of flagella, cilia, or cytoplasmic streaming (i.e., amoe-
boid movement). The flagella have a more complex structure than that of prokaryotic fla-
gella. Cilia are shorter and thinner than flagella. Ciliated protozoa use cilia for locomotion
and for pushing food inside the cyfostome, a mouthlike structure. Some eukaryotes (e.g.,
amoeba, slime molds) move by amoeboid movement by means of pseudopods (i.e., false
feet), which are temporary projections of the cytoplasm.

1.2.7 Pili

Pili are structures that appear as short and thin flagella, attached to cells in a manner
similar to that of flagella. They play a role in cell attachment to surfaces, conjugation
(involvement of a sex pilus), and act as specific receptors for certain types of phages.

1.2.8 Storage Products

Cells may contain inclusions that contain storage products serving as a source of energy or
building blocks. These inclusions may be observed under a microscope, using special
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stains, and include the following:

1. Carbon storage in the form of glycogen, starch, and poly-B-hydroxybutyric acid
(PHB), which stains with Sudan black, a fat-soluble stain. The PHB occurs exclu-
sively in prokaryotic microorganisms.

2. Volutin granules, which contain polyphosphate reserves. These granules, also called
metachromatic granules, appear red when specifically stained with basic dyes such
as toluidine blue or methylene blue.

3. Sulfur granules are found in sulfur filamentous bacteria (e.g., Beggiatoa, Thiothrix)
and purple photosynthetic bacteria, which use H,S as an energy source and electron
donor. H,S is oxidized to S°. which accumulates inside sulfur granules, readily
visible under a light microscope. Upon depletion of the H,S source, the elemental
sulfur is further oxidized to sulfate.

1.2.9 Gas Vacuoles

Gas vacuoles are found in cyanobacteria, halobacteria (i.e., salt-loving bacteria), and photo-
synthetic bacteria. Electron microscopic studies have shown that gas vacuoles are made of
gas vesicles, which are filled with gases and surrounded by a protein membrane. Their role
is to regulate cell buoyancy in the water column. Owing to this flotation device, cyanobacteria
and photosynthetic bacteria sometimes form massive blooms at the surface of lakes or ponds.

1.2.10 Endospores

Endospores are formed inside bacterial cells and are released when cells are exposed to
adverse environmental conditions. The location of the spore may vary. There are central,
subterminal, and terminal spores. Physical and chemical agents trigger spore germination
to form vegetative cells. Bacterial endospores are very resistant to heat and this is probably
due to the presence of a dipicolinic acid—Ca complex in endospores. Endospores are also
quite resistant to desiccation, radiation, and harmful chemicals. This is significant from a
public health viewpoint because they are much more resistant to chemical disinfectants
than vegetative bacteria in water and wastewater treatment plants (see Chapters 5 and 6).

1.2.11 Eukaryotic Organelles

Specialized structures, called organelles, are located in the cytoplasm of eukaryotic cells
and carry out several important cell functions. We will now briefly review some of these
organelles.

1.2.11.1 Mitochondria. Mitochondria (singular: mitochondrion) are oval or spheri-
cal structures surrounded by a double membrane. The outer membrane is very permeable
to the passage of chemicals, and the inner membrane is folded and forms shelves called
cristae (singular: crista) (Fig. 1.7). They are the site of cell respiration and ATP production
in eukaryotic cells (see Chapter 2). The number of mitochondria per cell varies with the
type and metabolic level of the cells.

1.2.11.2 Chloroplasts. Chloroplasts are relatively large chlorophyll-containing
structures found in plant and algal cells and are also surrounded by a double membrane.
They are made of units called grana, interconnected by lamellae. Each granum consists
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Figure 1.7 Mitochondrion structure.

of a stack of disks called thylakoids bathing in a matrix called stroma (Fig. 1.8). Chloro-
plasts are the sites for photosynthesis in plant and algal cells. The light and dark reactions
of photosynthesis occur in the thylakoids and stroma, respectively (see Chapter 2).

1.2.11.3 Other Organelles. Other important organelles that are found in eukaryotic
cells, but not in prokaryotic cells, are the following:

- The Golgi complex consists of a stack of flattened membranous sacs, called saccules,
which form vesicles that collect proteins, carbohydrates, and enzymes.

« The endoplasmic reticulum is a system of folded membranes attached to both the cell
membrane and the nuclear membrane. The rough endoplasmic reticulum is associated
with ribosomes and is involved in protein synthesis. The smooth endoplasmic reticu-
lum is found in cells that make and store hormones, carbohydrates, and lipids.

. Lysosomes are sacs that contain hydrolytic (digestive) enzymes and help in the
digestion of phagocytized cells by eukaryotes.

1.3 CELL GENETIC MATERIAL

1.3.1 DNA in Prokaryotes and Eukaryotes

In prokaryotes, DNA occurs as a single circular molecule, which is tightly packed to fit
inside the cell and is not enclosed in a nuclear membrane. Prokaryotic cells may also
contain small circular DNA molecules called plasmids.

stroma

inner membrane
granum

outer membrane

thylakoid

Figure 1.8 Chloroplast structure.
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Eukaryotes have a distinct nucleus surrounded by a nuclear membrane with very small
pores that allow exchanges between the nucleus and the cytoplasm. The DNA is present as
chromosomes consisting of DNA associated with histone proteins. Cells divide by mitosis,
which leads to a doubling of the chromosome numbers. Each daughter cell has a full set of
chromosomes.

1.3.2 Nucleic Acids

Deoxyribonucleic acid (DNA) is a double-stranded molecule that is made of several
millions of units (e.g., approximately 4 M base pairs (bp) in the Escherichia coli chromo-
some) called nucleotides. The double-stranded DNA is organized into a double helix
(Fig. 1.9). Each nucleotide is made of a five-carbon sugar (deoxyribose), a phosphate
group, and a nitrogen-containing base linked to the C-5 and C-1 of the deoxyribose mole-
cule, respectively. The nucleotides on a strand are linked together via a phosphodiester
bridge. The hydroxyl group of a C-3 of a pentose (3’ carbon) is linked to the phosphate
group on the C-5 (5’ carbon) of the next pentose. There are four different bases in
DNA, two purines (adenine and guanine), and two pyrimidines (cytosine and thymine).
A base on one strand pairs through hydrogen bonding with another base on the comp-
lementary strand. Guanine always pairs with cytosine, while adenine always pairs wth
thymine (Fig. 1.10). One strand runs in the 5'— 3’ direction, while the complementary
strand runs in the 3’— 5’ direction. Physical and chemical agents cause DNA to
unwind, leading to the separation of the two strands.

Ribonucleic acid (RNA) is generally single-stranded (some viruses have double-
stranded RNA), contains ribose in lieu of deoxyribose, and uracil in lieu of thymine.

Complementary

\ base pairs

N

Backbone of repeating
subunits of sugar
and phosphate

Figure 1.9 DNA structure.
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Figure 1.10 Base-pairing in DNA.

In RNA, guanine binds to cytosine while adenine binds to uracil. There are three forms of
RNA: messenger RNA (mRNA), ribosomal RNA (rRNA), and transfer RNA (tRNA).

1.3.2.1 DNA Replication and Protein Synthesis. Replication: The DNA mol-
ecule can make an exact copy of itself. The two strands separate and new complementary
strands are formed. The double helix unwinds and each of the DNA strands acts as a
template for a new complementary strand. Nucleotides move into the replication fork
and align themselves against the complementary bases on the template. The addition of
nucleotides is catalyzed by an enzyme called DNA polymerase.

Transcription: Transcription is the process of transfer of information from DNA to
RNA. The complementary single-stranded RNA molecule is called messenger RNA
(mRNA). mRNA carries the information from the DNA to the ribosomes where it controls
protein synthesis. Transcription is catalyzed by an enzyme called RNA polymerase.
Enzyme regulation (repression or induction) occurs at the level of transcription. Some-
times, the product formed through the action of an enzyme represses the synthesis of
that enzyme. The enzyme product acts as a co-repressor, which, along with a repressor,
combines with the operator gene to block transcription and, therefore, enzyme synthesis.
The synthesis of other enzymes, called inducible enzymes, occurs only when the substrate
is present in the medium. Enzyme synthesis is induced because the substrate, the inducer,
combines with the repressor to form a complex that has no affinity for the operator gene.

Translation: mRNA controls protein synthesis in the cytoplasm. This process is
called translation. Another type of RNA is the transfer RNA (tRNA), which has attachment
sites for both mRNA and amino acids and brings specific amino acids to the ribosome.

Each combination of three nucleotides on the mRNA is called a codon or triplet. Each
of these triplets codes for a specific amino acid. The sequence of codons determines that of
amino acids in a protein. Some triplets code for the initiation and termination of amino
acid sequences. There are 64 possible codons.
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Figure 1.11 Protein synthesis: transcription and translation. From MacGregor (2002).

The sequence of events involved in protein synthesis is illustrated in Fig. 1.11
(MacGregor, 2002).

1.3.3 Plasmids

A plasmid is a circular extrachromosomal circular DNA containing from 1000 to
200,000 bp, and reproducing independent from the chromosomal DNA. Plasmids are
inherited by daughter cells after cell division. Plasmid replication can be inhibited by
curing the cells with compounds such as ethidium bromide. Some of the plasmids may
exist in a limited number (1-3) of copies (stringent plasmids) or relatively large
number (10-220) of copies (relaxed plasmids). Relaxed plasmids are most useful as
cloning vectors. Some plasmids cannot coexist, making them incompatible with other
plasmids in the same cell.
There are several categories of plasmid:

« Conjugative plasmids, which carry genes that code for their own transfer to other
cells. F factors or sex factors are conjugative plasmids that can become integrated
into the chromosomes. E. coli strains that possess the chromosome-integrated F
factors are called Hfr (high frequency of recombination).

« Resistance transfer factors (R factors) are plasmids that confer upon the host cell
resistance to antibiotics (e.g., tetracycline, chloramphenicol, streptomycin) and
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heavy metals (e.g., mercury, nickel, cadmium). There is a great concern over these
plasmids by the medical profession. The widespread use of antibiotics in medicine
and agriculture results in the selection of multiple drug-resistant bacteria with R
factors (see Chapter 4).

- Col factors are plasmids that code for production of colicins, which are proteinaceous
bacterial inhibiting substances.

- Catabolic plasmids code for enzymes that drive the degradation of unusual molecules
such as camphor, naphthalene, and other xenobiotics found in environmental
samples. They are important in the field of pollution control. Plasmids can be engin-
eered to contain desired genes and can be replicated by introduction into an appropri-
ate host (see Section 1.3.6).

1.3.4 Mutations

Mutations, caused by physical and chemical agents, change the DNA code and impart new
characteristics to the cell, allowing it, for example, to degrade a given xenobiotic or
survive under high temperatures. Spontaneous mutations occur in one of 10° cells.
However, the DNA molecule is capable of self-repair.

Conventional methods are used to obtain desired mutations in a cell. The general
approach consists of exposing cells to a mutagen (e.g., ultraviolet [UV] light, chemical)
and then expose them to desired environmental conditions. These conditions select for
cells having the desired traits.

1.3.5 Genetic Recombinations

Recombination is the transfer of genetic material (plasmid or chromosomal DNA) fron a
donor cell to a recipient cell. There are four means by which DNA is transferred to reci-
pient cells (Brock and Madigan, 1991) (Fig. 1.12).

1.3.5.1 Transformation. Exogenous DNA enters a recipient cell and becomes an
integral part of a chromosome or plasmid. A cell capable of transformation by exogenous
DNA is called a competent cell. Cell competence is affected by the growth phase of the
cells (i.e., physiological state of bacteria), as well as the composition of the growth
medium. During transformation, the transforming DNA fragment attaches to the compe-
tent cell, is incorporated into the cell, becomes single-stranded, and one strand is
integrated into the recipient cell DNA, while the other strand is broken down. Transform-
ation efficiency is increased by treating cells with high concentrations of calcium under
cold conditions. The widespread occurrence of DNAses in the environment, particularly
in wastewater, affects the transformation frequency.

If the transforming DNA is extracted from a virus, the process is called transfection.
DNA can be introduced into eukaryotic cells by electroporation (the use of an electric
field to produce pores in the cell membrane) or through the use of a particle gun to
shoot DNA inside the recipient cell.

1.3.5.2 Conjugation. This type of genetic transfer necessitates cell-to-cell contact.
The genetic material (plasmid or a fragment of a chromosome mobilized by a plasmid)
is transferred upon direct contact between a donor cell (F or male cells) and a recipient
cell (F or female cells). A special surface structure, called sex pilus, of the donor cell
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Figure 1.12 Genetic recombinations among bacteria: (a) conjugation; (b) transformation; (c)
transduction. Adapted from Brock and Madigan (1988).

triggers the formation of a conjugation bridge that allows the transfer of the genetic
material from the donor to the recipient cell. The conjugative pili are encoded by the
tra genes. Certain bacteria (e.g., enterococci) have a specialized conjugation system
induced by signal peptides secreted by the recipient cells. The signal peptides induce
the synthesis by the donor cells of proteins involved in cell clumping (Wuertz, 2002).

Gene transfer, through conjugation, has been demonstrated in natural environments and
engineered systems, including wastewater, freshwater, seawater, sediments, leaf surfaces,
soils, and in the intestinal tract. The transfer rates vary between 10”2 and 10~ ® transcon-
jugants per recipient cell. Plasmids coding for antibiotic resistance can be transferred from
environmental isolates to laboratory strains. Biotic and abiotic factors (e.g., cell type and
density, temperature, oxygen, pH, surfaces) affect gene transfer by conjugation, but their
impact under environmental conditions is not well known.
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1.3.5.3 Transduction. This is the transfer of genetic material from a donor to a
recipient cell using a bacterial phage as a carrier. A small fragment of the DNA from a
donor cell is incorporated into the phage particle. Upon infection of a donor cell, the
DNA of the transducing phage particle may be integrated into the recipient cell DNA.
Contrary to conjugation, transduction is specific, due to the limited host range of the
phage. There are reports on the occurrence of transduction in freshwater and wastewater
treatment plants.

1.3.5.4 Transposition. Another recombination process is transposition, which con-
sists of the movement (i.e., jumping) of small pieces of plasmid or chromosomal DNA,
called transposons (jumping genes), from one location to another on the genome. Trans-
posons, which can move from one chromosome to another or from one plasmid to another,
carry genes that code for the enzyme transposase, which catalyzes their transposition.

1.3.6 Recombinant DNA Technology: Construction of a Genetically
Engineered Microorganism (GEM)

Recombinant DNA technology, commonly known as genetic engineering or gene cloning,
is the deliberate manipulation of genes to produce useful gene products (e.g., proteins,
toxins, hormones). There are two categories of recombination experiments: (1) in vitro
recombination, which consists of using purified enzymes to break and rejoin isolated
DNA fragments in test tubes; and (2) in vivo recombination, which consists of encouraging
DNA rearrangements that occur in living cells.

A typical gene cloning experiment consists of the following steps (Fig. 1.13):

1. Isolation of the source DNA. Several methods are used for the isolation of DNA
from a wide range of cells.

2. DNA fragmentation or splicing. Restriction endonucleases are used to cleave the
double-stranded DNA at specific sites. These enzymes normally help cells cope
with foreign DNA and protect bacterial cells against phage infection. They are
named after the microorganism from which they were initially isolated. For
example, the restriction enzyme EcoRI was isolated from E. coli, whereas HindII
enzyme was derived from Haemophilus influenza. EcoRI recognizes the following
sequence on the double-stranded DNA:

-G-A-A-T-T-C-
-C-T-T-A-A-G-
and produces the following fragments:

-G- A-A-T-T-C-
C-T-T-A-A -G-

The DNA fragments can be separated according to their size by electrophoresis.

3. DNA ligation. DNA fragments are joined to a cloning vector using another enzyme
called DNA ligase. Ligation is possible because both the source DNA and the
cloning vector DNA were cut with the same restriction enzyme. Commonly used
cloning vectors are plasmids (e.g., pBR322) or phages (e.g., phage A).

4. Incorporation of the recombinant DNA into a host. The recombinant DNA is intro-
duced into a cell for replication and expression. The recombinant DNA may be
introduced into the host cell by transformation, for example. The most popular
hosts are prokaryotes such as E. coli or eukaryotes such as Saccharomyces
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Figure 1.13 Steps involved in gene cloning.

cerevisiae. The host microorganism now containing the recombinant DNA will
divide and make clones.

5. Selection of the desirable clones. Clones that have the desired recombinant DNA can
be screened using markers like antibiotic resistance, that indicate the presence of the
cloning vector in the cells. However, the selection of clones having the desired gene
can be accomplished by using nucleic acid probes (see Section 1.3.7) or by screen-
ing for the gene product. If the gene product is an enzyme (e.g., 3-galactosidase),
clones are selected by looking for colonies that have the enzyme of interest (hosts
cells are grown in the presence of the enzyme substrate).

Biotechnological applications of genetically engineered microorganisms (GEMs) have
been realized in various fields, including the pharmaceuticals industry, agriculture, medi-
cine, food industry, energy, and pollution control (see Chapter 18). Notorious applications
are the production of human insulin and viral vaccines. In agriculture, research is focusing
on the production of transgenic plants (i.e., genetically altered whole plants) that are
resistant to insects, herbicides, or diseases.

The potential use of GEMs in pollution control is becoming increasingly attractive.
It has been proposed to use GEMs to clean up hazardous waste sites and wastewaters
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by constructing microbial strains capable of degrading recalcitrant molecules. However,
there are potential problems associated with the deliberate release of GEMs into the
environment. This is because, unlike chemicals, GEMs have the potential ability to
grow and reproduce under in situ environmental conditions.

1.3.7 Review of Selected Molecular Techniques

1.3.7.1 DNA Probes. DNA isolated from an environmental sample may be hybri-
dized with a labeled probe, cloned into a plasmid, or may be amplified by polymerase
chain reaction (PCR) (MacGregor, 2002). Nucleic acid probes help detect specific micro-
organisms in an environmental mixture of cells. They are based on nucleic acid hybridiz-
ation. The two strands of DNA are said to be complementary. Single complementary
strands are produced via DNA denaturation, using heat or alkali. Under appropriate con-
ditions, the complementary strands hybridize (i.e., bind to each other). A DNA probe is a
small piece of DNA (oligonucleotide) that contains specific sequences that, when com-
bined with single-stranded target DNA, will hybridize (i.e., become associated) with the
complementary sequence in the target DNA and form a double-stranded structure
(Sayler and Blackburn, 1989). For easy detection, the probe is labeled with a radioisotope
(e.g., *°P), enzymes (e.g., B-galactosidase, peroxidase, or alkaline phosphatase), fluor-
escent compounds (e.g., fluorescein isothiocyanate). Gene probes can be used to detect
gene sequences in bacterial colonies growing on a solid medium. This technique is
called colony hybridization. Dot hybridization consists of spotting nucleic acid on a
filter and then probing to show the presence/absence of a given sequence. Gene databases
are available for checking the gene sequences of microorganisms.

The use of the polymerase chain reaction (PCR) greatly enhances the sensitivity of
DNA probes. Some of these probes that can be combined with PCR technology, are avail-
able for detecting bacterial, viral, and protozoan pathogens and parasites (Sayler and
Layton, 1990). However, DNA probes cannot be relied upon to evaluate the safety of
disinfected water since they cannot distinguish between infectious and noninfectious
pathogens (Moore and Margolin, 1994).

The following are a few applications of nucleic acid probes:

1. Detection of pathogens in clinical samples. Probes have been developed for
clinically important microorganisms such as Legionella spp., Salmonella species,
enteropathogenic E. coli, Neisseria gonorrhoea, human immunodeficiency virus
(HIV), herpes viruses, or protozoan cysts of Cryptosporidium and Giardia. Probe
sensitivity can be increased by using PCR technology (see Section 1.3.7.5).

2. Detection of metal resistance genes in environmental isolates. For example, a
probe was constructed for detecting the mer operon, which controls mercury
detoxification.

3. Tracking of specific bacteria in the environment. Probes are useful in following the
fate of specific environmental isolates (e.g., nitrogen fixing bacteria or bacteria
capable of degrading a specific substrate) and genetically engineered microbes in
water, wastewater, biosolids, and soils.

1.3.7.2 RNA-Based Methods. Ribosomal RNA (rRNA) is a good target to probe
because of the large number of ribosomes in living cells. RNA-based methods provide
information about the activity of microbial communities. These methods aim at detecting
rRNA or messenger RNA (mRNA).
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rRNA probes are hybridized with extracted target RNA that has been blotted onto posi-
tively charged membranes (membrane hybridization) or with fixed target cells (fluorescent
in situ hybridization or FISH). rRNA probes give information on community activity and
are used for the identification and classification of indigenous microorganisms in environ-
mental samples. These probes can be designed to target specific groups of microorganisms
ranging from the subspecies to the domain level (DeLong, 1993; Head et al., 1998; Hofle,
1990; MacGregor, 2002). Their sensitivity is much greater than that of DNA probes. One
major advantage of rRNA probes is the availability of more than 15,000 RNA sequences in
public databases (Wilderer et al., 2002). However, because indigenous bacteria have a
lower number copies of ribosomes than cultured bacteria, signal (e.g., fluorescence) ampli-
fication is sometimes needed. For example, up to 20-fold amplification of the signal was
observed when using thyramide (Lebaron et al., 1997; Schonhuber et al., 1997). rRNA
probes are quite helpful to microbial ecologists in their quest to identify nonculturable
bacteria and to gain knowledge on the composition of complex microbial communities
(Amann and Ludwig, 2000). The application of rRNA probes to the identification of
filamentous bacteria in activated sludge will be discussed in Chapter 9.

mRNA carries information from the DNA to the ribosome. The detection of mRNA,
present at much lower number of copies than rRNA, gives information on gene expression
and function.

1.3.7.3 Fluorescent In Situ Hybridization (FISH). We have seen that ribosomal
RNA (rRNA) is a convenient target molecule occurring as thousands of copies inside a
target cell. Gene probes, labeled with a fluorescent compound (called reporter), hybridize
with whole cells in situ. Intact fluorescent cells with the desirable sequence are counted
under a fluorescence microscope (Wilderer et al., 2002). Fluorescent in situ hybridization
(FISH) can provide information about cell activity in environmental samples. This approach
was useful in the identification of filamentous microorganisms in bulking sludge
(Kanagawa et al., 2000; Wagner et al., 1994), nitrifying activated sludge (Juretschko
et al., 1998), or sulfate-reducing biofilms (Ramsing et al., 1993). It also provides infor-
mation on the interactions between different microorganisms in an environmental sample.

1.3.7.4 Nucleic Acid Fingerprinting. This approach involves the use of PCR (see
Section 1.3.7.5) to amplify specific fragments of DNA to be analyzed by denaturing
gradient gel electrophoresis (DGGE), which allows the separation of fragments, based
on length but with different sequences. Thus, this approach gives information concerning
the microbial diversity in a wastewater microbial community.

1.3.7.5 Polymerase Chain Reaction (PCR). The PCR technique was developed
in 1986 at Cetus Corporation by Mullis and collaborators (Mullis and Fallona, 1987).
This technique essentially simulates in vitro the DNA replication process occurring in
vivo; it consists of amplifying discrete fragments of DNA by generating millions of
copies of the target DNA (Atlas, 1991; Oste, 1988).

During cell division, two new copies of DNA are made and one set of genes is passed
on to each daughter cell. Copies of genes increase exponentially as the number of gener-
ations increases. Polymerase chain reaction simulates in vitro the DNA duplication
process and can create millions of copies of the target DNA sequence. It consists of
three steps that constitute one cycle in DNA replication (Fig. 1.14):

1. DNA denaturation (strand separation): When incubated at high temperature, the
target double-stranded DNA fragment is denatured and dissociates into two strands.
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Figure 1.14 Polymerase chain reaction (PCR). Adapted from Brown (1990).

2. Annealing of primers: When the temperature is lowered, the target DNA fragment
anneals to synthetic nucleotides primers made of 18—-28 nucleotides that flank the
target DNA fragment. These primers are complementary to the section of the
DNA to be replicated. The primers target phylogenetic groups ranging from univer-
sal to subspecies level.

3. Primer extension or amplification step: The primers are extended with a thermo-
stable DNA polymerase, the enzyme responsible for DNA replication in cells.
This thermostable enzyme (Tag DNA polymerase) is extracted from Thermus
aquaticus, a bacterium that is found in hot springs.

After approximately 30 cycles lasting approximately 3 hours, the target DNA fragment
is amplified and accumulates exponentially. The PCR technique can be automated by
using a DNA thermal cycler that automatically controls the temperatures necessary for
the denaturation and annealing steps.
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This procedure is very useful in cloning, DNA sequencing, tracking genetic disorders,
and forensic analysis. It is a powerful tool in diagnostic microbiology, virology, and para-
sitology. The tests presently used to detect individuals who have been exposed to the
human immunodeficiency virus (HIV) detect only antibodies to the virus and not the
virus itself. However, HIV was identified directly, using PCR, in the blood of acquired
immunodeficiency syndrome (AIDS) patients from whom the virus was also isolated by
more traditional tissue culture techniques. Virus identification via PCR is relatively
rapid as compared with traditional culture techniques (Ou et al., 1988). The following
are some environmental applications of PCR technology (Atlas, 1991):

1. Detection of specific bacteria. Specific bacteria in environmental samples, including
wastewater, effluents and sludges can be detected by PCR.

2. Environmental monitoring of GEMs. Genetically engineered bacteria that perform
certain useful functions (e.g., pesticide or hydrocarbon degradation) can be
tracked using PCR technology. The target DNA sequence would be amplified
in vitro and then hybridized to a constructed DNA probe.

3. Detection of indicator and pathogenic microorganisms. Methodology for the detec-
tion of pathogens has shifted from cell cultures to molecular-based techniques
because some enteric viruses grow poorly or fail to grow on tissue cultures
(Metcalf et al., 1995). Hence, PCR technology has been considered for the detection
of foodborne and waterborne pathogens and parasites in water, wastewater, and food.
Examples of pathogens and parasites detected by PCR are invasive Shigella flexneri,
enterotoxigenic E. coli, Legionella pneumophila, Salmonella, Pseudomonas aerugi-
nosa (Khan and Cerniglia, 1994), Yersinia enterocolitica (Kapperud et al., 1993;
Koide et al., 1993; Lampel et al., 1990; Tsai et al., 1993), hepatitis A virus
(Divizia et al., 1993; Le Guyader et al., 1994; Prevot et al., 1993; Altmar et al.,
1995; Morace et al., 2002), Norwalk virus (DeLeon et al., 1992; Altmar et al.,
1995), rotaviruses (Gajardo et al., 1995; Le Guyader et al., 1994), adenoviruses
(Girones et al., 1993), astroviruses (Abad et al., 1997), enteroviruses (Abbaszadegan
et al., 1993), human immunodeficiency virus (Ansari et al., 1992), Giardia
(Mahbubani et al., 1991), Cryptosporidium (Johnson et al., 1993), and indigenous
and nonindigenous microorganisms in pristine environments (Baker et al., 2003).
Multiplex PCR using several sets of primers allows the simultaneous detection of
gene sequences of several pathogens or different genes within the same organism.
For example, a triplex reverse transcriptase (RT)-PCR method was proposed for
the simultaneous detection of poliovirus, hepatitis A virus and rotavirus in wastewater
(Tsai et al., 1994; Way et al., 1993). Polymerase chain reaction was also used to
amplify lacZ and uidA genes for the detection of total coliforms ([3-galactosidase pro-
ducers) and E. coli (3-glucuronidase producer), respectively. An advantage of PCR is
the detection of phenotypically negative E. coli in environmental samples (see more
details in Chapter 4). Improvements of PCR technology for environmental monitor-
ing are needed. Environmental samples as well as chemicals used for virus concen-
tration contain substances (e.g., humic and fulvic acids, heavy metals, beef extract
used in virus concentration, and other unknown substances) that interfere with patho-
gen or parasite detection via PCR. DNA or rRNA purification by gel filtration (using
Sephadex®) followed by treatment by an ion exchange resin (use of Chelex®) helps
remove the interference due to humic substances and heavy metals, respectively
(Abbaszadegan et al., 1993; Straub et al., 1995; Tsai and Olson, 1992; Tsai et al.,
1993). Inhibitors found in shellfish extracts can be removed by treatment with
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cetyltrimethylammonium bromide prior to PCR (Atmar et al., 1993; Moran et al.,
1993) or granular cellulose (Le Guyader et al., 1994). The interference can also be
removed by using a magnetic-antibody capture method, as shown for the detection
by PCR of Giardia and Cryptosporidium in environmental samples (Bifulco and
Schaefer, 1993; Johnson et al., 1995a, b) or by using an electropositive membrane
(ZP60S; AMF Cuno Division, Meriden, CT) (Queiroz et al., 2001).

Polymerase chain reaction does not give, however, an indication of the viability
of the pathogens and parasites detected in environmental samples, although some
investigators reported a relationship between detection of viral RNA by PCR and the
presence of infectious viruses or bacterial phages (Graff et al., 1993; Limsawat and
Ohgaki, 1997).

For samples containing RNA viruses, an enzyme called reverse transcriptase is used to
translate RNA into DNA. Then, the sample is subjected to PCR. The technique combining
PCR with reverse transcriptase is called RT-PCR.

Competitive PCR (cPCR) involves the co-amplification of the target DNA and an
internal standard, or competitor DNA, which is similar to but distinguishable from the
target DNA. Estimation of the number of target sequences is achieved by comparison
of ratios between target and competitor sequences with those of a standard curve generated
by the amplification of competitor DNA with a range of target DNA concentrations. This
standard curve is used to calculate the concentration of the target DNA in the sample
(Phillipsa et al., 2000; Zimmermann and Mannhalter, 1996).

The proper decontamination of equipment and surfaces is necessary to avoid false posi-
tives by PCR. Among several disinfectants tested, chlorine appears to be the most efficient
for degrading nucleic acid sequences contaminants (Ma et al., 1994).

The molecular-based techniques must be validated in order to be considered by
regulatory agencies. A major concern is whether the microbial pathogens detected in
environmental samples are infectious, thus posing a threat to public health (Metcalf
et al., 1995).

1.3.7.6 Microarrays. Microarrays, also called gene chips, consist of large sets of
DNA sequences (probes) or oligonucleotides attached to a nonporous solid support and
are hybridized with target fluorescently labeled sequences that have been isolated from
environmental samples. Cy-3 and Cy-5 fluorescent dyes are generally used as labels,
but alternative fluorescent dyes have been utilized to detect targets in microarrays. The
probes, made of PCR products or oligonucleotides, are attached to the solid support by
three main printing technologies such as photolithography, ink-jet ejection, or mechanical
microspotting. Following hybridization of the probes with the targets, the microarrays are
scanned with a high-resolution scanner and the digital images are analyzed, using com-
mercially available software (Call et al., 2003; Zhou and Thompson, 2002). Figure 1.15
(Zhou and Thompson, 2002) shows the various steps involved in microarray preparation
and utilization.

Microarrays offer a powerful tool for monitoring gene expression and function as well
as the detection and characterization of pathogens in environmental samples. They offer
several advantages, including the ability to attach thousands of probes over a very small
surface area, high sensitivity, ability to detect several target sequences labeled with
different fluorescent tags, low background fluorescence, amenability to automation, and
potential for use in field-based studies (Bavykin et al., 2001; Wu et al., 2001; Zhou and
Thompson, 2002).
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Figure 1.15 Steps involved in microarray preparation and utilization. Adapted from Zhou and
Thompson (2002). Figure also appears in color figure section.

1.4 BRIEF SURVEY OF MICROBIAL GROUPS

We will now discuss the various microbial groups encountered in environmental samples.
They include the bacteria (prokaryotes), the archaea eukaryotes (algae, protozoa, fungi),
and viruses.

1.4.1 Bacteria

1.4.1.1 Bacterial Size and Shape. Except for filamentous bacteria (size may be
greater than 100 wm) or cyanobacteria (size range approximately 5—50 pm), bacterial
cell size generally ranges between 0.3 wm (e.g., Bdellovibrio bacteriovorus; Mycoplasma)
and 1-2 pm (e.g., E. coli; Pseudomonas). Australian researchers have discovered an unu-
sually large gram-positive bacterium, Epulopiscium fishelsoni, that can reach several
hundred pm in length. It lives in a symbiotic relationship in the gut of surgeonfish
(Clements and Bullivant, 1991).

Bacteria occur in three basic shapes: cocci (spherical shape; e.g., Streprococcus), bacilli
(rods; e.g., Bacillus subtilis), and spiral forms (e.g., Vibrio cholera; Spirillum volutans)
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Figure 1.16 Bacterial cell shapes. Adapted from Edmonds (1978).

(Fig. 1.16). Because of their relatively small size, bacteria have a high surface-to-volume
ratio, a critical factor in substrate uptake.

1.4.1.2 Unusual Types of Bacteria (Fig. 1.17).

« Sheathed Bacteria

These bacteria are filamentous microorganisms surrounded by a tubelike structure
called a sheath. The bacterial cells inside the sheath are gram-negative rods that
become flagellated (swarmer cells) when they leave the sheath. The swarmer cells
produce a new sheath at a relatively rapid rate. They are often found in polluted
streams and in wastewater treatment plants. This group includes three genera: Sphaeroti-
lus, Leptothrix, and Crenothrix. These bacteria have the ability to oxidize reduced iron to
ferric hydroxide (e.g., Sphaerotilus natans, Crenothrix) or manganese to manganese oxide
(e.g., Leptothrix). In Chapter 9, we will discuss the role of Sphaerotilus natans in activated
sludge bulking.

« Stalked Bacteria

Stalked bacteria are aerobic, flagellated (polar flagellum) gram-negative rods that
possess a stalk, a structure that contains cytoplasm and is surrounded by a membrane
and a wall. At the end of the stalk is a holdfast that allows the cells to adsorb to surfaces.
Cells may adhere to one another and form rosettes. Caulobacter is a typical stalked bac-
terium that is found in aquatic environments with low organic content. Gallionella (e.g.,
G. ferruginea) is another stalked bacterium that makes a twisted stalk, sometimes called
“ribbon,” consisting of an organic matrix surrounded by ferric hydroxide. These bacteria
are present in iron-rich waters and oxidize Fe*" to Fe**. They are found in metal pipes in
water distribution systems (see Chapter 15).

+ Budding Bacteria

After attachment to a surface, budding bacteria multiply by budding. They make
filaments or hyphae at the end of which a bud is formed. The bud acquires a flagellum
(the cell is now called a swarmer), settles on a surface, and forms a new hypha with a
bud at the tip. Hyphomicrobium is widely distributed in soils and aquatic environments
and requires one-carbon (e.g., methanol) compounds for growth. A phototrophic bacterium,
Rhodomicrobium, is another example of budding bacteria.
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Figure 1.17 Some unusual types of bacteria. Adapted from Lechevalier and Pramer (1971).

* Gliding Bacteria

These filamentous gram-negative bacteria move by gliding, a slow motion on a solid
surface. They resemble certain cyanobacteria except that they are colorless. Beggiatoa
and Thiothrix are gliding bacteria that oxidize H,S to S°, which accumulates as sulfur gran-
ules inside the cells. Thiothrix filaments are characterized by their ability to form rosettes
(more details are given in Chapters 3 and 9). Myxobacteria are another group of gliding
microorganisms. They feed by lysing bacterial, fungal, or algal cells. Vegetative cells aggre-
gate to make “fruiting bodies,” which lead to the formation of resting structures called
myxospores. Under favorable conditions, myxospores germinate into vegetative cells.

« Bdellovibrio (B. bacteriovorus)

These small (0.2-0.3 pum), flagellated (polar flagellum) bacteria are predatory on
gram-negative bacteria. After attaching to the bacterial prey, Bdellovibrio penetrates the
cells and multiplies in the periplasmic space (space between the cell wall and the
plasma membrane). Because they lyse their prey, they are able to form plaques on a
lawn of the host bacterium. Some Bdellovibrio can grow independently on complex
organic media.
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+ Actinomycetes

Actinomycetes are gram-positive filamentous bacteria characterized by mycelial
growth (i.e., branching filaments), which is analogous to fungal growth. However, the
diameter of the filaments is similar in size to bacteria (approximately 1 m). Most actino-
mycetes are strict aerobes, but a few of them require anaerobic conditions. Most of these
microorganisms produce spores, and their taxonomy is based on these reproductive struc-
tures (e.g., single spores in Micromonospora or chains of spores in Streptomyces). They
are commonly found in water, wastewater treatment plants, and soils (with preference
for neutral and alkaline soils). Some of them (e.g., Streptomyces) produce a characteristic
“earthy” odor that is due to the production of volatile compounds called geosmins (see
Chapter 16). They degrade polysaccharides (e.g., starch, cellulose), hydrocarbons, and
lignin. Some of them produce antibiotics (e.g., streptomycin, tetracycline, chlorampheni-
col). Two well-known genera of actinomycetes are Streptomyces and Nocardia (now
called Gordonia) (Fig. 1.18). Streptomyces forms a mycelium with conidial spores at
the tip of the hyphae. These actinomycetes are important industrial microorganisms that
produce hundreds of antibiotic substances. Gordonia is commonly found in water and
wastewater and degrades hydrocarbons and other recalcitrant (i.e., hard to degrade)
compounds. Gordonia is a significant constituent of foams in activated sludge units (see
Chapter 9).

« Cyanobacteria

Often referred to as blue-green algae, cyanobacteria are prokaryotic organisms that
differ from photosynthetic bacteria in the fact that they carry out oxygenic photosynthesis
(see Chapter 2) (Fig. 1.19). They contain chlorophyll a and accessory pigments such as
phycocyanin (blue pigment) and phycoerythrin (red pigment). The characteristic blue-
green color exhibited by these organisms is due to the combination of chlorophyll a
and phycocyanin. Cyanobacteria occur as unicellular, colonial, or filamentous organisms.

\

Nocardia Streptomyces

Micromonospora Actinoplanes

Figure 1.18 Some common actinomycetes. Adapted from Cross and Goodfellow (1973).
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Figure 1.19 Some common cyanobacteria (blue-green algae): (1) Anabaena, (2) Anacystis, (3)
Oscillatoria, (4) Nostoc, (5) Agmenellum, (6) Lyngbya. Adapted from Benson (1973).

They propagate by binary fission or fragmentation, and some may form resting structures,
called akinetes, which, under favorable conditions, germinate into a vegetative form.
Many contain gas vacuoles that increase cell buoyancy and help the cells float to the
top of the water column where light is most available for photosynthesis. Some cyanobac-
teria (e.g., Anabaena) are able to fix nitrogen; the site of nitrogen fixation is a structure
called a heterocyst.

Cyanobacteria are ubiquitous and, owing to their resistance to extreme environmental
conditions (e.g., high temperatures, desiccation), they are found in desert soils and hot
springs. They are responsible for algal blooms in lakes and other aquatic environments,
and some are quite toxic (see Chapter 16).
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1.4.2 Archaea

In the late 1970s, Carl Woese and his collaborators at the University of Illinois proposed
the Archaea as the third domain of living organisms. This domain is subdivided into three
kingdoms: Crenarchaeotes, Euryarchaeotes, and Korarchaeotes. The Euryarchaeota
kingdom include the methanogens, which will be discussed in Chapter 13.

Although the archaea are considered to be prokaryotic cells, they possess certain
characteristics that are different from those of bacteria or eukaryotes.

. Their membranes are made of branched hydrocarbon chains attached to glycerol by
ether linkages.

. Their cell walls do not contain peptidoglycan.
- Their rRNA is different from eukaryotic and prokaryotic rRNA.

It appears that archaea are more closely related to eukaryotes than to bacteria. As
regards their metabolism, archaea may range from organotrophs (use of organic com-
pounds as a source of carbon and energy) to chemoautotrophs (use of CO, as a carbon
source).

Most of the archaea live in extreme environments and are called extremophiles. They
include the thermophiles, hyperthermophiles, psychrophiles, acidophiles, alkaliphiles, and
halophiles. Thus, their unique products are of great interest to biotechnologists. Archaeal
enzymes display attractive properties such as tolerance to high and low temperatures, high
salt concentrations, high hydrostatic pressures, and organic solvents. The enzymes of
interest to biotechnologists include the glycosyl hydrolases (e.g., cellulases, amylases,
xylanases), proteases, DNA polymerases, and restriction endonucleases (Cowan and
Burton, 2002).

1.4.3 Eukaryotes

1.4.3.1 Fungi. Fungi are eukaryotic organisms that produce long filaments called
hyphae, which form a mass called mycellium. Chitin is a characteristic component
of the cell wall of hyphae. In most fungi, the hyphae are septate and contain crosswalls
that divide the filament into separate cells containing one nucleus each. In some others,
the hyphae are nonseptate and contain several nuclei. They are called coenocytic hyphae.

Fungi are heterotrophic organisms that include both macroscopic and microscopic
forms. They use organic compounds as a carbon source and energy and thus play an
important role in nutrient recycling in aquatic and soil environments. Some fungi form
traps that capture protozoa and nematodes. They grow well under acidic conditions
(pH 5) in foods, water, or wastewater. Most fungi are aerobic, although some (e.g.,
yeast) can grow under facultatively anaerobic conditions. Fungi are significant com-
ponents of the soil microflora, and a great number of fungal species are pathogenic to
plants, causing significant damage to agricultural crops. A limited number of species
are pathogenic to humans and cause fungal diseases called mycoses. Airborne fungal
spores are responsible for allergies in humans. Fungi are implicated in several industrial
applications, such as fermentation processes and antibiotic production (e.g., penicillin).
In Chapter 12 we will discuss their role in composting.

Identification of fungi is mainly based on the type of reproductive structure. Most fungi
produce spores (sexual or asexual spores) for reproduction, dispersal, and resistance to
extreme environmental conditions. Asexual spores are formed from the mycelium and
germinate, producing organisms identical to the parent. The nuclei of two mating
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strains fuse to give a diploid zygote, which gives haploid sexual spores following meiosis.
There are four major groups of fungi (Fig. 1.20).

* Phycomycetes

These fungi are known as the water molds and occur on the surface of plants and
animals in aquatic environments. They have nonseptate hyphae and reproduce by
forming a sac called sporangium, which eventually ruptures to liberate zoospores,
which settle and form a new organism. Some phycomycetes produce sexual spores.
There are also terrestrial phycomycetes, such as the common bread mold (Rhizopus),
which reproduces asexually as well as sexually.

« Ascomycetes

Ascomycetes have septate hyphae. Their reproduction is carried out by sexual spores
(ascospores) contained in a sac called an ascus (eight or more ascopores in an ascus),
or asexual spores called conidia, which are often pigmented. Neurospora crassa is a
typical ascomycete. Most of the yeasts (e.g., baker’s yeast Saccharomyces cerevisiae)
are classified as ascomycetes. They form relatively large cells that reproduce asexually
via budding or fission, and sexually by conjugation and sporulation. Some of these
organisms (e.g., Candida albicans) are pathogenic to humans. Yeasts, especially the
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Figure 1.20 Classes of fungi: (1) Mucor, (2) Rhizopus, (3) Saccharomyces, (4) Penicillium,
(5) Geotrichum, (6) fruiting bodies of mushrooms (basidiomycetes).
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genus Saccharomyces, are important industrial microorganisms involved in bread, wine,
and beer making.

* Basidiomycetes

Basidiomycetes also have a septate mycelium. They produce sexual spores called
basidiospores on the surface of a structure called a basidium. Four basidiospores are
formed on the surface of each basidium. Certain basidiomycetes, the wood-rotting fungi
play a significant role in the decomposition of cellulose and lignin. Common edible mush-
rooms (e.g., Agaricus) belong to the basidiomycete group. Unfortunately, some of them
(e.g., Amanita) are quite poisonous.

« Fungi imperfectii

Fungi imperfectii have septate hyphae but no known sexual stage. Some of them
(e.g., Penicillium) are used for the commercial production of important antibiotics.
These fungi cause plant diseases and are responsible for mycoses in animals and
humans (e.g., athlete’s foot).

1.4.3.2 Algae. Most of algae are floating unicellular microorganisms and are called
phytoplankton. Many of them are unicellular, some are filamentous (e.g., Ulothrix), and
others are colonial (e.g., Volvox). Most are free-living organisms, but some form symbiotic
associations with fungi (lichens), animals (corals), protozoa, and plants.

Algae play the role of primary producers in aquatic environments, including oxidation
ponds for wastewater treatment. Most algae are phototrophic microorganisms (see Chapter
2). They all contain chlorophyll a; some contain chlorophyll b and ¢ as well as other
pigments such as xanthophyll and carotenoids. They carry out oxygenic photosynthesis
(i.e., they use light as a source of energy and H,O as electron donor) and grow in mineral
media with vitamin supplements and with CO, as the carbon source. Under environmental
conditions, vitamins are generally provided by bacteria. Some algae (e.g., euglenophyta)
are heterotrophic and use organic compounds (simple sugars and organic acids) as a source
of carbon and energy. Algae have either asexual or sexual reproduction.

The classification of algae is based mainly on the type of chlorophyll, cell wall struc-
ture, and nature of carbon reserve material produced by algae cells (Fig. 1.21).

« Phylum Chlorophyta (green algae): These algae contain chlorophylls a and b, have a
cellulosic cell wall, and produce starch as a reserve material.

« Phylum Chrysophyta (golden-brown algae): This phylum contains an important
group, the diatoms. They are ubiquitous, found in marine and freshwater environ-
ments, sediments, and soils. They contain chlorophylls a and ¢, and their cell wall
typically contains silica (they are responsible for geological formations of diatomac-
eous earth); they produce lipids as reserve materials.

« Phylum Euglenophyta: The euglenophytes contain chlorophylls a and b, have no
cell wall, and store reserves of paramylon, a glucose polymer. Euglena is a typical
euglenophyte.

« Phylum Pyrrophyta (dinoflagellates): The pyrrophyta contain chlorophylls a and c,
have a cellulosic cell wall, and store starch.

« Phylum Rhodophyta (red algae): They are found exclusively in the marine environ-
ment. They contain chlorophylls a and d and other pigments such as phycoerythrin;
they store starch, and their cell wall is made of cellulose.
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Figure 1.21 Some algae found in water and wastewater: (1) Chlamydomonas, (2) Scenedesmus,
(3) Spyrogira, (4) Navicula, (5) Tabellaria, (6) Synedra, (7) Euglena, (8) Ceratium, (9)
Gymnodynium. Adapted from Benson (1973).

« Phylum Phaeophyta (brown algae): The cells of these exclusively marine algae
contain chlorophylls a and ¢ and xanthophylls; they store laminarin (8 1,3-glucan)
as reserve materials, and their cell walls are made of cellulose.

1.4.3.3 Protozoa. Protozoa are unicellular organisms that are important from public
health and process microbiology standpoints in water and wastewater treatment plants.
Cells are surrounded by a cytoplasmic membrane covered by a protective structure
called a pellicle. They form cysts under adverse environmental conditions. These cysts
are quite resistant to desiccation, starvation, high temperatures, lack of oxygen, and chemi-
cal insult, namely disinfection in water and wastewater treatment plants (see Chapter 6).
Protozoa are found in soils and aquatic environments, including wastewater. Some are
parasitic to animals, including humans.

Protozoa are heterotrophic organisms that can absorb soluble food that is transported
across the cytoplasmic membrane. Others, the holozoic protozoa, are capable of engulfing
particles such as bacteria. Ciliated protozoa use their cilia to move particles toward a
mouthlike structure called a cyfostome. They reproduce by binary fission, although
sexual reproduction occurs in some species of protozoa (e.g., Paramecium).
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Figure 1.22 Protozoa groups found in water and wastewater.

The type of locomotion is a basis for classification of protozoa (Fig. 1.22). The medi-
cally important protozoa that may be transmitted through water and wastewater will be
discussed in more detail in Chapter 4.

- Sarcodina (amoeba)

These protozoa move by means of pseudopods (i.e., false feet). Movement by pseudo-
pods is achieved by changes in the viscosity of the cytoplasm. Many of the amoeba are
free-living, but some are parasitic (e.g., Entamoeba histolytica). Amoeba feed by absorb-
ing soluble food or by phagocytosis of the prey. The foraminifera are sarcodina, found in
the marine environment, that have shells called tests. They can be found as fossils in
geologic formations.

« Mastigophora (flagellates)

The mastigophora move by means of flagella. Protozoologists include in this group the
phytomastigophora, which are photosynthetic (e.g., Euglena; this alga is also hetero-
trophic). Another example of flagellate is the human parasite, Giardia lamblia (see
Chapter 4). Still another flagellate, Trypanosoma gambiense, transmitted to humans by
the Tsetse fly, causes the African sleeping sickness, which is characterized by neurological
disorders.
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« Ciliophora (ciliates)

These organisms use cilia for locomotion, but they also help in feeding. A well-known
large ciliate is Paramecium. Some are parasitic to animals and humans. For example,
Balantidium coli causes dysentery when cysts are ingested.

+ Sporozoa

The sporozoa have no means of locomotion and are exclusively parasitic. They feed by
absorbing food and produce infective spores. A well-known sporozoan is Plasmodium
vivax, which causes malaria.

1.4.4 Viruses

Viruses belong neither to prokaryotes nor to eukaryotes; they carry out no catabolic or
anabolic function. Their replication occurs inside a host cell. The infected cells may be
animal or plant cells, bacteria, fungi, or algae. Viruses are very small colloidal particles
(25-350 nm) and most of them can be observed only with an electron microscope.
Figure 1.23 shows the various sizes and shapes of some viruses.

1.4.4.1 Virus Structure. A virus is made of a core of nucleic acid (double-stranded
or single-stranded DNA; double-stranded or single-stranded RNA) surrounded by a
protein coat called a capsid. Capsids are composed of arrangements of various numbers
of protein subunits known as capsomeres. The combination of capsid and nucleic acid
core is called nucleocapsid. There are two main classes of capsid symmetry. In helical
symmetry, the capsid is a cylinder with a helical structure (e.g., tobacco mosaic virus).
In polyhedral symmetry, the capsid is an icosahedron, consisting of 20 triangular faces,
12 corners, and 30 edges (e.g., poliovirus). Some viruses have more complex structures
(e.g., bacterial phages), and some (e.g., influenza or herpes viruses) have an envelope
composed of lipoproteins or lipids.

1.4.4.2 Virus Replication. Bacterial phages have been used as models to elucidate
the phases involved in virus replication. The various phases are as follows (Fig. 1.24):

1. Adsorption. This is the first step in the replication cycle of viruses. In order to
infect the host cells, the virus particle must adsorb to receptors located on the cell
surface. Animal viruses adsorb to surface components of the host cell. The receptors
may be polysaccharides, proteins, or lipoproteins.

2. Entry. This step involves the entry of a virus particle or its nucleic acid into the
host cell. Bacteriophages “inject” their nucleic acid into the host cell. For animal
viruses the whole virion penetrates the host cell by endocytosis.

3. Eclipse. During this step, the virus particle is “uncoated” (i.e., stripping of the
capsid), and the nucleic acid is liberated.

4. Replication. This step involves the replication of the viral nucleic acid.

5. Maturation. The protein coat is synthesized and is assembled with the nucleic acid
to form a nucleocapsid.

6. Release of mature virions. Virus release is generally attributable to the rupture of
the host cell membrane.

1.4.4.3 Virus Detection and Enumeration. There are several approaches to virus
detection and enumeration.
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Figure 1.23 Some enteric viruses of public health importance: (a) poliovirus 1; (b) hepatitis A
virus; (c) rotavirus. Courtesy of R. Floyd and J. E. Banatvala.

« Animal Inoculation

This was the traditional method for detecting viruses before the advent of tissue
cultures. Newborn mice are infected with the virus and are observed for symptoms
of disease. Animal inoculation is essential for the detection of some enteroviruses such
as Coxsackie A viruses.

« Tissue Cultures
Viruses are quantified by measuring their effect on established host cell lines, which,
under appropriate nutritional conditions, grow and form a monolayer on the inner
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Figure 1.24 Viral lytic cycle.

surface of glass or plastic bottles. There are two main types of host cell lines: (1) Primary
cell lines, which are cells that are removed directly from the host tissues and can be sub-
cultured only a limited number of times; and (2) Continuous cell lines, which are animal
cells that, after serial subculturing, acquire characteristics that are different from the
original cell line, allowing them to be subcultured indefinitely; they are derived from
normal or cancerous tissues. Cell lines traditionally used in water virology laboratories
include HEp-2, HeLa, VERO, and BGM cells. The Buffalo Green Monkey cell line
(BGM) is the most popular and perhaps the most sensitive of all the ones used for the
detection of enteroviruses.

Many viruses (enteroviruses, reoviruses, adenoviruses) infect host cells and display a
cytopathic effect. Others (e.g., rotaviruses, hepatitis A virus) multiply in the cells but do
not produce a cytopathic effect. The presence of the latter needs to be confirmed by other
tests, including immunological procedures, monoclonal antibodies (MAbs), or nucleic
acid probes. Other viruses (e.g., Norwalk type virus) cannot yet be detected by tissue cultures.

* Plaque Assay

A viral suspension is placed on the surface of a cell monolayer and, after adsorption of
viruses to the host cells, an overlay of soft agar or carboxymethylcellulose is poured on the
surface of the monolayer. Virus replication leads to localized areas of cell destruction
called plaques. The results are expressed in numbers of plaque-forming units (PFU).
Bacteriophages are also assayed by a plaque assay method based on similar principles.
They form plaques that are zones of lysis of the host bacterial lawn (Fig. 1.25).

« Serial Dilution Endpoint
Aliquots of serial dilutions of a viral suspension are inoculated into cultured host cells
and, after incubation, viral cytopathic effect (CPE) is recorded. The titer or endpoint is
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Figure 1.25 Viral enumeration by plaque assay: (a) bacterial phage; (b) animal virus
(poliovirus 1).

the highest viral dilution (i.e., smallest amount of viruses) capable of producing CPE in
50 percent of cultures and is referred to as TCIDs, (tissue culture infectious dose).

« Most Probable Number (MPN)

Virus titration is carried out in tubes or 96-well microplates, using three dilutions of the
viral suspension. Virus-positive tubes or wells are recorded and the most probable number
(MPN) is computed from MPN tables.
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1.4.4.4 Rapid Detection Methods

« Immunoelectron Microscopy

Viruses are incubated with specific antibodies and examined by electron microscopy
for the presence of virus particles aggregated by the antibody. This is a useful technique
for examining viruses such as the Norwalk type agent.

« Immunofluorescence

A fluorescent dye-labeled antibody is combined with the viral antigen, and the complex
formed is observed with a fluorescence microscope. This approach enables the detection of
rotaviruses as fluorescent foci in MA-104 or CaCo-2 cultured cells. This method can be
accelerated by using flow cytometry. Immunomagnetic separation has been used to
detect rotavirus and hepatitis A virus (HAV) in environmental samples.

+ Enzyme Linked Immunosorbent Assay (ELISA)

A specific antibody is fixed on a solid support and the antigen (virus) is added to form
an antigen—antibody complex. An enzyme-labeled specific antibody is then added to the
fixed antigen. The presence of the virus is detected by the formation of a colored product
upon addition of the enzyme substrate. This enzymatic reaction can be conveniently quan-
tified with a spectrophotometer.

* Radioimmunoassay (RIA)

This assay is also based on the binding of an antigen by a specific antibody. The antigen
is quantified by labeling the antibody with a radioisotope (e.g., '*°I) and measuring the
radioactivity bound to the antigen—antibody complex. When viruses growing in host
cells are treated with a '*’I-labeled antibody, the radioactive foci can be enumerated
following contact with a special film. This test, the radioimmunofocus assay (RIFA), is
used for the detection of hepatitis A virus.

* Nucleic Acid Probes

Molecular-based methodology has helped in the detection of viruses that show no
growth or grow marginally in tissue cultures (e.g., Norwalk-like viruses, rotaviruses).

Gene probes are pieces of nucleic acid that help identify unknown microorganisms by
hybridizing (i.e., binding) to the homologous organism’s nucleic acid. For easy detection,
the probes can be labeled with radioactive isotopes such as **P or with enzymes such as
alkaline phosphatase, peroxidase, or (-galactosidase. Nucleic acid probes have been
used for the detection of viruses (e.g., polioviruses, hepatitis A virus) in environmental
samples (water, sediments, shellfish). Single-stranded RNA (ssRNA) probes were used
for the detection of hepatitis A virus in shellfish concentrates. Unfortunately, these
probes are not sensitive and detect a minimum of 10° HAV particles.

Amplification of the target viral sequences by PCR has also been considered. Presently,
the most popular method for detecting viruses (enteroviruses, adenoviruses, rotaviruses,
astroviruses, Norwalk-like viruses) in environmental samples is the reverse transcrip-
tase-PCR (RT-PCR) method.

1.4.4.5 Virus Classification. Viruses may be classified on the basis of the host cell
they infect. We will briefly discuss the classification of animal, algal, and bacterial phages.

* Animal Viruses
Animal viruses are classified mainly on the basis of their genetic material (DNA or
RNA), presence of an envelope, capsid symmetry, and site of capsid assembly. All
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DNA viruses have double-stranded DNA except members of the parvovirus group, and all
RNA viruses have single-stranded RNA, except members of the reovirus group. Tables 1.2
and 1.3 show the major groups of animal viruses. Of great interest to us in this book is the
enteric virus group, the members of which may be encountered in water and wastewater.
This group will be discussed in more detail in Chapter 4.

Retroviruses are a special group of RNA viruses. These viruses make an enzyme, called
reverse transcriptase, which converts RNA into double-stranded DNA, which integrates into
the host genome and controls viral replication. A notorious retrovirus is the human immuno-
deficiency virus (HIV), which causes acquired immunodeficiency syndrome (AIDS).

« Algal Viruses

A wide range of viruses or “viruslike particles” of eukaryotic algae have been isolated
from environmental samples. The nucleic acid is generally double-stranded DNA, but is
unknown in several of the isolates. Viruses infecting Chlorella cells are large particles
(125-200 nm diameter), with an icosahedral shape and a linear double-stranded DNA.

Cyanophages were discovered during the 1960s. They infect a number of cyanobacteria
(blue-green algae). They are generally named after their hosts. For example, LPP1 cya-
nophage has a series of three cyanobacterial hosts: Lyngbia, Phormidium, and Plectonema.
They range in size from 20 to 250 nm, and all contain DNA. Cyanophages have been iso-
lated around the world from oxidation ponds, lakes, rivers, and fish ponds. Cyanophages
have been proposed as biological control agents for the overgrowth (i.e., blooms) of cya-
nobacteria. Although some of the experiments were successful on a relatively small scale,
cyanobacteria control by cyanophages under field conditions remains to be demonstrated.

* Bacterial Phages

Bacteriophages infect a wide range of bacterial types. A typical T-even phage is made
of a head (capsid), which contains the nucleic acid core, a sheath or “tail,” which is
attached to the head through a “neck,” and rail fibers, which help in the adsorption of
the phage to its host cell. The genetic material is mostly double-stranded DNA, but it
may be single-stranded DNA (e.g., ®X174) or single-stranded RNA (e.g., 2, MS2).
Phages adsorb to the host bacterial cell and initiate the lytic cycle, which results in the pro-
duction of phage progeny and the destruction of the bacterial host cell. Sometimes, the
phage becomes incorporated in the host chromosome as a prophage. This process,

TABLE 1.2. Major Groups of Animal DNA Viruses”

Group Parvoviruses  Papovaviruses  Adenoviruses Herpesviruses Poxviruses

Capsid symmetry Cubic Cubic Cubic Cubic Complex

Virion: naked or Naked Naked Naked Enveloped Complex
enveloped coat

Site of capsid Nucleus Nucleus Nucleus Nucleus Cytoplasm
assembly

Reaction to Resistant Resistant Resistant Sensitive Resistant

ether (or other
liquid solvent)

Diameter of 18-26 45-55 70-90 100 230-300
virion (nm)

Adapted from Melnick (1976).
“All DNA viruses of vertebrates have double-stranded DNA, except members of the parvoviruses, which have
single-stranded DNA.
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Myoviridae Syphoviridae Podoviridae
(P1,P2) (T-even) (N ™™
Tectiviridae Corticoviridae Microviridae Leviviridae
(PRD1) (PM2) (dX174) (MS2, 12)
Inoviridae Cystoviridae
(td) (06)

Figure 1.26 Major groups of bacteriophages. Adapted from Jofre (1991) and Coetzee (1987).

called lysogeny, does not lead to the destruction of the host cell. Phages infecting E. coli
are called coliphages. These phages are considered as potential indicators of fecal con-
tamination (see Chapter 5). The various families of phages are illustrated in Figure 1.26.

1.5 WEB RESOURCES

General

http: //www.cat.cc.md.us/~ gkaiser/goshp.html (microbiology lecture material)

http: //www.microbes.info /resources /Environmental_Microbiology/ (collection of
websites on microbes)

http: / /home.att.net/~ gallgosp/bacteria.htm (collection of websites on microbes)

Bacteria

http: / /commtechlab.msu.edu /sites/dlc-me/zoo/ (various good pictures of bacteria, from
the Digital Center for Microbial Ecology)

http: //commtechlab.msu.edu/sites /dlc-me/zoo/microbes/microbemonth.htm  (various
good pictures of bacteria, from the Digital Center for Microbial Ecology)

http:/ /www.micrographia.com/specbiol /bacteri/bacter/bact0100.htm (some good pictures
of bacteria and cyanobacteria)

http: //www.ulb.ac.be/sciences/biodic/EPagelmages.html (good pictures of bacteria
from Universite Libre de Bruxelles)

http: //www.biology.pl/bakterie_sw/index_en.html (luminescent bacteria)

http: //www lifesci.ucsb.edu/~biolum/ (bioluminescence)
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Cyanobacteria

http: / /www-cyanosite.bio.purdue.edu/ (excellent cyanobacteria and general pictures
from Purdue University)

Algae

http: //www.dipbot.unict.it/sistematica/Index.html (good pictures, in Italian)
http://www.nmnh.si.edu/botany /projects/algae/Alg-Menu.htm (Smithsonian, decent
pictures and basic explanations)

http: //www.whoi.edu/redtide/ (Woods Hole Institute Harmful algae page)

http: //www.tmcwebatlas.com /WebSites /Disciplinary_and_Academic_Fields/
Life_Science/Algae_and_Fungi/default.asp (web atlas on algae and fungi)

http: //www.nwfsc.noaa.gov// (NOAA harmful algae page)

http: //www.nhm.ac.uk /hosted_sites /ina/ (nanoplankton web page)

http: //www.geo.ucalgary.ca/~macrae/palynology /dinoflagellates /dinoflagellates.html
(University of Calgary page on dinoflagellates)

http: / /rbg-web2.rbge.org.uk/algae /index.htm?publications/
refs_mann_subset5.htm&main (Royal Botanic Garden of Edinburgh, about diatoms)
http: //www.psaalgae.org /(Phycological Society of America)

http: / /seawifs.gsfc.nasa.gov/SEAWIFS /sanctuary_4.html (NASA SeaWiFS web page)
http: //microscope.mbl.edu/baypaul /microscope/general /page_01.htm (good collection
of pictures of microorganisms from the Astrobiology Institute, Marine Biological Labora-
tory, Woods Hole, MA)

http: //www.botany.uwc.ac.za/algae/

Protozoa

http://www.uga.edu/~protozoa/ (pictures and information from the Society of Proto-
zoologists)

http: //www life.sci.qut.edu.au/LIFESCI/darben/protozoa.htm (picture collection of
protozoa)

http: //www3.baylor.edu/~Darrell_Vodopich/welcome.html (color pictures on protozoa
and helminthes from Darrell Vodopich, Baylor U. pictures)

http: //zoology.okstate.edu/zoo_lIrc /zool1604 /1ab /protozoa.htm (excellent collection of
webpages on protozoa; good collection of pictures)

http: //www.microscopy-uk.org.uk /micropolitan/index.html (excellent pictures, from
Microscopy-UK)

http: //www.ulb.ac.be/sciences /biodic /EPagelmages.html (good pictures of protozoa
from Universite Libre de Bruxelles)

Archaea

http: / /www.ucmp.berkeley.edu/alllife /threedomains.html (tree of life: the three domains)
http://www.ucmp.berkeley.edu/archaea/archaea.html  (introduction to  archaea;
Berkeley)

http: / /www.earthlife.net/prokaryotes /archaea.html

http: //www3.ncbi.nlm.nih.gov/Taxonomy /Browser/ wwwtax.cgi?name= Archaea
(archaea classification)

http: //www.daviddarling.info/encyclopedia/A /archaea.html (archaea: general)
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http: / /faculty.washington.edu /leighj/mmarchaea.html
http: //www.microbe.org /microbes /archaea.asp

Microbial Genetics

http: //www.cat.cc.md.us/courses /bio141/lecguide/unit4 /index.html#conjugation
(several animation diagrams)

http: / /evolution.genetics.washington.edu/phylip /software.html  (phylogeny software
packages)

http: //www.ncbi.nlm.nih.gov/About/primer/microarrays.html (microarray primer)

http: //www.ncbi.nlm.nih.gov (National Center for Biotechnology Information)

http: //www.tigr.org (Institute for Genomic Research)

1.6 QUESTIONS AND PROBLEMS

1. State whether the following characteristics are seen in prokaryotes or eukaryotes:

(a) circular DNA

(b) nuclear membrane

(c) presence of histones

(d) mitosis

(e) binary fission

(f) produce gametes through meiosis

2. An electron micrograph of a cell shows a cell wall, cytoplasmic membrane, nuclear
body without a nuclear membrane, and no endoplasmic reticulum or mitochondria.

The cell is:

(a) a plant cell

(b) an animal cell

(c) a bacterium

(d) a fungus

(e) a virus

3. Match the following descriptions with the best answer.

- The movement of water across a membrane from an area of higher water concen-
tration (lower solute concentration) to lower water concentration (higher solute
concentration).

- The net movement of small molecules or ions from an area of higher concen-
tration to an area of lower concentration. No energy is required.

- Also known as facilitated diffusion, the transport of substances across the
membrane. The transport is from an area of higher concentration to lower con-
centration and no energy is required.

. If the net flow of water is out of a cell, the cell is in environ-
ment.
. If the net flow of water is into a cell, the cell is in environment.

A passive transport
B active transport
C simple diffusion
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D osmosis

E a hypotonic
F a hypertonic
G an isotonic

In the complement base pairing of nucleotides, adenine can form hydrogen bonds
with and guanine can form hydrogen bonds with

Copies the genetic information in the DNA by complementary base pairing and
carries this “message” to the ribosomes where the proteins are assembled. This
best describes:

(a) tRNA
(b) mRNA
(c) rRNA

. Transfer RNA picks up specific amino acids, transfers the amino acids to the ribo-

somes, and inserts the correct amino acids in the proper place according to the
mRNA message. This best describes:

(a) tRNA
(b) mRNA
(c) tRNA

Give the ecological role of the cell wall, outer membrane, glycocalyx, and gas
vacuoles.

What type of plasmid is of interest to bioremediation experts?

As compared to DNA, why is RNA a good target to probe?

Give and explain the stages involved in protein synthesis.

Explain the main features of fluorescent in situ hybridization (FISH).

What problems are encountered in PCR when handling environmental samples?
What is, essentially, RT-PCR?

What are some differences between Archaea and Bacteria?

Give the different groups of algae and point out the groups that are exclusively of
marine origin?

Give the steps involved in the viral lytic cycle.

Compare lytic to lysogenic cycles in virus replication.
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2.1 INTRODUCTION

In Chapter 1 we examined the microbial world, with particular emphasis on the structure
of microbial cells as well as the range of microorganisms found in the environment. In the
present chapter we will examine enzyme kinetics, and the metabolism and growth kinetics
of microbial populations.

Wastewater Microbiology, Third Edition, by Gabriel Bitton
Copyright © 2005 John Wiley & Sons, Inc.
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2.2 ENZYMES AND ENZYME KINETICS

2.2.1 Introduction

Enzymes are protein molecules that serve as catalysts of biochemical reactions in animal,
plant, and microbial cells. Commercial applications have been found for enzymes in the
food (e.g., wine, cheese, beer), detergent, medical, pharmaceutical, and textile industries.
However, no significant application has been proposed yet for wastewater treatment (see
Chapter 18).

Enzymes do not undergo structural changes after participating in chemical reactions
and can be used repeatedly. They lower the activation energy and increase the rate of bio-
chemical reactions. Enzymes may be intracellular or extracellular and are generally quite
specific for their substrates. The substrate combines with the active site of the enzyme
molecule to form an enzyme—substrate complex (ES). A new product (P) is formed and
the unchanged enzyme E is ready to react again with its substrate:

ki kp

E+S — ES —- E+P
l(H
—1

Some nonprotein groups or cofactors may become associated with enzyme molecules
and participate in the catalytic activity of the enzyme. These include coenzymes (e.g.,
nicotinamide adenine dinucleotide, coenzyme A, flavin—adenine dinucleotide, or flavin
mononucleotide) and metallic activators (e.g., K, Mg, Fe, Co, Cu, Zn, Mn, Mo). Dehydro-
genase enzymes require coenzymes (e.g., FAD, FMN, NAD, coenzyme A, biotin), which
accept the hydrogen removed from the substrate.

Enzymes are currently subdivided into six classes:

1. Oxidoreductases: responsible for oxidation and reduction processes in the cell.

2. Transferases: responsible for the transfer of chemical groups from one substrate to
another.

3. Hydrolases: hydrolyze carbohydrates, proteins, and lipids into smaller molecules
(e.g., B-galactosidase hydrolyses lactose into glucose and galactose).

4. Lyases: catalyze the addition or removal of substituent groups.

e

Isomerases: catalyze isomer formation.

6. Ligases: catalyze the joining of two molecules, using an energy source such as ATP.

2.2.2 Enzyme Kinetics

The most important factors controlling enzymatic reactions are substrate concentration,
pH, temperature, ionic strength, and the presence of toxicants.

At low substrate concentration, the enzymatic reaction rate V is proportional to the sub-
strate concentration (first-order kinetics). At higher substrate concentrations, V reaches a
plateau (zero-order kinetics). The enzymatic reaction rate V as a function of substrate con-
centration is given by the Michaelis—Menten equation (2.1):

Vmax [S ]

V= K+ 151

2.1
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where V = reaction rate (units/time), V,.x = maximum reaction rate (units/time), [S] =
substrate concentration (mol/L), and K, = half saturation constant (Michaelis constant),
which is the substrate concentration at which V is equal to V.. /2.

The hyperbolic curve shown in Figure 2.1a can be linearized, using the Lineweaver—
Burke plot (Fig. 2.1b), which uses the reciprocals of both the substrate concentration and
the reaction rate V:

1 Kp 1 1
= — 4
V Vmax [S] Vmax

2.2)

Plotting 1/V versus 1/[S] gives a straight line with a slope of K.,/ Vinax, y intercept of
1/Viax and an x intercept of —1/K,, (Fig. 2.1b). V.« and K, can be obtained directly
from the Lineweaver—Burke plot.

2.2.3 Effect of Inhibitors on Enzyme Activity

A wide range of toxicants are commonly found in industrial and municipal wastewater
treatment plants. These inhibitors decrease the activity of enzyme-catalyzed reactions.
There are three types of enzyme inhibition: competitive, noncompetitive, and uncompeti-
tive (Fig. 2.2).

2.2.3.1 Competitive Inhibition. In competitive inhibition, the inhibitor (I) and the
substrate (S) compete for the same reactive site on the enzyme (E). In the presence of a

maX |
e 1 A
)
|
Km [s}
N Siope =Km Ivmax B
/ e
MK 1/18]

Figure 2.1 Michaelis—Menten (a) and Lineweaver—Burke (b) plots.
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A. COMPETITIVE INHIBITION

Uninhibited enzyme
Inhibited enzyme

18]

B. NON-COMPETITIVE INHIBITION

v

1/[8}
C. UNCOMPETITIVE INHIBITION

1/18)

Figure 2.2 Types of enzyme inhibition: (a) competitive inhibition; (b) noncompetitive inhibition;
(c) uncompetitive inhibition. Adapted from Bitton and Koopman (1986) and Marison (1988b).

competitive inhibitor I, the reaction rate V is given by Eq. (2.3):

_ Vinax[S]
= [ST+ Km(1 + [1]/K3) (2.3)

where [S] = substrate concentration (mol/L), [I] = inhibitor concentration (mol /L), K; =
inhibition coefficient, V,,, = maximum enzyme reaction rate (171), and K, = Michaelis
constant (mol /L).
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The Lineweaver—Burke representation of Eq. (2.3) is as follows:

N CYS I
Vo Vmax( +[ ]/ 1)E+ Vmax

(2.4)

In competitive inhibition, V,,,x is unaffected whereas K, is increased by a factor of
(1+ [11/K;) (Fig. 2.2q).

2.2.3.2 Noncompetitive Inhibition. In noncompetitive inhibition, the inhibitor
I can bind to both the enzyme E and the ES complex (Fig. 2.2b). According to
Michaelis—Menten kinetics, the reaction rate is given by Eq. (2.5):

Vmax[S]
V= 2.5
Ko + 5D+ 117K -
The Lineweaver—Burke transformation of Eq. (2.5) is as follows:
1 Kn 1 1
— = 14+[1]/K)— + 14+[1]/K; 2.6
v Vmax( 71/ )[5] Vmax( [11/K) (2.6)

In the presence of the inhibitor, the slope of the double reciprocal plot is increased whereas
Vimax 18 decreased. K, remains unchanged.

2.2.3.3 Uncompetitive Inhibition. In uncompetitive inhibition the inhibitor binds
to the enzyme—substrate complex (ES) but not to the free enzyme (Fig. 2.2¢).

_ VmaX[S]
V= K ¥+ /KD 7

The Lineweaver—Burke plot transformation gives Eq. (2.8):

1 K 1 1
[ — 4
V Vmax [ Vmax

(I +[11/K3) (2.8)

In the presence of an inhibitor, the slope of the reciprocal plot remains the same, but
both V,,.x and K, are affected by the inhibitor concentration (Fig. 2.2¢).

2.3 MICROBIAL METABOLISM

2.3.1 Introduction

Metabolism is the sum of biochemical transformations that includes interrelated catabolic
and anabolic reactions. Catabolic reactions are exergonic and release energy derived from
organic and inorganic compounds. Anabolic reactions (i.e., biosynthetic) are endergonic:
they use the energy and chemical intermediates provided by catabolic reactions for
biosynthesis of new molecules, cell maintenance, and growth. The relationship between
catabolism and anabolism is shown in Figure 2.3.

The energy generated by catabolic reactions is transferred to energy-rich compounds
such as adenosine triphosphate (ATP) (Fig. 2.4). This phosphorylated compound is
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Movement
Osmosis
Energy source f
ADP
CATABOLISM | ANABOLISM
v
Heat
ATP
Products Precursors

Figure 2.3 Relationship between anabolic and catabolic reactions. From Scragg (1988).

composed of adenine, ribose (a five-carbon sugar), and three phosphates; it has two high-
energy bonds that release chemical energy when hydrolyzed to adenosine diphosphate
(ADP). Upon hydrolysis under standard conditions, each molecule of ATP releases
approximately 7500 calories.

A—-P~P~P+H;O «— A—P~P+Pi+ Energy 2.9

where A = Adenine + Ribose.

NHp
t Z~~N
N
RANPE
-O'P"’O'PF‘O-P'O-CHz
I fl I
(o] o (o]
OH OH

Figure 2.4 Molecular structure of adenosine triphosphate (ATP).
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The energy released is used for biosynthetic reactions, active transport, or movement,
and some of it is dissipated as heat. Other energy-rich phosphorylated compounds
are phosphoenolpyruvate (PEP) (AG® = —14.8 kcal/mol) and 1,3-diphosphoglycerate
(AG® = —11.8 kcal /mol). Adenosine triphosphate is generated by three mechanisms of
phosphorylation.

2.3.1.1 Substrate-Level Phosphorylation. Substrate-level phosphorylation is the
direct transfer of high-energy phosphate to ADP from an intermediate in the catabolic
pathway. It produces all the energy in fermentative microorganisms but only a small
portion of the energy in aerobic and anaerobic microorganisms. In fermentation,
glucose is transformed to pyruvic acid through the Embden—Meyerhof pathway.
Pyruvic acid is further transformed to several byproducts by various microorganisms
(e.g., alcohol by yeasts or lactic acid by Streptococcus lactis). Substrate-level phosphoryl-
ation results in ATP formation via the transfer of phosphate groups from a high-energy
phosphorylated compound such as 1,3-diphosphoglyceric acid, to ADP. In a typical fer-
mentation, only two molecules of ATP (equivalent to approximately 15,000 calories)
are released per molecule of glucose. The free energy AG® released by the combustion
of a molecule of glucose being — 686,000 calories, the efficiency of the process is only
2 percent (14,000/686,000 x 100 = 2 percent).

2.3.1.2 Oxidative Phosphorylation (Electron Transport System). Adenosine
triphosphate can also be generated by oxidative phosphorylation where electrons are trans-
ported through the electron transport system (ETS) from an electron donor to a final elec-
tron acceptor, which may be oxygen, nitrate, sulfate, or CO,. Further details are given in
Section 2.3.2.

The electron transport system is located in the cytoplasmic membrane of prokaryotes
and in mitochondria of eukaryotes. Although the electron carriers used by bacteria are
similar to those utilized in mitochondria, the former can use alternate final electron accep-
tors (e.g., nitrate or sulfate). It is assumed that the ATP yield for oxidative phosphorylation
using alternate final electron acceptors is lower than in the presence of oxygen.

2.3.1.3 Photophosphorylation. Photophosphorylation is a process by which light
energy is converted to chemical energy (ATP) and occurs in both eukaryotes (e.g., algae)
and prokaryotes (e.g., cyanobacteria, photosynthetic bacteria). The ATP generated via
photophosphorylation drives the reduction of CO, during the dark phase of photosyn-
thesis. In photosynthetic organisms CO, serves as the source of carbon. The electron
transport system of these organisms supplies both ATP and NADPH for the synthesis
of cell food. Green plants and algae use H,O as the electron donor and release O, as a
byproduct. Photosynthetic bacteria do not produce oxygen from photosynthesis and use
H,S as the electron donor (more details are given in Section 2.3.2).

2.3.2 Catabolism

2.3.2.1 Aerobic Respiration. Respiration is an ATP-generating process that
involves the transport of electrons through an electron transport system. The substrate is oxi-
dized, O, being used as the terminal electron acceptor. As indicated earlier, a small portion
of ATP is also generated via substrate-level phosphorylation. The electron donor may be
an organic compound (e.g., oxidation of glucose by heterotrophic microorganisms) or an



52 MICROBIAL METABOLISM AND GROWTH

inorganic compound (e.g., oxidation of H,, Fe(IT), NH,, or S° by chemoautotrophic micro-
organisms). The breakdown of glucose involves the following steps:

* Glycolysis (Embden—Meyerhof—Parnas Pathway) (Fig. 2.5)

In glycolysis, glucose is first phosphorylated and cleaved into two molecules of a key
intermediate compound, glyceraldehyde-3-phosphate, which is then converted into
pyruvic acid. Thus, glycolysis is the oxidation of one molecule of glucose to two mol-
ecules of pyruvic acid, a three-carbon compound. This pathway results in the production
of two molecules of NADH and a net gain of two molecules of ATP (4 ATP molecules
produced — 2 molecules ATP used) per molecule of glucose.

Some microorganisms use the pentose phosphate pathway to oxidize pentose. Glucose
oxidation via this pathway produces 12 molecules of NADPH and one molecule of ATP.

GLUCOSE (6c¢)

ATP —> ADP

Glucose-6-phosphate (6C)

Fructose-6-phosphate (6C)

ATP —> ADP

Fructose-1,6-diphosphate (6C)

Glyceraldehyde-3-phosphate (3C)

2 NAD —> 2 NADH

1,3-diphosphoglyceric acid (3C)
@ 2ADP —> 2ATP

—

3-phosphoglyceric acid (3C)

Phosphoenolpyruvic acid (3C)

2ADP —> 2ATP

PYRUVIC ACID (3C)

Figure 2.5 Glycolysis reactions. Adapted from Tortora et al. (1989).
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Some prokaryotic microorganisms use the Entner—Doudoroff pathway, which produces
two molecules of NADPH and one molecule of ATP per molecule of glucose oxidized.

« Transformation of Pyruvic Acid to Acetyl Coenzyme A

Pyruvic acid is decarboxylated (i.e., loss of one CO,) to an acetyl group that combines
with coenzyme A to give acetyl-CoA, a two-carbon compound. During this process NAD ™
is reduced to NADH.

Pyruvic acid + NAD" 4 Coenzyme A —> acetyl-CoA + NADH + CO, (2.10)

« Krebs Cycle

The Krebs cycle (citric acid cycle or tricarboxylic acid cycle) (Fig. 2.6), in which pyr-
uvate is completely oxidized to CO,, releases more energy than glycolysis; it occurs in
mitochondria in eukaryotes but is associated with the cell membrane in prokaryotes.
Acetyl-CoA enters the Kreb’s cycle and combines with oxaloacetic acid (4-C compound)
to form the six-carbon citric acid. The cycle consists of a series of biochemical reactions,
each one being catalyzed by a specific enzyme. It results in the production of two mol-
ecules of CO, per molecule of acetyl-CoA entering the cycle. The oxidation of compounds
in the cycle releases electrons that reduce NAD™ to NADH or flavin—adenine dinucleotide
(FAD) to FADH. For each acetyl CoA, 3 NADH and 1 FADH are formed. Moreover,
one GTP (guanosine triphosphate) is formed by substrate-level phosphorylation during
the oxidation of a-glutaric acid to succinic acid.

Pyruvate (3C)

Acetyl-CoA (2C)

CoA
Oxaloacetate (4C)
NADH Citrate (6C)
Malate (4C) Aconitate (6C)

F te (4C
umarate (4C) Iscocitrate (6C)

FADH ——
/ T~ NAD(PH
Succinate (4C) Alpha-ketoglutarate (5C)

/ Succinyl-CoA (40)\
GTP

Figure 2.6 The Krebs cycle. Adapted from Brock and Madigan (1991).

NADH
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+ Electron Transport System

The electron transport system (ETS) is a chain of electron carriers associated with the
cytoplasmic membrane in prokaryotes and mitochondria in eukaryotes. This system trans-
fers the energy stored in NADH and FADH into ATP. The chain consists of electron
carriers such as flavin mononucleotide (FMN), coenzyme Q, iron—sulfur proteins, and
cytochromes. For efficient trapping of energy, there is a stepwise release of ATP as the
electrons are transported from one carrier to another to reach the final electron acceptor.
Each molecule of NADH and FADH generates three and two molecules of ATP, respect-
ively. A series of steps are involved in the electron transport system (ETS) (Fig. 2.7):

1. Electrons originating from the substrate are transferred to NAD (precursor: nicotinic
acid), which is reduced to NADH.

2. Flavoproteins such as FMN and FAD accept hydrogen atoms and donate electrons.

3. Quinones (coenzyme Q) are lipid-soluble carriers that also accept hydrogen atoms
and donate electrons.

4. Cytochromes are proteins with porphyrin rings containing ferric iron, which is
reduced to Fe>™. There are several classes of cytochromes designated by letters.
The sequence of electron transport is the following: cytochrome b — cytochrome
¢ — cytochrome a.

5. Oxygen is the final electron acceptor in aerobic respiration. Anaerobic respiration
involves final electron acceptors other than oxygen. These electron acceptors may
be NOj3, SO4, CO,, or some organic compounds. Anaerobic respiration releases
less energy than aerobic respiration.

“0.40 —-ceieeooeeeeeaoennan [ SUBSTRATE |
v
-0.80 T l NAD ]
v
“0.20 oo | FLAVOPROTEIN |
v
204Q rrrrre e [ Fe-S PRVOTEINS 1
...................... [ QUINONE ]
00 5
""""""""""" | CYTOCHROME b |
+0.10 —
\/
0.20 — ... [ CYTOCHROME ¢ |
+0.30 — v
---------------------- [ CYTOCHROME a |
«0.40 —
+0.50 —
+0.60 —
+0.70 —
40.80 | L 02 ]

Figure 2.7 An electron transport system. Adapted from Tortora et al. (1989).
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Inhibitors (e.g., cyanide, carbon monoxide), acting at various points of the ETS, can
inhibit the electron carriers and thus interfere with both the electron flow and ATP synthesis.
Other inhibitors (e.g., dinitrophenol), called uncouplers, inhibit only ATP synthesis.

« Summary of ATP Release by Aerobic Respiration
Aerobic respiration releases 38 ATP molecules per molecule of glucose oxidized to
CO,. A breakdown of ATP molecules released is as follows:

Glycolysis: Oxidation of glucose to pyruvic acid

« Yield of substrate-level phosphorylation ........c..ccccceevirviiniiniienneeneennee. 2 ATP
« Yield of two molecules of NADH going through ETS if
oxygen 1S available ... 6 ATP

Transformation of pyruvic acid to acetyl-Coenzyme A
« Yields 2 molecules of NADH (there are two molecules of pyruvic acid/molecule
glucose)
« Yield of 2 NADH ..ot 6 ATP
Krebs Cycle
« For each acetyl-coenzyme A going through the cycle, 12 ATP are generated
(9 from NADH, 2 from FADH, and 1 from GTP)
« 2 acetyl-coenzyme A mMOIECUIES ........cceeveeriiriiienieniienie e 24 ATP
Total ATP/mOolecule ZlUCOSE ....cevevivriririeiririririieieteeses e 38 ATP

The efficiency of complete oxidation of glucose via aerobic respiration to CO, is
approximately 38 percent.

2.3.2.2 Fermentation. Fermentation is the transformation of pyruvic acid to various
products in the absence of a terminal electron acceptor. Both the electron donor and accep-
tor are organic compounds and ATP is generated solely via substrate-level phosphoryl-
ation. Fermentation releases little energy (2 ATP/molecule of glucose) and most of it
remains in fermentation products. The latter depends on the type of microorganism
involved in fermentation. For example, ethanol, lactic acid, and propionic acid are
formed by Saccharomyces, Lactobacillus, and Propionobacterium, respectively. Alco-
holic fermentation is a well-known fermentation carried out by yeasts. Alcoholic fermen-
tation proceeds as follows:

€0,
Pyruvic acid ————— Ethyl alcohol (2.11)
CH;COCOOH NADH;—NAD  CH,;CH,0H
It involves the two following steps:
1. Decarboxylation step (i.e., removal of carboxyl group)

0,

7
Pyruvic acid —— acetaldehyde (2.12)

2. Reduction of acetaldehyde

Acetaldehyde — ethyl alcohol (2.13)
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The overall reaction for glucose fermentation to ethanol by yeasts is as follows:

CsH120s — 2CHsO0H + 2CO, (2.14)

glucose ethanol carbon dioxide

Yeasts can switch from aerobic respiration to fermentation, depending upon growth
conditions.

Fermenting bacteria include strict anaerobes (e.g., Clostridium spp.), facultative anae-
robes, which can carry out oxidative phosphorylation (Pseudomonas spp.) and aerotoler-
ant anaerobes (e.g., Lactobacillus spp.) (Leis and Flemming, 2002).

2.3.3 Anabolism

Anabolism (biosynthesis) includes all the energy-consuming processes that result in the
formation of new cells. It is estimated that 3000 wmoles of ATP are required to make
100 mg of dry mass of cells. Moreover, most of this energy is used for protein synthesis
(Brock and Madigan, 1991). Cells use energy (ATP) to make building blocks, synthesize
macromolecules, repair damage to cells (maintenance energy), and maintain movement
and active transport across the cell membrane. Most of the ATP generated by catabolic
reactions is used for biosynthesis of biological macromolecules such as proteins, lipids,
polysaccharides, purines, and pyrimidines. Most of the precursors of these macromol-
ecules (amino acids, fatty acids, monosaccharides, nucleotides) are derived from inter-
mediates formed during glycolysis, the Krebs cycle, and other metabolic pathways
(Entner—Doudoroff and pentose phosphate pathways). These precursors are linked
together by specific bonds (e.g., peptide bond for proteins, glycoside bond for polysacchar-
ides, phosphodiester bond for nucleic acids) to form cell biopolymers.

2.3.4 Photosynthesis

Photosynthesis is a process that converts light energy into chemical energy, using CO, as a
carbon source, and light as an energy source. Light is absorbed by chlorophyll molecules
that are found in algae, plants, and photosynthetic bacteria.

The general equation for photosynthesis is:

6CO;, + 12H,0 + Light — C¢H206 + 6 H,O + 60, (2.15)

Oxygenic photosynthesis consists of two types of reactions: (1) light reactions, which
result essentially in the conversion of light energy into chemical energy (ATP) and the
production of NADPH; and (2) dark reactions, in which NADPH is used to reduce CO,.

2.3.4.1 Light Reactions. Most of the energy captured by photosynthetic pigments is
contained in wavelengths between 400 nm (visible light) and 1100 nm (near-infrared
light). Algae, green photosynthetic bacteria, and purple photosynthetic bacteria absorb
light at 670—685 nm, 735—755 nm, and 850—1000 nm, respectively.

Light is absorbed by chlorophyll a (Fig. 2.8), a compound made up of pyrrole rings
surrounding a Mg atom, and displaying two absorption peaks, the first peak being at
430 nm and the second at 675 nm (Fig. 2.9). The pigments are organized in clusters
called photosystem I (p700) and photosystem Il (p680), which play a role in the transfer
of electrons from H,O to NADP (photosynthetic bacteria have only photosystem I).

The flow of electrons in oxygenic photosynthesis has a path that resembles the letter “Z”
and is called the noncyclic electron flow or Z scheme (Fig. 2.10; Boyd, 1988). Upon
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Figure 2.8 Chemical structure of chlorophyll a.

exposure of photosystem II to light, the energy released boosts an electron to a higher
energy level as the oxidation—reduction potential becomes more negative. The electron
hole is filled by an electron produced through photolysis of H,O. Adenosine triphosphate
is produced as the boosted electron travels downhill, via electron carriers (e.g., quinones,
cytochromes, plastocyanin), and is captured by photosystem I (p700). Upon exposure of
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Wavelength (nm)

Figure 2.9 Light absorption peaks of chlorophyll a.
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Figure 2.10 Electron transfer during light reactions in oxygenic photosynthesis: The Z scheme.
Adapted from Boyd (1988).

p700 to light, the electron released is again boosted to a higher energy level. The
NADP is reduced to NADPH after downhill electron flow, via other electron carriers
(e.g., ferredoxin). Oxygen is a byproduct of light reactions carried out in oxygenic photo-
synthesis by algae, cyanobacteria, and plants. Sometimes, the Z scheme displays a cyclic
flow of electrons, which results in the production of ATP but not NADPH.

2.3.4.2 Dark Reactions (Calvin—Benson Cycle). The endergonic dark reactions,
collectively called the Calvin cycle or Calvin—Benson cycle, take place in the stroma of
chloroplasts and use products of the light reactions to fix carbon. The reducing compound
(NADPH) and the energy (ATP) produced during the light reactions are used to reduce
CO, to organic compounds during the Calvin—Benson cycle, the first step of which is
the combination of CO, with ribulose-1,5-diphosphate (RuDP), a reaction catalyzed
by the enzyme ribulose bisphosphate carboxylase. A subsequent series of reactions
leads to the formation of one hexose molecule, fructose-6-phosphate, which can be
converted to glucose.
The overall equation for the dark reactions is given by

6CO, + 18 ATP + 12 H,0 + 12NADPH —s Cg¢H;,04 + 12 Pi
+ 18 ADP + 12NADP* (2.16)

Thus, the fixation of one molecule of CO, requires three molecules of ATP and two
molecules of NADPH.
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Figure 2.11 Summary of light and dark reactions in photosynthesis. Adapted from Norton (1986).

The coupling of light and dark reactions in photosynthesis is summarized in Figure 2.11
(Norton, 1986).

2.3.5 Metabolic Classification of Microorganisms

The major elements that enter in the composition of a microbial cell are carbon, oxygen,
nitrogen, hydrogen, phosphorus, and sulfur. Other nutrients necessary for biosynthesis of
cell components include cations (e.g., Mg>", Ca®>", Na™, K, Fe*"), anions (e.g., Cl,
SO?f), trace elements (e.g., Co, Cu, Mn, Mo, Zn, Ni, Se), which serve as components
or cofactors of several enzymes, and growth factors such as vitamins (e.g., riboflavin,
thiamin, niacin, vitamin B ,, folic acid, biotin, vitamins Bg). A typical E. coli cell contains
approximately 70 percent water, 3 percent carbohydrates, 3 percent amino acids, nucleo-
tides, and lipids, 22 percent macromolecules (mostly proteins as well as RNA, DNA), and
1 percent inorganic ions.
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Microorganisms need a carbon source (CO, or organic carbon) and an energy source
(light or energy derived from the oxidation of inorganic or organic chemicals). The meta-
bolic classification of microorganisms is based on two main criteria: energy source and
carbon source.

2.3.5.1 Phototrophs. These microorganisms use light as the source of energy. They
are subdivided into photoautotrophs and photoheterotrophs.

« Photoautotrophs

This group includes algae, cyanobacteria (blue-green algae), and photosynthetic bac-
teria also called phototrophic bacteria. Photoautotrophs uses CO, as a carbon source,
and H,O, H,, or H,S as electron donors. Photosynthetic bacteria carry out anoxygenic
photosynthesis, and most of them require anaerobic conditions. Oxygen is detrimental
to the synthesis of their photosynthetic pigments, bacteriochlorophylls, and carotenoids.
For cyanobacteria and algae, the electron donor is H,O, whereas for photosynthetic bac-
teria the donor is H,S (some cyanobacteria are also able to use H,S as electron donor,
resulting in the deposition of S° outside their cells). The general taxonomy of phototrophic
bacteria is shown in Table 2.1. There are approximately 60 species of phototrophic bac-
teria broadly grouped into purple and green bacteria. Purple bacteria contain bacterio-
chlorophyll a (maximum absorption at 8§25—-890 nm) and b (maximum absorption at
about 1000 nm), whereas green bacteria contain bacteriochlorophyll ¢, d, and e, which
absorb light at wavelengths between 705 and 755 nm. These phototrophic bacteria (e.g.,
chromatiaceae, chlorobiaceae) use CO, as a carbon source, light as an energy source,
and reduced sulfur compounds (e.g., H,S, S% as electron donors.

Anoxygenic photosynthesis, using H,S as the reductant source, is summarized as
follows:

12H,S + 6CO, —> CgHj,06 + 6 H,0 + 12 8° 2.17)

S? is deposited inside (in the case of purple bacteria) or outside (in the case of green bac-
teria) the cells of photosynthetic bacteria.

« Photoheterotrophs (or photoorganotrophs)

This group comprises all the facultative heterotrophs that derive energy from light or
from organic compounds that serve as carbon sources and electron donors. The purple
nonsulfur bacteria, the Rhodospirillaceae, use organic compounds as electron donors.

2.3.5.2 Chemotrophs. These microorganisms obtain their energy via oxidation of
inorganic or organic compounds. They are subdivided into lithotrophs (chemoautotrophs)
and heterotrophs (organotrophs).

+ Lithotrophs (Chemoautotrophs)

Lithotrophs use carbon dioxide as a carbon source (carbon fixation) and derive their
energy (ATP) needs by oxidizing inorganic compounds such as NH,, NO,, H,S, Fe*",
or H,. Most of them are aerobic.

Nitrifying bacteria. These are widely distributed in soils, water, and wastewater, and
oxidize ammonium to nitrate (see Chapter 3 for more details).

H + Nitrosomonas Nitrobacter
4 ————>

N NO; L NOy (2.18)
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TABLE 2.1. Recognized Genera of Anoxygenic Phototrophic Bacteria®

Taxonomic Group

Morphology

Purple bacteria

Purple sulfur bacteria (Chromatiaceae and
Ectothiorhodospiraceae)
Amoebobacter
Chromatium
Lamprocystis
Lamprobacter
Thiocapsa
Thiocystis
Thiodictyon
Thiospirillum
Thiopedia

Ectothiorhodospira
Purple nosulfur bacteria (Rhodospirillaceae)
Rhodocyclus
Rhodomicrobium
Rhodopseudomonas
Rhodobacter
Rhodopila
Rhodospirillum

Cocci embedded in slime; contain gas vesicles

Large or small rods

Large cocci or ovoids with gas vesicles

Large ovals with gas vesicles

Small cocci

Large cocci or ovoids

Large rods with gas vesicles

Large spirilla

Small cocci with gas vesicles; cells arranged in
flat sheets

Small spirilla; do not store sulfur inside the cell

Half-circle or cirle

Ovoid with stalked budding morphology
Rods, dividing by budding

Rods and cocci

Cocci

Large or small spirilla

Green bacteria

Green sulfur bacteria (Chlorobiaceae)
Anacalochloris
Chlorobium
Pelodictyon

Prosthecochloris
Green gliding bacteria (Chloroflexaceae)

Chloroflexus

Chloroherpeton
Chloronema

Oscillochloris

Prosthecate spheres with gas vesicles

Small rods or vibrios

Rods or vibrios, some form three-dimensional
net; contain gas vesicles

Spheres with prosthecae

Narrow filaments (multicellular), up to
100 wm long

Short filaments (unicellular)

Large filaments (multicellular), up to 250 pm
long; contain gas vesicles

Very large filaments, up to 2500 wm long,
contain gas vesicles

“From Madigan (1988).

Sulfur oxidizing bacteria. These bacteria use hydrogen sulfide (H,S), elemental sulfur
(8%, or thiosulfate (S,03 ") as energy sources. They are capable of growth in very acidic
environments (pH < 2). The oxidation of elemental sulfur to sulfate is given by:

S+30, +2H,0

2H,S0O4 + energy (2.19)

Thiobacillus thiooxidans
(Acidithiobacillus thiooxidans)

Iron bacteria. These include bacteria that are acidophilic, derive energy via oxidation
of Fe*™ to Fe®™, and are also capable of oxidizing sulfur (e.g., Thiobacillus ferrooxidans).
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Others oxidize ferrous iron at neutral pH (e.g., Sphaerotilus natans, Leptothrix ochracea,
Crenothrix, Clonothrix, Gallionella ferruginea).

Hydrogen bacteria. These (e.g., Hydrogenomonas) use H, as the energy source and
CO, as the carbon source. Hydrogen oxidation is catalyzed by a hydrogenase enzyme.
These bacteria are facultative lithotrophs since they can grow also in the presence of
organic compounds.

* Heterotrophs (Organotrophs)

This is the most common nutritional group among microorganisms and includes mostly
bacteria, fungi, and protozoa. Heterotrophic microorganisms obtain their energy via
oxidation of organic matter. Organic compounds serve both as energy source and
carbon source. This group includes the majority of bacteria, fungi, and protozoa in the
environment.

2.4 MICROBIAL GROWTH KINETICS

Prokaryotic organisms such as bacteria reproduce mainly by binary fission (i.e., each cell
gives two daughter cells). Growth of a microbial population is defined as an increase in
numbers or an increase in microbial mass. Growth rate is the increase in microbial cell
numbers or mass per unit time. The time required for a microbial population to double
in numbers is the generation time or doubling time, which may vary from minutes to days.

Microbial populations can grow as batch cultures (closed systems) or as continuous
cultures (open systems) (Marison, 1988a).

2.4.1 Batch Cultures

When a suitable medium is inoculated with cells, the growth of the microbial population
follows the growth curve displayed in Figure 2.12, which shows four distinct phases.

2.4.1.1 Lag Phase. The lag phase is a period of cell adjustment to the new envi-
ronment. Cells are involved in the synthesis of biochemicals and undergo enlargement.
The duration of the lag phase depends on the cells’ prior history (age, prior exposure to

stationary phase death
phase

exponential phase

NUMBER OF CELLS

lag phase

TIME

Figure 2.12 Microbial growth curve.
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damaging physical or chemical agents, culture medium). For example, no lag phase is
observed when an exponentially growing culture is transferred to a similar medium
with similar growth conditions. Conversely, a lag period is observed when damaged
cells are introduced into the culture medium.

2.4.1.2 Exponential Growth Phase (Log Phase). The number of cells increase
exponentially during the log phase. The exponential growth varies with the type of
microorganism and growth conditions (e.g., temperature, medium composition). Under
favorable conditions, the number of bacterial cells (e.g., Escherichia coli) double every
15-20 min. The growth follows a geometric progression (2° — 2' — 22 — 2").

X, = XpeM (2.20)

where u = specific growth rate (h™'), X, = cell biomass or numbers after time 7, and
X = initial number or biomass of cells.
Using the natural logarithms on both sides of Eq. (2.20), we obtain

InX, =InX, + ut (2.21)
where u is given by

InX; —InX,
m=——""->—-

t (2.22)

If n is the number of population doublings (i.e., number of generations) after time ¢, the
doubling time ¢4 is given by

t
tg =— (2.23)
n
u is related to the doubling time 74 by
In2 0.693
p=—_ (2.24)
tq fq

Cells in the exponential growth phase are more sensitive to physical and chemical
agents than those in the stationary phase.

2.4.1.3 Stationary Phase. The cell population reaches the stationary phase because
microorganisms cannot grow indefinitely, mainly because of lack of nutrients and electron
acceptors, and the production and the accumulation of toxic metabolites. Secondary
metabolites (e.g., certain enzymes, antibiotics) are produced during the stationary
phase. There is no net growth (cell growth is balanced by cell death or lysis) of the popu-
lation during the stationary phase.

2.4.1.4 Death Phase. During this phase, the death (decay) rate of the microbial
population is higher than the growth rate. Cell death may be accompanied by cell lysis.
The viable count of microorganisms decreases, although the turbidity of the microbial
suspension may remain constant.
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2.4.2 Continuous Culture of Microorganisms

So far, we have described the growth kinetics of batch cultures. Maintenance of microbial
cultures at the exponential growth phase over a long period of time can be achieved by
growing continuously the cells in a completely mixed reactor in which a constant
volume is maintained. The most commonly used device is the chemostat (Fig. 2.13),
which is essentially a complete-mix bioreactor without recycle. In addition to the flow
rate of growth-limiting substrate, environmental parameters such as oxygen level, temp-
erature, and pH are also controlled. The substrate is added continuously at a flow rate Q
to a reactor with a volume V containing concentration X of microorganisms. The dilution
rate D, the reciprocal of the hydraulic retention time ¢, is given by

—-- (2.25)

where D = dilution rate (timefl), V = reactor volume (L), Q = flow rate of substrate
S (L/time), and ¢ = time.
In continuous-flow reactors, microbial growth is described by

dx
— =X —DX=X(n-D) (2.26)
X, = Xpe* P (2.27)

)

NN NN NN NNNN N NN NN Valve for flow

rate control

Air inlet

Inoculation
and air outlet &)

o0 o

Siphon overflow

Growth chamber

Figure 2.13 Chemostat for continuous culture of microorganisms. From Marison (1988a).
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Equations (2.26) and (2.27) show that the supply rate of the limiting substrate controls
the specific growth rate w. At D > wn.x, We observe a decrease in cell concentration and a
washout of the population. Cell washout starts at the critical dilution rate D., which is
approximately equal to pyax-

The mass balance for X is given by

dx
VoS = XV - 0X (2.28)
_ PnaS vy oy (2.29)
K. +S
At steady state

dx 0 w..S
“_o —p =2 Pmx 2.30
a0k VK +S (2.30)

At steady state, the substrate concentration S and the cell concentration X in the reactor
are given by Eqs (2.30) and (2.31), respectively:

s—k P 2.31)
- Mmax — D '
X = Y(S; — Se) (2.32)

where Y = growth yield, S; = influent substrate concentration, and S, = effluent substrate
concentration.
The steady state breaks down at very low or very high dilution rates.

2.4.3 Other Kinetic Parameters

There are three important parameters in microbial growth kinetics: growth yield Y, specific
growth rate u, and specific substrate uptake rate q.

The rate of increase of microorganisms in a culture (dX/df) is proportional to the rate of
substrate uptake/removal (dS/dt) by microbial cells:

dX ds
i Y I (2.33)
where Y = growth yield coefficient expressed as mg cells formed per mg of substrate used,
dX/dt = rate of increase in microorganism concentration (mg/L/day), and dS/dr = rate
of substrate removal (mg/L/day).

A more simplified equation showing the relationship between the three parameters is
the following:

w="Yq (2.34)

where u = specific growth rate (time '), ¥ = growth yield (mg cells formed per mg of
substrate removed), and g = substrate uptake rate (mg/L/day).
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2.4.3.1 Growth Yield. As shown above, growth yield is the amount of biomass
formed per unit of amount of substrate removed. It reflects the efficiency of conversion
of substrate to cell material. The yield coefficient Y is obtained as

X — Xo
Y =
So—S

(2.35)

where Sy and S = initial and final substrate concentrations, respectively (mg/L or mol/L),
X, and X = initial and final microbial concentrations, respectively.

Several factors influence the growth yield: type of microorganisms, growth medium,
substrate concentration, terminal electron acceptor, pH, and incubation temperature.
Yield coefficients for several bacterial species are within the range 0.4—0.6 (Heijnen
and Roels, 1981).

For a pure microbial culture growing on a single substrate, the growth yield Y is
assumed to be constant. However, in the environment, particularly in wastewater, there
is a wide range of microorganisms, few of which are in the logarithmic phase. Many
are in the stationary or in the declining phase of growth. Some of the energy will be
used for cell maintenance. Thus, the growth yield ¥ must be corrected for the amount
of cell decay occurring during the declining phase of growth. This correction will give
the true growth yield coefficient, which is lower than the measured yield. Equation
(2.34) becomes:

n=Yqg—kq (2.36)
where kg is the endogenous decay coefficient (day ')

2.4.3.2 Specific Substrate Uptake Rate q. The specific substrate uptake
(removal) is given by

q=dS/dt/X (2.37)
where ¢ (time™ ') is given by the Monod’s equation:

[S]

= Gmax ———— 2.38
4 = dma K. +[5] ( )
2.4.3.3 Specific Growth Rate p. This is given by:
X
_ dX/di (2.39)
X
where u (day ') is given by Monod’s equation:
S
51 (2.40)

M = Mmax Ks + [S]

The in situ specific growth rate of bacteria in wastewater was measured using the
labeled thymidine growth assay (thymidine is a precursor of DNA in cells). In an
aerobic tank, the specific growth rate u was 0.5 d™ ' (doubling time 74 = 1.4 d) whereas
in an anaerobic tank u was equal to 0.2 d! (t3 = 3.9 d) (Pollard and Greenfield, 1997).
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In waste treatment, the reciprocal of w is the biological solid retention time 6., that is
w=1/6 (2.41)

Thus

1/6. = Yq — kg (2.42)

2.4.4 Physical and Chemical Factors Affecting Microbial Growth

2.4.4.1 Substrate Concentration. The relationship between the specific growth
rate u and substrate concentration S is given by the Monod’s equation (Fig. 2.14a):

)
#= e S @48

where pmax = maximum specific growth rate (h~'), § = substrate concentration (mg /L),
K, = half-saturation constant (mg/L). This is the substrate concentration at which the
specific growth rate is equal to umax/2. K, represents the affinity of the microorganism
for the substrate. w,,.x and K are influenced by temperature, type of carbon source, and
other factors.

A
u max ——————————————————————————
12y |- |
I
I
|
1
1
1
l
1
K {S)
B
Slope = Ks/Wmax
14
/ 1/p~max
-1/Ks 1/[S]

Figure 2.14 Relationship between the specific growth rate w and substrate concentration S:
(a) Monod’s saturation curve; (b) Lineweaver—Burke plot.
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Monod’s equation can be linearized using the Lineweaver—Burke equation:

1 K 1
B Maax[S] T Mmax

(2.44)

Figure 2.14b shows a plot of 1/u vs. 1/S. The slope, y-intercept, and x-intercept are
(Ks/ emax)s (1/max), and (= 1/Ky), respectively. This plot allows the computation of Kj
and wmax- K values for individual chemicals found in wastewater are between 0.1 and
1.0 mg/L (Hanel, 1988).

2.4.4.2 Temperature. This is one of the most important factors affecting microbial
growth and survival. Microbial growth can occur at temperatures varying from below
freezing to more than 100°C. Based on the optimum temperature for growth, microorgan-
isms are classified as mesophiles, psychrophiles, thermophiles, or extreme thermophiles.
Microbial growth rate is related to temperature by the Arrhenius equation:

= Ae EIRT (2.45)

where A = constant, E = activation energy (kcal/mole), R = gas constant, and 7 =
absolute temperature (K).

Psychrophiles can grow at low temperatures because their cell membrane has a high
content of unsaturated fatty acids, which helps maintain membrane fluidity, whereas a
high content of saturated fatty acids help thermophiles function at high temperatures.
The decreased w at high temperatures is due to the thermal denaturation of proteins, par-
ticularly enzymes, as well as changes in membrane structure, leading to alterations in cell
permeability.

2.4.4.3 pH. Biological treatment of wastewater occurs generally at neutral pH. In
general, the optimum pH for bacterial growth is around 7, although some may be obli-
gately acidophilic (e.g., Thiobacillus, Sulfolobus) and thrive at pH < 2. Fungi prefer
acidic environments with a pH of 5 or lower. Cyanobacteria grow optimally at pH
higher than 7. Bacterial growth generally results in a decrease of the pH of the medium
through the release of acidic metabolites (e.g., organic acids, H,SO,). Conversely, some
microorganisms can increase the pH value of their surrounding milieu (e.g., denitrifying
bacteria, algae).

pH affects the activity of microbial enzymes. It affects the ionization of chemicals and
thus plays a role in the transport of nutrients and toxic chemicals into the cell.

2.4.4.4 Oxygen Level. Microorganisms can grow in the presence or in the absence
of oxygen. There are divided into strict aerobes, facultative anaerobes (can grow in the
presence or in the absence of oxygen), and strict anaerobes. Aerobic microorganisms
use oxygen as the terminal electron acceptor in respiration. Anaerobic counterparts use
other electron acceptors such as sulfate, nitrate, or CO,. Some microorganisms are micro-
aerophilic and require low levels of oxygen for growth. Through their metabolism, aerobes
may render the environment suitable for anaerobes by using oxygen.

Upon reduction, oxygen forms toxic products such as superoxide (O, ), hydrogen
peroxide (H,0O,), or hydroxyl radicals. However, microorganisms have acquired
enzymes to deactivate them. For example, H,O, is destroyed by catalase and peroxidase
enzymes, whereas O, is deactivated by superoxide dismutase. Catalase and superoxide
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dismutase-catalyzed reactions are represented by

20; 42HY —— 0, +H,0, (2.46)
superoxide
dismutase

2H202 E—— 2H20 + 02 (247)

catalase

2.4.5 Measurement of Microbial Biomass

Various approaches are available for measuring microbial biomass in laboratory cultures
or in environmental samples (Sutton, 2002).

2.4.5.1 Total Number of Microbial Cells. Total number of cells (live and dead
cells) can be measured by using special counting chambers such as the Petroff—Hauser
chamber for bacterial counts or the Sedgewick—Rafter chamber for algal counts. The
use of a phase-contrast microscope is required when nonphotosynthetic microorganisms
are under consideration. Presently, the most popular method consists of retaining the
cells on a membrane filter treated to suppress autofluorescence (use of polycarbonate
filters treated with Irgalan Black) and staining the cells with fluorochromes such as acri-
dine orange (AO) or 4/,6-diamidino-2-phenylindol (DAPI). The microorganisms are
subsequently counted using an epifluorescence microscope (Kepner and Pratt, 1994).
An advantage of DAPI is its stable fluorescence. A wide range of other fluorochromes
are available for many applications in environmental microbiology studies. These
include, among others, PicoGreen, SYBR-Green 1 and 2, Hoechst 33342, YOYO-1, and
SYTO dyes (green, red, and blue) (Neu and Lawrence, 2002).

Scanning electron microscopy (SEM) has also been considered for measuring total
microbial numbers.

Electronic particle counters are also used for determining the total number of microor-
ganisms in a sample. These instruments do not differentiate, however, between live and
dead microorganisms, and very small cells may be missed.

Flow cytometers are fluorescence-activated cell sorters and include a light source
(argon laser or a mercury lamp) and a photodetector, which measures fluorescence (use
correct excitation wavelength) and scattering of the cells. They sort and collect cells
with predefined optical parameters. They are often used in the biomedical and aquatic
microbiology fields (Paul, 1993). They have been used to sort algal cells and to distinguish
between cyanobacteria from other algae, based on phycoerythrin (orange) and chlorophyll
(red) fluorescence. They can help identify microorganisms when combined with fluor-
escent antibodies.

2.4.5.2 Measurement of the Number of Viable Microbes on Solid Growth
Media. This approach consists of measuring the number of viable cells capable of
forming colonies on a suitable growth medium.

Plate count is determined by using the pour plate method (0.1 -1 mL of microbial sus-
pension is mixed with molten agar medium in a petri dish), or the spread plate method
(0.1 mL of bacterial suspension is spread on the surface of an agar plate). The results of
plate counts are expressed as colony forming units (CFU). The number of CFU per
plate should be between 30 and 300. Membrane filters can also be used to determine
microbial numbers in dilute samples. The sample is filtered and the filter is placed directly
on a suitable growth medium.
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Culture-based methods have been routinely used in soil, aquatic, and wastewater
microbiology, but they reveal only about 0.1-10 percent of the total bacterial counts
in most environments (Pickup, 1991). Indeed, some microorganisms (e.g., E. coli,
Salmonella typhimurium, Vibrio spp.) can enter into the viable but nonculturable
(VBNC) state and are not detected by plate counts, especially when using selective
growth media (Koch, 2002; Roszak and Colwell, 1987). The VBNC state can be triggered
by factors such as nutrient deprivation or exposure to toxic chemicals. This phenomenon is
particularly important for pathogens that may remain viable in the VBNC state for longer
periods of time than previously thought. The VBNC pathogens may remain virulent and
cause disease in humans and animals.

2.4.5.3 Measurement of Active Cells in Environmental Samples. Several
approaches have been considered for assessing microbial viability /activity in environ-
mental samples (Fig. 2.15). Epifluorescence microscopy, in combination with the use of
oxido-reduction dyes, is used to determine the percent of active cells in aquatic environ-
ments. The most popular oxido-reduction dyes are INT (2-(p-iodophenyl)-3-(p-nitrophe-
nyl)-5-phenyl tetrazolium chloride) and CTC (cyanoditolyl tetrazolium chloride) (Posch
et al., 1997; Pyle et al., 1995a). A good correlation was found between the number of
CTC-positive E. coli cells and the CFU (colony forming units) count, regardless of the
growth phase (Créach et al., 2003).

The direct viable count (DVC) method was pioneered by Kogure and his collaborators
in Japan (Kogure et al., 1984). The sample is incubated with trace amounts of yeast extract

Direct Viable Membrane
Count (DVC) potential
o — — Memb
Respiration BACTERIAL CELL Cellular integrity ing;lritr;ne
mRNA Flow
synthesis NUCLEIC ACIDS cytometry

Cytochemical
staining

Hybridization

Figure 2.15 Approaches used for assessing microbial viability /activity. From Keer and Birch
(2000).
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and nalidixic acid. The latter blocks DNA replication but not RNA synthesis. This leads to
cell elongation of active cells, which are counted using epifluorescence microscopy. Some
methods allow the detection in aquatic samples of specific bacterial pathogens, including
those in the VBNC state. One such method combines fluorescent in situ hybridization
(FISH; see Chapter 1 for more details) with DVC, followed by cell enumeration using a
laser scanning cytometer. This approach gives information on the identity of the bacteria
(Baudart et al., 2002). To detect specific bacteria in aquatic environments, the cells can be
simultaneously labeled with a fluorescent antibody (FA technique) in combination with
viability /activity markers such as cyanoditolyl tetrazolium chloride or propidium
iodide, which is an indicator of membrane integrity (Caruso et al., 2003).

Fluorescein diacetate (FDA) is transformed by esterase enzymes to a fluorescent com-
pound, fluorescein, which accumulates inside the cells (FDA is a nonpolar compound and
fluorescein a polar compound). The active fluorescent cells are counted under a fluorescent
microscope. This method is best suited for active fungal filaments but can be applied to
bacterial cells.

2.4.5.4 Determination of Cell Biochemicals. Microbial biomass can also be
measured by determination of specific cell biochemical constituents such as ATP,
DNA, RNA, proteins, phospholipids, bacterial cell wall components, or photosynthetic
pigments (Sutton, 2002).

- ATP

Adenosine triphosphate has often been used to determine live microbial biomass in
environmental samples, using a ratio of C/ATP = 250 for aquatic samples. However,
the ATP content of cells varies with the growth rate and metabolic state of microorganisms
and nutrient limitation. A better measure is the fofal adenylate pool At (At = ATP + ADP
+ AMP) because it does not change greatly with changes in metabolic activities of the
microorganisms. The adenylate energy charge (EC) ratio provides information on
growth potential of naturally occurring microbial populations.

ATP + 5 ADP
" ATP + ADP + AMP

EC (2.48)

An EC of 0.5-0.6 indicates senescence of the microbial population, whereas an EC of
0.8-0.9 indicates active microbial growth. Adenosine triphosphate determination has
been applied to wastewater treatment, disinfection control, and pollution assessment.

« Thymidine and Leucine Incorporation into Cells

Bacterial biomass and production can also be estimated by measuring the incorporation
of tritiated thymidine into DNA or radioactive leucine into bacterial proteins (bacterial
biomass comprises 60 percent proteins) (Kirchman and Ducklow, 1993).

« Lipid Biomarkers

Cell lipids can be classified into neutral lipids (NL), glycolipids (GL), and polar lipids
(PL). They serve as storage material (e.g., poly-B-hydroxybutyrate), electron acceptors in
the electron transport chain in respiration (e.g., quinones), and components of membranes
(e.g., phospholipids) or outer membranes of gram-negative bacteria (e.g., lipopolysacchar-
ides) (Tunlid, 2002).
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Lipid biomarkers give the following information:

Microbial biomass. Lipid biomarkers can help in the determination of microbial
biomass. For example, phospholipid analysis can determine either the phospholipid-
bound phosphate (PLP) or the ester-linked phospholipid fatty acids (PLFA), which
serve as biomarkers for estimating microbial biomass and community composition.
Suggested conversion factors are 190 wmol P/g C, 100 pmol P/gC, and 50 pmol
P/g C for aerobic bacteria, anaerobic bacteria, and eukaryotes, respectively. Phospholipid
analysis is unfortunately complex and requires sophisticated equipment. Ergosterol can
serve as a biomarker for living fungal biomass.

Community composition. For example, detection of signature PLFAs indicates the
presence of specific groups of microorganisms in an environmental sample. Phytanyl-
ether lipids indicate the presence of archaea.

Metabolic activity of the microbial community. This is accomplished by mea-
suring the uptake of '“C-labeled substrates into lipid biomarkers such as PLFAs or
poly-B-hydroxybutyrate.

* Bacteria Cell Wall Components
Cell wall components such as muramic acid and lipopolysaccharide can serve as bio-
markers for estimating bacterial biomass.

» Molecular Techniques for the Determination of Cell Viability /Activity

Both mRNA and rRNA are well correlated with cell viability. However, due to
its shorter half-life in the environment, mRNA is generally preferred over rRNA for
indicating cell viability. Reverse transcriptase-PCR (RT-PCR) can also give an indication
of cell viability. It consists of transcribing a target RNA sequence into a complimentary
DNA (cDNA) sequence, which is then amplified using PCR. Some of these methods
have been used to monitor the viability of bacterial pathogens and protozoan parasites
(Keer and Birch, 2003). Chapter 1 gives more details on molecular techniques in
microbiology.

2.5 WEB RESOURCES

Bacterial Metabolism and Growth

http: //www.cat.cc.md.us/courses/bio141/lecguide/unit4 /index.html#conjugation
(good animated diagrams)

Photosynthesis

http: //www.emc.maricopa.edu/faculty /farabee /BIOBK /BioBookPS.html#Table of
Contents

http: //www.biology-online.org/1/4_photosynthesis.htm

http: //mike66546.tripod.com /biology /Chapter_5 /photosynthesis.htm

Respiration

http: //www.biology-online.org/1/3_respiration.htm (cell respiration)
http://scidiv.bee.cte.edu/rkr/Biology201 /lectures /Respiration/Respiration.html
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http: / /pcist2.pc.cc.va.us /energetics /CellRespiration.htm (good site on cell respiration
with reference to several other sites)

http: //cja.cj.cnd.pvt.k12.oh.us/janderson/Pages /hb_cellrespiration.html/ (slide show on
cell respiration and photosynthesis)

http: / /photoscience.la.asu.edu/photosyn/photoweb,/ (photosynthesis and the web: good
diagrams)

2.6 QUESTIONS AND PROBLEMS

1. If we start with a bacterial culture of 10° cells per mL and if the doubling time 74 is
1.5 h, calculate the final cell concentration (cells/mL) after 16 h.

2. If 58 g of biomass was formed from one mole of glucose substrate, calculate the cell
yield Y of the microbial culture.

3. In a bioreactor the specific growth rate w of a nitrifying bacteria population is
0.02 h~'. What is the minimum mean cell residence time required?

4. Assuming an exponential growth of a bacterial population with an initial number of
cells Xy = 500 cells/L and a specific growth rate u = 0.5 h™', determine:

(a) the cell concentration after 6 h
(b) the doubling time #4

5. Write the Monod’s equation and show its graph. How would you go about comput-
ing the pnax and K?

6. Compare microbial growth in batch and continuous culture. Give the equations and
show the differences between the two.
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3.1 NITROGEN CYCLE

3.1.1 Introduction

Nitrogen is essential to life as it is a component of proteins and nucleic acids in microbial,
animal, and plant cells. It is ironic that nitrogen gas is the most abundant gas (79 percent of
the Earth atmosphere) in the air we breathe and yet it is a limiting nutrient in aquatic
environments and in agricultural lands, leading to protein deficiency being experienced
by millions of people in developing countries. Unfortunately, nitrogen gas cannot be
used by most organisms unless it is first converted to ammonia. This is because N, is a
very stable molecule that will undergo changes only under extreme conditions (e.g.,
electrical discharge, high temperatures and pressures) (Barnes and Bliss, 1983).

3.1.2 Microbiology of the Nitrogen Cycle

Microorganisms play a major role in nitrogen cycling in the environment. The nitrogen
cycle is displayed in Figure 3.1. We will now discuss the microbiology of the five steps
involved in nitrogen cycling: nitrogen fixation, assimilation, mineralization, nitrification,
and denitrification (Alexander, 1977; Atlas and Bartha, 1987; Barnes and Bliss, 1983;
Grady and Lim, 1980).

3.1.2.1 Nitrogen Fixation. Chemical reduction of nitrogen is very much energy-
intensive and expensive. As regards biological reduction of nitrogen, only a few species
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Figure 3.1 The nitrogen cycle. From Barnes and Bliss (1983).
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of bacteria and cyanobacteria (blue-green algae) are capable of carrying out nitrogen
fixation, which ultimately results in the production of ammonia. The global biological
nitrogen fixation is approximately 2 x 10® metric tonnes of N,/year. Agronomists have
put considerable efforts toward exploiting biological nitrogen fixation for maximizing
crop yields.

+ Nitrogen-Fixing Microorganisms

There are two categories of nitrogen-fixing microorganisms (Table 3.1): nonsymbiotic
nitrogen-fixing microorganisms and symbiotic nitrogen-fixing microorganisms.

Nonsymbiotic nitrogen-fixing microorganisms include Azotobacter (e.g., A. agilis,
A. chroococcum, A. vinelandii), a gram-negative bacterium that forms cysts and fixes
nitrogen in soils and other environments. Other nitrogen-fixing microoorganisms are
Klebsiella, Clostridium (anaerobic, spore-forming bacteria active in sediments), and cya-
nobacteria (e.g., Anabaena, Nostoc). The latter fix nitrogen in natural waters and soils, and
their fixation rate is 10 times higher than that of other free-nitrogen-fixing microorganisms
in soils. The site of nitrogen fixation in cyanobacteria is a special cell called a heterocyst
(Fig. 3.2). Cyanobacteria sometimes form associations with aquatic plants (e.g., the
Anabaena—Azolla association).

Symbiotic nitrogen-fixing microorganisms include some prokaryotes that may enter in
a symbiotic relationship with higher plants to fix nitrogen. An example of significant
agronomic importance is the legume—Rhizobium association. Upon infection of the
root, Rhizobium form a nodule, which is the site of nitrogen fixation. Other examples
are the association between Frankia and roots of woody perennial plants, and the associa-
tion (with no nodule formation) between Azospirillum and the roots of maize and tropical
grasses.

« Nitrogenase: The Enzyme Involved in Nitrogen Fixation

Nitrogen fixation is driven by an enzyme called nitrogenase, which is made of iron
sulfide and molybdo-iron proteins, both of which are sensitive to oxygen. This enzyme
has the ability to reduce the triple bonded molecule N, to NHZ, and requires Mg>* and
energy in the form of ATP (15-20 ATP/N,). The biosynthesis of this enzyme is con-
trolled by the nif genes. Microorganisms have developed means to avoid inactivation of

TABLE 3.1. Nitrogen-Fixing Microorganisms”

Category Microorganisms

(A) Free-living nitrogen-fixing microorganisms

e Aerobes Azotobacter
Beijerinckia

e Microaerophilic Azospirillum
Corynebacterium

e Facultative anaerobes Klebsiella
Erwinia

e Anaerobes Clostridium
Desulfovibrio

(B) Symbiotic associations

e Microbe—higher plants Legume + Rhizobium

e Cyanobacteria—aquatic weeds Anabaena—Azolla

e Others Termites + enterobacteria

“From Grant and Long (1981).
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Figure 3.2 Heterocysts, sites of nitrogen fixation in cyanobacteria (e.g., Anabaena flos-aquae).

the oxygen-sensitive nitrogenase enzyme. For example, Azotobacter produces a copious
amount of polysaccharides, which help reduce O, diffusion, protecting the enzyme
from inactivation. Azotobacter vinelandii is protected by an alginate capsule, which
forms an effective barrier to O, transfer into the cell (Sabra et al., 2000).

* Nitrogen Fixation Methodology

Nitrogen fixation is determined using the acetylene reduction technique. This technique
consists of measuring the reduction of C,H, (acetylene) to C,H, (ethylene). Ethylene pro-
duction can be monitored using gas chromatography or laser photoacoustic detection (con-
version of light into acoustical signals) (Zuckermann et al., 1997).

The amount of nitrogen fixed is given by Eqs. (3.1) and (3.2).

Moles C2H2 —> C2H4

Moles of N fixed = 3 (3.1
Moles CoH, — CoH
g N, fixed = > 2 32 — 208 (3.2)

3.1.2.2 Nitrogen Assimilation. Heterotrophic and autotrophic microorganisms
uptake and assimilate NHf and NOj3 after reduction to NH, (for more details see
Section 3.1.2.4). Assimilation is responsible for some nitrogen removal in wastewater
treatment plants. Plant and algal cells take up nitrogen preferably in the form of NHZ.
In soils, NH -based fertilizers are preferred to NO3 -based ones (N-SERVE is used to
inhibit nitrification in soils).

Cells convert NO3 or NHJ to proteins and grow until nitrogen becomes limiting. For
each 100 units of carbon assimilated, cells need approximately 10 units of nitrogen (C/N
ratio = 10).

3.1.2.3 Nitrogen Mineralization (Ammonification). Ammonification is the
transformation of organic nitrogenous compounds to inorganic forms. This process is
driven by a wide variety of microorganisms (bacteria, actinomycetes, fungi). In soils,
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some organic nitrogenous compounds become resistant to biodegradation because they
form complexes with either phenols and polyphenols, or both.
Proteins are mineralized to NHJ according to the following sequence:
proteins —> amino acids — deamination to NHy

An example is the transformation of urea to ammonium:

—NH, Urease enzyme

0=C . +H0 ———— 2NH; +CO; (3.3)

Proteins are converted to peptides and amino acids by extracellular proteolytic
enzymes. Ammonium is produced after deamination (e.g., oxidative or reductive deami-
nations) of the amino acids according to reactions 3.4 and 3.5:

Oxidative deamination:

3.4
R— ClH —COOH + % 0, — R— ﬁ —COOH + NH4 34
NH, O
amino acid keto acid
Reductive deamination (3.5)

R— C|H —COOH +2H — R—CH, —COOH + NH4

acid

NH,

NH predominates in acidic and neutral aquatic environments. As pH increases, NH;
predominates and is released to the atmosphere:

NH; — NH;+H* (3.6)

3.1.2.4 Nitrification

« Microbiology of Nitrification

Nitrification is the conversion of ammonium to nitrate by microbial action. This process
is carried out by two categories of microorganisms, in two stages: conversion of ammonia
to nitrite, and conversion of nitrite to nitrate.

Conversion of ammonia to nitrite. The conversion of ammonia to nitrite is carried out
by the ammonia oxidizing bacteria (AOB), which belong to the 8- and y-subdivisions of
the proteobacteria. Nitrosomonas (e.g., N. europaea, N. oligocarbogenes) is an autotrophic
bacterium that oxidizes ammonia to nitrite via hydroxylamine (NH,OH). Other AOBs
are Nitrosospira, Nitrosococcus, Nitrosolobus, and Nitrosovibrio (Focht and Verstraete,
1977). In most wastewater environments, the dominant AOB belong to the genus
Nitrosomonas.

NH; +0, +2Ht ———— 5 NH,OH + H,0 (3.7)
Ammonia Hydroxylamine
monoxygenase

Ammonia monooxygenase is encoded by the AmoA gene.

NH,OH + H,0 — NO, +5 HT (3.8)
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The overall reaction is (Ward, 2002)

NH; +20, NO; +H* +H,0 (3.9)

Hydroxylamine
oxidoreductase

Detection of nitrifying bacteria in environmental samples includes most probable
number (MPN) methods using selective growth media, as well as immunofluorescent
and molecular-based techniques. The latter showed a higher diversity of ammonium
oxidizing bacteria than cultivation-based methods, and showed that these bacteria
belong to the a-, B-, and y-subdivisions of proteobacteria (Head et al., 1993; 1998;
Wolfe and Lieu, 2002). A 16S rRNA-targeted oligonucleotide probe was used to detect
AOB in activated sludge. Microscopic examination showed that these bacteria occur as
densely packed aggregates in activated sludge (Wagner et al., 1995). Thus, probing the
amoA gene gives good information about the nitrifying capacity of a microbial commu-
nity. AmoB can also serve as a molecular marker for AOB (Calvo and Garcia-Gil, 2004).

Conversion of nitrite to nitrate. The conversion of nitrite to nitrate is carried out by the
nitrite oxidizing bacteria (NOB), which belong to the a-subdivision of the proteobacteria
and are obligate autotrophs except for Nitrobacter, which can grow heterotrophically in
the presence of acetate, formate, or pyruvate. For example, Nitrobacter (e.g., N. agilis,
N. winogradski) converts nitrite to nitrate:

Nitrite oxidoreductase

NO; 4410, ——— NOj (3.10)

Other chemolithotrophic nitrite oxidizers are Nitrospina, Nitrospira, and Nitrococcus
(Wolfe and Lieu, 2002). Although Nitrobacter has been the most studied in wastewater
treatment plants and other environments, Nitrospira is often detected in nitrifying biofilms
and activated sludge samples, using fluorescence in situ hybridization (FISH) and confocal
laser scanning microscopy (Coskuner and Curtis, 2002; Daims et al., 2001) and is some-
times the dominant NOB genus found in wastewater environments.

The oxidation of NH; to NO, and then to NOj is an energy-yielding process. Micro-
organisms use the generated energy to assimilate CO,. Carbon requirements for nitrifiers
are satisfied by carbon dioxide, bicarbonate, or carbonate. Nitrification is favored by the
presence of oxygen and sufficient alkalinity to neutralize the hydrogen ions produced
during the oxidation process. Theoretically, the oxygen requirement is 4.6 mg O,/mg
ammonia oxidized to nitrate (U.S. EPA, 1975). Although they are obligate aerobes, nitri-
fiers have less affinity for oxygen than aerobic heterotrophic bacteria. The optimum pH for
growth of Nitrobacter is 7.2—7.8. Acid production resulting from nitrification can cause
problems in poorly buffered wastewaters.

Heterotrophic nitrification.  Although autotrophic nitrifiers are predominant in nature,
nitrification may be carried out by heterotrophic bacteria (e.g., Arthrobacter) and fungi
(e.g., Aspergillus) (Falih and Wainwright, 1995; Verstraete and Alexander, 1972).
These microorganisms utilize organic carbon sources and oxidize ammonium to nitrate.
However, heterotrophic nitrification requires energy and is much slower than autotrophic
nitrification and probably does not have any significant contribution. In a forest soil,
heterotrophic nitrification was found to be less than 10 percent of total nitrification
(Barraclough and Puri, 1995).
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« Nitrification Kinetics

The growth rate of Nitrobacter is higher than that of Nitrosomonas. Thus, the rate-
limiting step in nitrification is the conversion of ammonia to nitrite by Nitrosomonas.
The following equation describes the growth according to Monod’s model (Barnes and
Bliss, 1983):

[NH;]

_— 3.11
XKy + [NH{] G-AD

m=p

where p = specific growth rate (daysfl), Mmax = maximum specific growth rate (daysfl),
[NHZ] = ammonium concentration (mg/L), and K, = half saturation constant
(ammonium substrate) (mg/L).

The ammonium oxidation rate g is related to the specific growth rate u by the following
equation (U.S. EPA, 1975):

q= (3.12)

L
Y
where Y = yield coefficient (see Chapter 2).

In wastewater treatment plants, oxygen is a limiting factor controlling the growth of nitri-
fiers. Therefore, Eq. (3.11) is modified to take into account the effect of oxygen
concentration:

B [NH; ] [DO]
H = Hmax g "V INHET Ko + [DO]

(3.13)

where [DO] = dissolved oxygen concentration (mg/L), and K, = half saturation constant
(oxygen) (mg/L). K, has been estimated to be 0.15-2 mg/L, depending on temperature
(U.S. EPA, 1975). Others have reported a range of K, = 0.25—1.3 mg/L (Hawkes, 1983;
Stenstrom and Song, 1991; Verstraete and van Vaerenbergh, 1986).

More complex equations expressing the growth kinetics of nitrifiers take into account
the substrate [NHJ ] concentration as well as environmental factors such as temperature,
pH, and dissolved oxygen (Eq. (3.13); Barnes and Bliss, 1983):

_ [NHy] y [DO] - £0095(T=15)
n = Mmax 0.4¢0-118(T=15) (NHy) 1+ [DO]

m x (1.83)(pH,p — pH)  (3.14)

where u, = u of nitrifiers, T = temperature (°C), pH,, = optimum pH = 7.2, and
Umax = 0.3 day .
The minimum residence time is a function of w,:

Minimum residence time = 1/u, (3.15)

The pupmax of nitrifiers (0.006—0.035 h™ l) is much lower than the . of mixed cultures
of heterotrophs using glucose as a substrate (0.18—0.38 h™') (Grady and Lim, 1980;
Christensen and Harremoes, 1978; U.S. EPA, 1977). The cell yield of nitrifiers is also
lower than that of heterotrophic microorganisms (Rittmann, 1987). The maximum cell
yield for Nitrosomonas is 0.29; the cell yield of Nitrobacter is much lower and is
around 0.08. However, experimental yield values are much lower and vary from 0.04 to



82 ROLE OF MICROORGANISMS IN BIOGEOCHEMICAL CYCLES

0.13 for Nitrosomonas and from 0.02 to 0.07 for Nitrobacter (Edeline, 1988; Painter,
1970). Thus, in nitrifying environments, Nitrosomonas is present in higher numbers
than Nitrobacter. These relatively low yields have many implications for nitrification in
wastewater treatment plants. The half-saturation constant (K;) for the energy substrate
is 0.05-5.6 mg/L for Nitrosomonas and 0.06—8.4 mg/L for Nitrobacter (Verstraete
and van Vaerenbergh, 1986).

Nitrification is favored in biologically treated effluents with low BOD and high
ammonia content. A suspended-growth aeration process is the most favorable to nitrifica-
tion of effluents. Nitrification occurs in the aeration tank (4—6 h detention time), and
sludge containing high numbers of nitrifiers is recycled to maintain high nitrifier activity.

« Factors Controlling Nitrification

Several factors control nitrification in wastewater treatment plants. These factors are
ammonia/nitrite concentration, oxygen concentration, pH, temperature, BODs/TKN
ratio, and the presence of toxic chemicals (Grady and Lim, 1980; Hawkes, 1983; Metcalf
and Eddy, 1991).

Ammonia/nitrite concentration. Growth of Nitrosomonas and Nitrobacter follows
Monod’s kinetics and depends on ammonia and nitrite concentration, respectively (see
previous subsection).

Oxygen level. Dissolved oxygen (DO) concentration remains one of the most import-
ant factors controlling nitrification. The half-saturation constant for oxygen (Kj) is
1.3 mg/L (Metcalf and Eddy, 1991). For nitrification to proceed, the oxygen should be
well distributed in the aeration tank of an activated sludge system and its level should
not be less than 2 mg/L.

NH; + 20, — NOj + H' + H,0 (3.16)

To oxidize 1 mg of ammonia, 4.6 mg of O, are needed (Christensen and Harremoes,
1978). Pure culture studies have demonstrated the possible growth of Nitrobacter in the
absence of dissolved oxygen, with NO; used as electron acceptor and organic substances
as the source of carbon (Bock et al., 1988; Ida and Alexander, 1965; Smith and Hoare,
1968). Furthermore, nitrifiers may behave as microaerophiles in aquatic environments
such as the sediment—water interface. The nitrate produced helps support denitrification
in subsurface sediments (Ward, 2002).

Temperature. The growth rate of nitrifiers is affected by temperature in the range
8-30°C. The optimum temperature has been reported to be in the range 25-30°C

pH. The optimum pH for Nitrosomonas and Nitrobacter lies between 7.5 and 8.5
(U.S. EPA, 1975). Nitrification ceases at or below pH 6.0 (Painter, 1970; Painter and
Loveless, 1983). Alkalinity is destroyed as a result of ammonia oxidation by nitrifiers.
Theoretically, nitrification destroys alkalinity, as CaCOs, in amounts of 7.14 mg/1 mg
of NHY —N oxidized (U.S. EPA, 1975). Therefore, there should be sufficient alkalinity
in wastewater to balance the acidity produced by nitrification. The pH drop that results
from nitrification can be minimized by aerating the wastewater to remove CO,. Lime is
sometimes added to increase wastewater alkalinity.

BODs/TKN ratio. The fraction of nitrifying organisms decreases as the BODs/TKN
ratio increases. In combined carbon oxidation—nitrification processes this ratio is greater
than 5, whereas in separate stage nitrification processes, the ratio is lower than 3 (Metcalf
and Eddy, 1991).

Toxic inhibition. Nitrifiers are subject to product and substrate inhibition and are also
quite sensitive to several toxic compounds found in wastewater (Bitton, 1983; Bitton et al.,
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1989). It appears that many of those compounds are more toxic to Nitrosomonas than to
Nitrobacter. Organic matter in wastewater is not directly toxic to nitrifiers. Apparent inhi-
bition by organic matter may be indirect and may be due to O, depletion by heterotrophs
(Barnes and Bliss, 1983). The most toxic compounds to nitrifiers are cyanide, thiourea,
phenol, anilines, and heavy metals (silver, mercury, nickel, chromium, copper, and
zinc). The toxic effect of copper to Nitrosomonas europea increases as the substrate
(ammonia) concentration is raised from 3 to 23 mg/L as N (Sato et al., 1988).

Table 3.2 summarizes the conditions necessary for optimal growth of nitrifiers (U.S.
EPA, 1977).

3.1.2.5 Denitrification. Nitrification exerts an oxygen demand in a receiving body
of water. Therefore, nitrate must be removed before discharge to receiving waters, particu-
larly if the receiving stream serves as a source of drinking water.

« Microbiology of Denitrification

The two most important mechanisms of biological reduction of nitrate are assimilatory
and dissimilatory nitrate reduction (Tiedje, 1988).

Assimilatory nitrate reduction. By this mechanism, nitrate is taken up and converted
to nitrite and then to ammonium by plants and microorganisms. It involves several
enzymes that convert NO3 to NH;, which is then incorporated into proteins and
nucleic acids. Nitrate reduction is driven by a wide range of assimilatory nitrate
reductases, the activity of which is not affected by oxygen. Certain microorganisms
(e.g., P. aeruginosa) possess both an assimilatory nitrate reductase as well as a dissimilatory
nitrate reductase that is oxygen-sensitive. The two enzymes are encoded by different genes
(Sias et al., 1980).

Dissimilatory nitrate reduction (denitrification). This is an anaerobic respiration
where NO;5 serves as the terminal electron acceptor. NO3 is reduced to nitrous oxide
N,O and nitrogen gas N,. N, liberation is the predominant output of denitrification.
However, N, has a low water solubility and thus tends to escape as rising bubbles. The
bubbles may interfere with sludge settling in a sedimentation tank (Dean and Lund,
1981). The microorganisms involved in denitrification are aerobic autotrophic or hetero-

TABLE 3.2. Optimal Conditions for Nitrification”

Characteristic Design Value
Permissible pH range (95% nitrification) 7.2-84
Permissible temperatures (95% nitrification) (°C) 15-35
Optimum temperature, °C (approximately) 30°
DO level at peak flow, mg/L >1.0
MLVSS, mg/L 1200-2500
Heavy metals inhibiting nitrification (Cu, Zn, Cd, Ni, Pb, Cr) <5mg/L
Toxic organics inhibiting nitrification
Halogen-substituted phenolic compounds 0 mg/L
Halogenated solvents 0 mg/L
Phenol and cresol <20 mg/L
Cyanides and all compounds from which hydrocyanic <20 mg/L
acid is liberated on acidification
Oxygen requirement (stoichiometric, Ib O,/1b NH;-N, plus 4.6

carbonaceous oxidation demand)

“Adapted from the U.S. EPA (1977).
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trophic microorganisms that can switch to anaerobic growth when nitrate is used as the
electron acceptor.
Denitrification is carried out according to the following sequence:
Nitrate Nitrite Nitric oxide Nitrous oxide

NO3; —— NO, ——— NO — NbO —— N»

reductase reductase reductase reductase

Denitrifiers belong to several physiological (organotrophs, lithotrophs, and photo-
trophs) and taxonomic groups (Tiedje, 1988) and can use various energy sources
(organic or inorganic chemicals or light). Microorganisms capable of denitrification
belong to the following genera: Pseudomonas, Bacillus, Spirillum, Hyphomicrobium,
Agrobacterium, Acinetobacter, Propionobacterium, Rhizobium, Corynebacterium,
Cytophaga, Thiobacillus, and Alcaligenes. Using 16S rRNA-targeted probes, Paracoccus
sp., another denitrifier, has been isolated in a denitrifying sand filter (Neef et al., 1996).
The most widespread genera are probably Pseudomonas (P. fluorescens, P. aeruginosa,
P. denitrificans) and Alcaligenes, which are frequently found in soils, water, and
wastewater (Painter, 1970; Tiedje, 1988). Nitrous oxide (N,O) may be produced during
denitrification in wastewater, leading to incomplete removal of nitrate. This gas is a
major air pollutant, the production of which must be prevented or at least reduced.
Under certain conditions, up to 8 percent of nitrate is converted to N,O; favorable
conditions for its production are low COD/NOs3, short solid retention time, and low pH
(Hanaki et al., 1992).

Nitrate respiration has also been observed under aerobic conditions and is driven by a
nitrate reductase located in the bacterial periplasmic space. Several bacterial species
capable of aerobic nitrate respiration were isolated from soils and sediments (Carter
et al., 1995) and from an upflow anaerobic filter (Patureau et al., 1994).

In the absence of oxygen and available organic matter, autotrophic ammonia oxidizers
can carry out denitrification by using NH, as the electron donor and NO, as the electron
acceptor:

NH; +NO; — N, +2H,0 (3.17)

The Anammox process, described in Chapter 8, is based on the above reaction.

+ Conditions for Denitrification

The main factors controlling denitrification in wastewater treatment plants and other
environments are the following (Barnes and Bliss, 1983; Hawkes, 1983).

Nitrate concentration. Since nitrate serves as an electron acceptor for denitrifying
bacteria, the growth rate of denitrifiers depends on nitrate concentration and follows
Monod-type kinetics (see next subsection).

Anoxic conditions. Oxygen competes effectively with nitrate as a final electron acceptor
in respiration. Glucose oxidation in the presence of oxygen releases more free energy
(686 kcal /molecule glucose) than in the presence of nitrate (570 kcal /molecule glucose)
(Delwiche, 1970). That is why denitrification must be conducted in the absence of
oxygen. Denitrification may occur inside activated sludge flocs and biofilms despite
relatively high levels of oxygen in the bulk liquid. Thus, the presence of oxygen in
wastewater may not preclude denitrification at the microenvironment level (Christensen
and Harremoes, 1978).

Presence of organic matter. Denitrifying bacteria must have an electron donor to
carry out the denitrification process. Several sources of electrons have been suggested
and studied. The sources include pure compounds (e.g., acetic acid, citric acid, methanol,
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ethanol), raw domestic wastewater, wastes from food industries (brewery wastes, mol-
asses), biosolids, or ammonium as carried out in the Anammox process (see Section
8.4.1.2 in Chapter 8). The preferred source of electrons, although more expensive, is
methanol, which is used as a carbon source to drive denitrification (Christensen and
Harremoes, 1978). Biogas, containing approximately 60 percent methane, can also serve
as a sole carbon source in denitrification (Werner and Kaiser, 1991). It has long been known
that methane can be used as a carbon source in denitrification (Harremoes and Christensen,
1971), as methanotrophic bacteria oxidize methane to methanol, which is used as a carbon
source in denitrification (Mechsner and Hamer, 1985; Werner and Kaiser, 1991).

6NO3; +5CH;0H — 3N, +5C0, + 7H,0 4 6 (OH)™ (3.18)

Thus, 5/6 mole of methanol is necessary for denitrifying one mole of NO;. However,
some of the methanol is used for cell respiration and cell synthesis. The maximum removal
of nitrate is achieved when the ratio CH3;OH/NOj; is approximately 2.5 (Fig. 3.3;
Christensen and Harremoes, 1977). In an anaerobic upflow filter, near complete nitrate
removal (99.8 percent) was achieved at a ratio >2.65 (Hanaki and Polprasert, 1989).
It has been suggested that a value of 3.0 should ensure complete denitrification (U.S.
EPA, 1975). Using ethanol as the carbon source, the maximum specific denitrification
rate in drinking water was obtained at a C/N ratio around 2.2 (Nuhoglu et al., 2002).

pH. In wastewater, denitrification is most effective at pH values between 7.0 and 8.5
and the optimum is around 7.0 (Christensen and Harremoes, 1977; Metcalf and Eddy,
1991). Alkalinity and pH increase following denitrification. Theoretically, denitrification
produces 3.6 mg alkalinity as CaCO5; per mg nitrate reduced to N,. However, in practice,
this value is lower and a value of 3.0 has been suggested for design purpose (U.S. EPA,
1975). Thus, denitrification replaces about half of the alkalinity consumed during
nitrification.

Temperature. Denitrification may occur at 35-50°C. It also occurs at low tempera-
tures (5—10°C) but at a slower rate.

% removal NO 3 of (NO3 + NOo)-N

| | ! . ] ]
1 2 3 4 5 [
gCH 3OH added /g NO3-N removed

Figure 3.3 Percent removal of nitrate as a function of methanol/nitrate ratio. Adapted from
Christensen and Harremoes (1977).
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Effect of trace metals. Denitrification is readily stimulated in the presence of molyb-
denum and selenium, which are active in the formation of formate dehydrogenase, one of
the enzymes implicated in the metabolism of methanol. Molybdenum is essential to the
synthesis of nitrate reductase (Chakrabarti and Jones, 1983).

Toxic chemicals. Denitrifying organisms are less sensitive to toxic chemicals than are
nitrifiers.

* Denitrification Kinetics
The environmental factors discussed above have an effect on the growth kinetics of
denitrifiers, as shown in Eq. (3.19) (U.S. EPA, 1975):

D M

e (3.19)
Ko +D Kn+M

Mp = Mmax

where pu = growth rate of denitrifiers, p,,x = maximum growth rate of denitrifiers (as

affected by nitrate and methanol concentrations, temperatuture and pH), D = nitrate

concentration (mg/L), K4 = half-saturation constant for nitrate (mg/L), M = methanol

concentration (mg/L), and K, = half-saturation constant for methanol (mg/L).
Denitrification rate is related to growth rate through Eq. (3.20):

g4 = pp/Yy (3.20)

where ¢4 = nitate removal rate (mg NO3-N/mg VSS/day), Y4-growth yield (mg VSS/mg
NO; removed).
In a completely mixed reactor, the solids retention time is given by Eq. (3.21):

1/q = Yaqa — Kq (3.21)
where g = solids retention time (days), and K4 = decay coefficient (dayfl).

+ Denitrification Methodology

Denitrification can be measured by determining NO5 disappearance, N, or N,O for-
mation, or by using '>N. A popular method is the acetylene inhibition method, by
which all nitrogen released is thus in the form of N,O because of the specific inhibition
of N,O reductase by acetylene (Smith et al., 1978). Chemical analysis is greatly simplified
since N,O is a minor atmospheric constituent and can be assayed by gas chromatography.

3.1.3 Nitrogen Removal in Wastewater Treatment Plants

In domestic wastewater, nitrogen is found mostly in the form of organic nitrogen and
ammonia. The average total nitrogen concentration in domestic sewage is approximately
35 mg/L. In this section we will mention only briefly the extent of, and means for, nitro-
gen removal in wastewater treatment plants. Specific processes for nitrogen removal will
be covered in greater detail in Chapters 8, 10, and 11.

3.1.3.1 Extent of Nitrogen Removal. Primary treatment of domestic wastewater
removes approximately 15 percent of total nitrogen, mainly solids-associated organic
nitrogen. Conventional biological treatment removes approximately another 10 percent
of nitrogen that is associated with cell biomass, which settles in the sedimentation tank.
In biologically treated effluents, approximately 90 percent of the nitrogen is in the form
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of ammonia. Nitrogen removal may be increased by the recycling of supernatants from
sludge digesters to the wastewater treatment plant (Hammer, 1986). We will now
discuss briefly additional means for nitrogen removal.

3.1.3.2 Means for Removal of Nitrogen. In sewage treatment plants, there are
several means of removing nitrogen from incoming wastewater:

« Microbiological means: Nitrification—denitrification. Denitrification provides a
means of removing nitrogen from a well-nitrified wastewater effluent. The overall
efficiency of nitrification—denitrification can be as high as 95 percent (U.S. EPA,
1975).

« Chemical and physical means. Liming results in a high pH (pH = 10 or 11), which
converts NHZ into NH3, which can be removed from solution by air stripping in
packed cooling towers:

+ _ Air stripping
NHf + OH~ — NH,0H ———— NHj; + H,0 (3.22)

A first full-scale stripping tower was installed in the late 1970s in south Lake Tahoe in
the United States. Some of the problems encountered were freezing in cold weather (ice
formation on the packing material), scale formation (calcium carbonate scale), and air
pollution with ammonia gas (Dean and Lund, 1981). Ammonia can, however, be
recovered as an ammonium salt fertilizer.

Breakpoint chlorination or superchlorination oxidizes ammonium to nitrogen gas
according to the reaction shown below (see Chapter 6 for more details):

3Cl, + 2NH — N, + 6HCI +2H* (3.23)

Breakpoint chlorination can remove from 90 to 100 percent ammonium (Metcalf and
Eddy, 1991; U.S. EPA, 1975). Nitrogen can also be removed via selective ion exchange,
filtration, dialysis, or reverse osmosis.

3.1.4 Adverse Effects of Nitrogen Discharges from Wastewater
Treatment Plants

Wastewater treatment plants may discharge effluents with high ammonium or nitrate con-
centrations into receiving aquatic environments. This may lead to several environmental
problems, which are summarized as follows (Bitton, 1980a; Hammer, 1986; U.S EPA,
1975).

3.1.4.1 Toxicity. Un-ionized ammonia is toxic to fish. At neutral pH, 99 percent of
the ammonia occurs as NHJ, whereas NH; concentration increases at pH > 9.
NH; + OH~ = NH; + H,0 (3.24)

Therefore, ammonia toxicity is particularly important after discharge of alkaline waste-
waters or rapid algal photosynthesis, which leads to high pH.
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3.1.4.2 Oxygen Depletion in Receiving Waters. Ammonia may result in oxygen
demand in receiving waters (recall that 1 mg ammonia exerts an oxygen demand of 4.6 mg
0,). The oxygen demand exerted by nitrifiers is called nitrogenous oxygen demand
(NOD). Oxygen depletion adversely affects aquatic life.

3.1.4.3 Eutrophication of Surface Waters. Discharge of nitrogen into receiving
waters may stimulate algal and aquatic plant growth. These, in turn, exert a high oxygen
demand at night time, which adversely affects fish and other aquatic life, and has a nega-
tive impact on the beneficial use of water resources for drinking or recreation. Nitrogen
and phosphorus often are limiting nutrients in aquatic environments. Algal assay pro-
cedures help determine which of these two nutrients is the limiting one.

3.1.4.4 Effect of Ammonia on Chlorination Efficiency. Chlorine combines with
ammonium to form chloramines, which have a lower germicidal effect than free chlorine
(see Chapter 6 for more details).

3.1.4.5 Corrosion. Ammonia, at concentrations exceeding 1 mg/L may cause
corrosion of copper pipes (Dean and Lund, 1981).

3.1.4.6 Public Health Aspects of Nitrogen Discharges. Nitrate may be the
cause of methemoglobinemia in infants and certain susceptible segments of the adult
population (e.g., Navajo Indians, Inuits, and people with genetic deficiency of glucose-
6-phosphate dehydrogenase or methemoglobin reductase have a higher incidence of
methemoglobinemia), and it can lead to the formation of carcinogenic compounds
(Bouchard et al., 1992; Craun, 1984a).

Methemoglobinemia (“blue babies” syndrome) is due to the conversion of nitrate to
nitrite by nitrate-reducing bacteria in the gastrointestinal tract. Hemoglobin is converted
to a lzrown pigment, methemoglobin, after oxidation, by nitrite, of Fe?* in hemoglobin
to Fe ™.

Hemoglobin (Fe™)+0, ———> Oxyhemoglobin (3.25)
(red pigment)

Hemoglobin (Fe’™) + NO; ————— Methemoglobin (Fe*")  (3.26)

(brown pigment)

Since methemoglobin is incapable of binding molecular oxygen, the ultimate result is
suffocation. Babies are more susceptible to methemoglobinemia because the higher pH in
their stomach allows a higher reduction of nitrate to nitrite by nitrate-reducing bacteria.
Vitamin C offers a protective effect and helps maintain lower levels of methemoglobin.
An enzyme, methemoglobin reductase, keeps methemoglobin at 1-2 percent of the
total hemoglobin in healthy adults.

Nitrite can also combine with secondary amines in the diet to form nitrosamines, which
are known to be mutagenic and carcinogenic:

_ . R< R
NO; +  ~NH —  ZN—N=0 (3.27)
Nitrite Secondary Nitrosamine

amine

where R and R’ are alkyl and aryl groups.
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There is also a Centers for Disease Control (CDC) report of an association between
high nitrate concentrations in water and miscarriages in women drinking water that
exceeded (19-26 mg/L) the government standard of 10 mg NO3-N/L (CDC, 1996).

The U.S. EPA interim drinking water standard for nitrate is 10 mg/L as NO;-N. The
World Health Organization (WHO) has also adopted a similar guideline. Public water
supplies serving 1 percent of the U.S. population exceed the EPA limit (e.g., some
Texas wells contain 110—690 mg/L NO3-N) (Craun, 1984b). The European Community’s
standards for nitrogen compounds in potable water are even lower (EC 80/179, 1980):
25 mg/L for nitrate (NO3), 0.1 mg/L of nitrite (NO; ), and 0.05 mg/L of ammonia
(NH).

3.2 PHOSPHORUS CYCLE

3.2.1 Introduction

Phosphorus is a macronutrient necessary to all living cells. It is an important component of
adenosine triphosphate (ATP), nucleic acids (DNA and RNA), and phospholipids in cell
membranes. It may be stored in intracellular volutin granules as polyphosphates in both
prokaryotes and eukaryotes. It is a limiting nutrient for algal growth in lakes. The
average concentration of total phosphorus (inorganic and organic forms) in wastewater
is in the range 10-20 mg/L.

Approximately 15 percent of the U.S. population contributes wastewater effluents to
lakes, resulting in eutrophication of these water bodies. Eutrophication leads to significant
changes in water quality and lowers the value of surface waters for fishing as well as for
industrial and recreational uses. This can be controlled by reducing P inputs to receiving
waters (Hammer, 1986).

3.2.2 Microbiology of the Phosphorus Cycle

The major transformations of phosphorus in aquatic environments are described below
(Ehrlich, 1981).

3.2.2.1 Mineralization. Organic phosphorus compounds (e.g., phytin, inositol phos-
phates, nucleic acids, phospholipids) are mineralized to orthophosphate by a wide range
of microorganisms that include bacteria (e.g., B. subtilis, Arthrobacter), actinomycetes
(e.g., Streptomyces), and fungi (e.g., Aspergillus, Penicillium). Phosphatases are the
enzymes responsible for degradation of phosphorus compounds.

3.2.2.2 Assimilation. Microorganisms assimilate phosphorus, which enters in
the composition of several macromolecules in the cell. Some microorganisms have the
ability to store phosphorus as polyphosphates in special granules. This topic will be
covered in more detail in Section 3.2.4.

3.2.2.3 Precipitation of Phosphorus Compounds. The solubility of orthopho-
sphate is controlled by the pH of the aquatic environment and by the presence of Ca*",
Mg>", Fe’", and AI>". When precipitation occurs, there is formation of insoluble com-
pounds such as hydroxyapatite (Ca;o(PO4)s(OH),, vivianite Fe3(PO,), - 8H,O or variscite
AIPO, - 2H,0 (Ehrlich, 1981).
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3.2.2.4 Microbial Solubilization of Insoluble Forms of Phosphorus. Through
their metabolic activity, microorganisms help in the solubilization of P compounds. The
mechanisms of solubilization are metabolic processes involving enzymes, production of
organic and inorganic acids by microorganisms (e.g., succinic acid, oxalic acid, nitric
acid, and sulfuric acid), production of CO,, which lowers pH, production of H,S,
which may react with iron phosphate and liberate orthophosphate, and the production
of chelators, which can complex Ca, Fe, or Al.

3.2.3 Phosphorus Removal in Wastewater Treatment Plants

The average concentration of total phosphorus (inorganic and organic forms) in wastewater
is within the range 10—20 mg/L, much of which comes from phosphate builders in deter-
gents. Common forms of phosphorus in wastewater are orthophosphate (PO4) (50-70
percent of phosphorus), polyphosphates, and phosphorus tied to organic compounds.
Orthophosphate comprises approximately 90 percent of phosphorus in biologically
treated effluents (Meganck and Faup, 1988). Since phosphorus is a limiting nutrient and
is mainly responsible for eutrophication of surface waters, it must be removed by waste-
water treatment processes before discharge of the effluents into surface waters. Most
often, phosphorus is removed from wastewater by chemical means but can also be
removed by biological processes (see Section 3.2.4). Several biological and chemical
mechanisms are responsible for phosphorus removal in wastewater treatment plants
(Arvin, 1985; Arvin and Kristensen, 1983):

1. Chemical precipitation, which is controlled by pH and cations such as Ca, Fe and Al;
2. Phosphorus assimilation by wastewater microorganisms;

3. Enhanced biological phosphorus removal (EBPR);

4. Microorganism-mediated enhanced chemical precipitation.

Primary treatment of wastewaters removes only 5—15 percent of phosphorus associated
with particulate organic matter, and conventional biological treatment does not remove a
substantial amount of phosphorus (approximately 10—25 percent; Metcalf and Eddy,
1991). Most of the retained phosphorus is transferred to biosolids (Hammer, 1986).
Additional phosphorus removal can be achieved by adding iron and aluminum salts or
lime to wastewater. Commercially available aluminum and iron salts are alum, ferric
chloride, ferric sulfate, ferrous sulfate, and waste pickle liquor from the steel industry.
These are generally added in excess to compete with natural alkalinity. Lime is less fre-
quently used for phosphorus removal because of increased production of sludge as well
as operation and maintenance problems associated with its use (U.S. EPA, 1987b).

Aluminum reacts with phosphorus to form aluminum phosphate:

APt +PO}” — AIPO, (3.28)
Ferric chloride reacts with phosphorus to form ferric phosphate:
FeCl; +PO;~ — FePO, +3 CI™ (3.29)

Other treatments for phosphorus removal include adsorption to activated alumina, ion
exchange, electrochemical methods, and deep-bed filtration (Meganck and Faup, 1988).
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3.2.4 Biological Phosphorus Removal

In addition to chemical precipitation, phosphorus may also be removed by biological
means. During the 1960s, Shapiro and collaborators demonstrated the role of micro-
organisms in the uptake and release of phosphorus in the activated sludge system
(Shapiro, 1967; Shapiro et al., 1967). Since then, two approaches have been taken to
explain the enhanced biological phosphorus removal in wastewater treatment plants:
microorganism-mediated chemical precipitation and microorganism-mediated enhanced
uptake of phosphorus.

3.2.4.1 Microorganism-Mediated Chemical Precipitation. According to this
approach, phosphate precipitation and subsequent removal from wastewater is mediated
by microbial activity in the aeration tank of the activated sludge process. At the head
of a plug-flow aeration tank, microbial activity leads to low pH, which solubilizes phos-
phate compounds. At the end of the tank, a biologically mediated pH increase leads to
phosphate precipitation and incorporation into the sludge (Menard and Jenkins, 1970).

Biologically mediated phosphate precipitation also occurs inside denitrifying biofilms.
Since denitrification is an alkalinity-producing process, denitrifier activity leads to pH
increase and subsequent calcium phosphate precipitation inside biofilms (Arvin, 1985;
Arvin and Kristensen, 1983). Precipitation of phosphorus may also be induced by the
increase in phosphate concentration resulting from P release from the polyphosphate
pool under anaerobic conditions.

3.2.4.2 Enhanced Biological Phosphorus Removal (EBPR). Enhanced bio-
logical phosphorus removal or luxury uptake of phosphorus is the result of microbial
action in the activated sludge process (Toerien et al., 1990). Several mechanisms have
been proposed to explain the enhanced uptake of phosphorus by microorganisms in
wastewater.

Several microorganisms, called poly P bacteria or polyphosphate accumulating organ-
isms (PAOs), have the ability to accumulate phosphorus in excess of the normal cell
requirement, which is around 1-3 percent of the cell dry weight. Phosphorus is accumu-
lated intracellularly inside polyphosphate granules (i.e., volutin granules or metachromatic
granules), which can be easily observed under brightfield, phase-contrast, or fluorescence
microscopy. Stains like methylene blue and toluidine blue are often used to show these
granules. Staining with DAPI imparts a yellow fluorescence to these granules. Methods
for quantification and visualization of PAO storage polymers include light and epifluores-
cence microscopy, chemical extraction and quantification of the polymers, and in vivo
nuclear magnetic resonance (NMR) for online monitoring of intracellular reserves.
(Serafim et al., 2002). Nuclear magnetic resonance has also been used to detect and
locate polyphosphate granules in wastewater microorganisms (Florentz and Granger,
1983; Randall et al., 1997a).

An enzyme, polyphosphate kinase (PPK), catalyzes polyphosphate biosynthesis in the
presence of Mg*" ions by transferring the terminal phosphoryl group from ATP to the
polyphosphate chain. Polyphosphate kinase homologs are found in several human patho-
gens (e.g., Mycobacterium tuberculosis, Helicobacter pylori, Vibrio cholerae, Salmonella
typhimurium, Shigella flexneri) and play a role in bacterial physiological functions such
as motility, virulence, or biofilm formation (Kornberg et al., 1999; McMahon et al., 2002).

Polyphosphate degradation is driven by several enzymes (van Groetnestijn et al.,
1988b; Kornberg, 1957; Meganck and Faup, 1988; Ohtake et al., 1985; Szymona and
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Ostrowski, 1964) according to the following reactions:

Polyphosphate AMP
phosphotransferase

(Polyphosphate), + AMP ——— (Polyphosphate),_; + ADP (3.30)

adenylate kinase

2ADP < ATP+ AMP (3.31)

Polyphosphatases are other hydrolytic enzymes that are involved in polyphosphate
degradation. In some bacteria, the hydrolysis of polyphosphates is driven by polypho-
sphate glucokinase and polyphosphate fructokinase, resulting in the phosphorylation of
glucose and fructose, respectively.

Other microorganisms, known as the glycogen accumulating organisms (GAQOs), are
also part of the EBPR microbial assemblages. These bacteria (e.g., Candidatus Competi-
bacter phosphatis) were always found in an examination of six full-scale plants in Australia
(Saunders et al., 2003). Although GAOs carry out carbon transformations similar to those
of PAOs, they do not take up or release phosphorus (Blackall et al., 2002).

For the successful operation of the EBPR process one must create conditions for the
predominance of PAOs over GAOs. One such condition is the operation of the EBPR
process at pH higher than 7 (Filipe et al., 2001a; 2001b) since GAOs predominate at
lower pHs. Low temperature is another factor controlling the predominance of PAOs
over GAOs. The psychrophilic PAOs are generally favored at low temperatures, leading
to an increase in EBPR efficiency (Erdal et al., 2003).

In an anaerobic—aerobic activated sludge unit, inorganic phosphate is released under
anaerobic conditions and taken up by microorganisms under aerobic conditions (Barnard,
1975). Figure 3.4 shows the release and uptake of phosphorus in a laboratory anaerobic-
aerobic activated sludge unit (Hiraishi et al., 1989). Polyphosphate accumulating organisms
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Figure 3.4 P; release and uptake by a laboratory anaerobic—aerobic activated sludge. From
Hiraishi et al. (1989).
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such as Acinetobacter take up phosphorus under aerobic conditions, accumulate it as poly-
phosphate in granules, and release it under anaerobic conditions (Fuhs and Chen, 1975). For
example, Acinetobacter calcoaceticus takes up phosphorus under aerobic conditions at a
rate of 0.4-0.5 mmole P/g dry cells per hour and releases it under anaerobic conditions
at a rate of 0.015 mmole/g dry cells per hour (Ohtake et al., 1985). Another P-accumulating
bacterium found in wastewater is Acinetobacter Johnsonii (Wiedmann-Al-Ahmad et al.,
1994). Magnesium plays a role in EBPR stability and acts as an important counterion
of polyphosphates and is taken up and released simultaneously with phosphate
(van Groenestijn et al., 1988a). Others have shown that, in addition to Mg2+, K+ and
Ca*" are also co-transported with phosphate (Comeau et al., 1987).

There is a controversy over whether Acinetobacter is the predominant microorganism
involved in enhanced phosphorus uptake. In an early study, a correlation was found
between the number of Acinetobacter and the extent of phosphorus removal (Cloete
and Steyn, 1988). However, the use of respiratory quinone profiles to characterize the
bacterial population structure of anaerobic—aerobic activated sludge system showed
that Acinetobacter species were not particularly important in these systems (Hiraishi
et al., 1989; 1998). Cultivation on nutrient-rich media tends to favor the growth of Acine-
tobacter spp. (more than 30 percent of the isolates), which belongs to the gamma subclass
of proteobacteria. The use of rRNA oligonucleotide probes in activated sludge has indeed
confirmed that Acinetobacter constitutes only 3—9 percent of the isolates, and does not
play a major role in enhanced biological phosphate removal processes and that gram-
positive bacteria with a high G+C DNA content (e.g., Nocardia, Arthrobacter, Rhodococ-
cus) are the predominant phosphate-removing bacteria (Eschenhagen et al., 2003; Snaidr
et al., 1997; Wagner et al., 1994). However, it was shown that Acinetobacter, as detected
by the biomarker diaminopropane, was the dominant organism only in wastewater
treatment plants with low organic loading (Auling et al., 1991). Other poly P bacteria
(Pseudomonas, Aeromonas, Moraxella, Klebsiella, Enterobacter, Tetrasphaera spp.)
also contribute to the removal of phosphorus in activated sludge.

Molecular methods (e.g., FISH probes consisting of fluorescently-labeled 16S rRNA or
23S rRNA sequences) have essentially shown that -proteobacteria and actinobacteria are
the predomionant microorganisms in the EBPR community (Seviour et al., 2003). More
specifically, Candidatus Accumulibacter phosphatis and Rhodocyclus-like organisms
were the PAOs found in EBPR systems (Dabert et al., 2001; Eschenhagen et al., 2003;
Hesselmann et al., 1999; McMahon et al., 2002; Saunders et al., 2003). In full-scale
EBPR plants in South Africa, Rhodocyclus-like organisms within the beta subclass of
Proteobacteria represented up to 73 percent of the PAOs in one plant (Zilles et al.,
2002). Similar results were found in a sequencing batch reactor (SBR) sludge (Jeon
et al., 2003).

3.2.4.3 Biochemical Model of Enhanced Phosphorus Uptake. Biochemical
models have been proposed to explain the enhanced removal of phosphorus in activated
sludge (Comeau et al., 1986; Wentzel et al., 1986). We will discuss the model of
Comeau and collaborators, which is illustrated in Figure 3.5 (Comeau et al., 1986):

+ Phosphorus Release under Anaerobic Conditions.

Under anaerobic conditions (Fig. 3.5a), bacteria use energy derived from polyphos-
phate hydrolysis to takeup carbon substrates that are stored as poly-B-hydroxybutyrate
(PHB) reserves, and to regulate the pH gradient across the cytoplasmic membrane. This
phenomenon leads to the release of inorganic phosphorus. Except for propionic acid,
C, to Cs volatile fatty acids (e.g., acetic acid) are taken up by microorganisms and
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Figure 3.5 Biochemical model explaining the enhanced P removal in activated sludge: (a)
anaerobic conditions; (b) aerobic conditions. From Comeau et al. (1986).

stored intracellularly as poly-B-hydroxyalkanoates (PHAs), of which PHB is a well-
known representative. PHB is formed following acetate assimilation while propionate
results in the formation of mainly poly-3-hydroxy-butyrate as the predominant form of
PHA. These compounds are subsequently used as carbon sources during the aerobic
phase. Acetate is converted to acetyl-CoA and the reaction is driven by energy supplied
by the hydrolysis of accumulated intracellular polyphosphates. NADH, which provides
the reducing power for PHB synthesis, is derived from the consumption of intracellular
carbohydrate (Arun et al., 1988). Some investigators have suggested that the anaerobic
zone serves as a fermentation milieu in which microorganisms (Brodisch and Joyner,
1983; Meganck et al., 1984) produce volatile fatty acids (VFA) such as acetate, which
are taken up by PAOs and stored as PHAs (Fig. 3.6) (Meganck and Faup, 1988). Glycogen
is synthesized and stored by PAOs under aerobic conditions and is depleted in the anaero-
bic zone (Blackall et al., 2002). However, PAOs must, under certain conditions (e.g.,
presence of glucose as a substrate), compete for VFA with the “G” bacteria, which do
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Figure 3.6 Acetate formation by fermentation and subsequent storage as PHB by Poly P bacteria.
Adapted from Meganck and Faup (1988).

not accumulate polyphosphates (Cech et al., 1993). These “G” bacteria are sometimes
referred to as GAOs and dominate in systems with poor phosphorus removal. They assim-
ilate glucose under anaerobic conditions and synthesize glycogen under aerobic con-
ditions. They share the same ecological niche with the PAOs, but their role in EBPR
systems needs further investigation (Seviour, 2002).

During the anaerobic phase, the uptake of acetic and isovaleric acids results in the for-
mation of poly-3-hydroxy-butyrate as the predominant form of PHA. It was shown that
poly-3-hydroxy-butyrate results in higher uptake of phosphorus during the aerobic
phase (Randall and Liu, 2002).

To maximize carbon storage under anaerobic conditions, Comeau et al. (1987)
suggested increasing the addition of simple carbon sources (e.g., septic wastewater, fer-
mented primary sludge supernatant, acetate) and minimizing the addition of electron
acceptors such as O, and NOj. Readily biodegradable short chain carbon substrates
(butyric and isobutyric acids, valeric and isovaleric acids, ethanol, acetic acid, methanol)
are responsible for an enhanced removal of phosphorus (Abu-Ghararah and Randall, 1990;
Jones et al., 1987; Randall et al., 1997b).

« Enhanced P Uptake under Aerobic Conditions

Under aerobic conditions (Fig. 3.5b), the energy derived from the metabolism of stored
PHAs is used for the accumulation of polyphosphates inside the cells (sometimes surpas-
sing 15 percent of cell dry weight) while PHA cell concentration decreases. Under these
conditions, inorganic phosphorus is taken up by the cells and stored as polyphosphates.

It was found that, under laboratory conditions, reducing the pH of the mixed liquor to
values between 5.5 and 6.5 can greatly increase phosphorus uptake by microorganisms, as
indicated by an increase in poly P granules (McGrath et al., 2001).

Toxicants such as 2,4-dinitrophenol and H,S have an adverse effect on phosphorus
uptake under aerobic conditions (Comeau et al., 1987). Methods have been developed
for distinguishing between intracellular polyphosphate from extracellular precipitated
orthophosphate. The use of these methods has indicated that polyphosphate is the predo-
minant form of bioaccumulated phosphorus in activated sludge (de Haas, 1989).
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Several proprietary processes based on release of phosphorus under anaerobic con-
ditions and its uptake under aerobic conditions have been developed and marketed for
phosphate removal in wastewater treatment plants. These processes will be discussed in
Chapter 8.

3.3 THE SULFUR CYCLE

3.3.1 Introduction

Sulfur is relatively abundant in the environment, and seawater is the largest reservoir
of sulfate. Other sources include sulfur-containing minerals (e.g., pyrite, FeS,, and
chalcopyrite CuFeS,), fossil fuels, and organic matter. It is an essential element for
microorganisms and enters in the composition of amino acids (cystine, cysteine, and
methionine), cofactors (thiamine, biotin, and coenzyme A), ferredoxins and enzymes
(—SH groups).

The sources of sulfur in wastewaters are organic sulfur found in excreta, and sulfate,
which is the most prevalent anion in natural waters.

3.3.2 Microbiology of the Sulfur Cycle

The steps involved in the sulfur cycle are summarized in Fig. 3.7 (Sawyer and McCarty,
1967) and described in the following.

3.3.2.1 Mineralization of Organic Sulfur. Several types of microorganisms
mineralize organic sulfur compounds, through aerobic and anaerobic pathways (Paul
and Clark, 1989). Under aerobic conditions, sulfatase enzymes are involved in the degra-
dation of sulfate esters to SO3

sulfatase

R—0—S0; +H,0 5 ROH + H* + SO%" (3.32)

Under anaerobic conditions, sulfur-containing amino acids are degraded to inorganic
sulfur compounds or to mercaptans, which are odorous sulfur compounds.

3.3.2.2 Assimilation. Microorganisms assimilate oxidized as well as reduced forms
of sulfur. Anaerobic microorganisms assimilate reduced forms such as H,S, whereas
aerobes use the more oxidized forms. The carbon to sulfur ratio is 100: 1.

3.3.2.3 Oxidation Reactions. Several groups of microorganisms are involved in
sulfur oxidation.

- H,S Oxidation
H,S is oxidized to elemental sulfur under aerobic and anaerobic conditions. Under
aerobic conditions, Thiobacillus thioparus oxidizes $%7 to S

S +10,+2H" — S"+H,0 (3.33)

Under anaerobic conditions, oxidation is carried out by photoautotrophs (e.g., photo-
synthetic bacteria) and a chemoautotroph, Thiobacillus denitrificans. Photosynthetic bac-
teria use H,S as an electron donor and oxidize H,S to S° which is stored within the cells of
chromatiaceae (purple sulfur bacteria) or outside the cells of chlorobiaceae (green sulfur
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Figure 3.7 The sulfur cycle. From Sawyer and McCarty (1967).

bacteria). Filamentous sulfur bacteria (e.g., Beggiatoa, Thiothrix) also carry out H,S
oxidation to S, which is deposited in S granules.

« Oxidation of Elemental Sulfur

This is carried out mainly by the aerobic, gram-negative, nonspore forming acidithio-
bacilli (e.g., Acidithiobacillus thiooxidans, formerly Thiobacillus thiooxidans), which
grow at very low pH.

Na,S,03 +20, + H,O — Na,SO4 + H,SOy4 (3.35)
Thiosulfate

Another sulfur oxidizer is Sulfolobus (e.g., S. metallicus), which is a thermophilic
acidophilic, and autotrophic archae found in hot acidic spring waters (pH = 2-3;
temperature = 55-85°C) and grows by oxidizing ferrous iron, reduced inorganic sulfur
compounds, or sulfide ores (Rawlings, 2002).

« Sulfur Oxidation by Heterotrophs
Heterotrophs (e.g., Arthrobacter, Micrococcus, Bacillus, Pseudomonas) may also be
responsible for sulfur oxidation in neutral and alkaline soils (Paul and Clark, 1989).

3.3.2.4 Sulfate Reduction. Sulfides are produced by assimilatory and dissimilatory
sulfate reduction.
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« Assimilatory Sulfate Reduction

H,S may result from the anaerobic decomposition by proteolytic bacteria (e.g., Clostri-
dia, Vellionella) of organic matter containing S amino acids such as methionine, cysteine,
and cystine (Bowker et al., 1989).

+ Dissimilatory Sulfate Reduction
Sulfate reduction is the most important source of H,S in wastewater. It is the reduction
of sulfate by strict anaerobes, the sulfate reducing bacteria.

SO} + organic compounds — S~ 4+ H,0 + CO, (3.36)
ST +2H" — H,S (3.37)

H>S is toxic to animals and plants. It causes problems in paddy rice fields and is toxic to
wastewater treatment plant operators (see Chapter 14).

In 1895, Beijerinck first isolated a bacterium capable of reducing sulfate to hydrogen
sulfide. Sulfate-reducing bacteria (SRB) belonging to the following genera have since
been isolated from environmental samples (anaerobic sludge digesters, aquatic sediments,
gastrointestinal tract): Desulfovibrio, Desulfotomaculum, Desulfobulbus, Desulfomonas,
Desulfobacter, Desulfococcus, Desulfonema, Desulfosarcina, Desulfobacterium, and
Thermodesulfobacterium. Desulfotomaculum is the only spore-forming genus among
sulfate-reducing bacteria (Hamilton, 1985; Widdel, 1988).

In the absence of oxygen and nitrate, these strict anaerobic bacteria use sulfate as the
terminal electron acceptor. They use low-molecular weight carbon sources (e.g., electron
donors) produced via the fermentation of carbohydrates, proteins, and other compounds.
These carbon sources include lactate, pyruvate, acetate, propionate, formate, fatty acids,
alcohols (ethanol, propanol), dicarboxylic acids (succinic, fumaric, and malic acids),
and aromatic compounds (benzoate, phenol). H, is also used as electron donor. These bac-
teria have very low cell yields (Hamilton, 1985; Rinzema and Lettinga, 1988; Widdel,
1988). The detection of sulfate-reducing bacteria in aerobic wastewater treatment pro-
cesses (activated sludge flocs, trickling filter biofilms) suggest that these bacteria may
be regarded as microaerophiles and may tolerate some oxygen in their environment
(Cypionka et al., 1985; Lens et al., 1995; Manz et al., 1998).

Detection of SRB in the environment is accomplished by using lactate-sulfate growth
media, enzymatic test kits for hydrogenase and sulfite reductase, radiometric tests that
determine the production of labeled H,S, immunoassays, and molecular techniques
based on the use of 16S rRNA probes (Barton and Plunkett, 2002).

3.3.3 Environmental and Technological Problems Associated with Sulfur
Oxidation or Reduction

3.3.3.1 Problems Associated with Sulfate-Reducing Bacteria.

+ Corrosion Problems

Biocorrosion or microbially influenced corrosion (MIC) is the deterioration of metals
by microorganisms. This problem is important to the shipping, power, oil, and gas indus-
tries, as well as water and wastewater treatment industries (Beech, 2002).

Pitting corrosion develops under strictly anaerobic conditions and involves sulfate-
reducing bacteria such as Desulfovibrio desulfuricans. The pits are filled with iron
sulfide. There are still questions regarding the exact role of sulfate-reducing bacteria in
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metal corrosion. Corrosion may be inherently linked to the metabolism of sulfate reducers
or may be due to hydrogen sulfide or iron sulfides (Odom, 1990).

The development of biofilms on pipe surfaces leads to anaerobic conditions that are
ideal for the growth of obligate anaerobic sulfate-reducing bacteria. These conditions
are achieved when the biofilm reaches a certain thickness, varying from 10 to 100 pm.
A model for anaerobic microbial corrosion is displayed in Figure 3.8 (Hamilton, 1985).

The most accepted theory of anaerobic corrosion by sulfate-reducing bacteria is the
cathodic depolarization theory of von Wolzogen-Kuhr and van der Vlugt (1934)
(Fig. 3.9; Widdel, 1988). A net oxidation of the metal is catalyzed by the activity of
sulfate-reducing bacteria. At the anode, the metal is polarized by losing Fe*". The
electrons released at the anode reduce protons (H") from water to molecular hydrogen
(H,) at the cathode. The molecular hydrogen is removed from the metal surface by
sulfate-reducing bacteria (cathodic depolarization). The latter produce hydrogen sulfide,
which combines with Fe>* to form FeS, which accumulates on the metal surface.

Anaerobic corrosion of iron is summarized as follows (Ford and Mitchell, 1990;
Hamilton, 1985):

4Fe(0) — 4Fe(l)+8e™ (reaction at the anode) (3.38)
8H,0 — 8H" +80H" (H,O dissociation) (3.39)
8H+8e  — 4H, (3.40)
4H, + S0, — S~ +4H,0 (cathodic depolarization) (3.41)

The presence of organic substrates (i.e., electron donors) helps in the production of
additional sulfide. Hydrogenases (three known types) of sulfate-reducing bacteria drive
the reversible oxidation of hydrogen. They remove cathodic hydrogen, and are involved
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Figure 3.9 Reactions during anaerobic corrosion as suggested by cathodic depolarization theory
of von Wolzogen-Kuhr and van der Vlugt. From Widdel (1988).

in the initiation of the biocorrosion process. It was suggested that their activity is a good
indicator of biocorrosion (Bryant and Laishley, 1990; Bryant et al., 1991). A commercial
kit is available for measuring hydrogenase activity (Costerton et al., 1989). The genes
encoding Desulfovibrio periplasmic hydrogenase enzymes have been cloned and
sequenced. This has led to the construction of hydrogenase gene probes for the detection
of Desulfovibrio species in environmental samples (Voordouw, 1992; Voordouw et al.,
1990). Both hydrogenase and iron sulfide can serve as depolarizing agents. It has also
been suggested that a phosphorus compound produced by sulfur-reducing bacteria
could also be responsible for corrosion (Beech, 2002).

Sulfate-reducing bacteria can be controlled by preventing or reducing the input of
organic matter or sulfate, changing environmental conditions by aeration or pH change
and by adding appropriate biocides (Widdel, 1988).

- Impact of Sulfate Reduction on Anaerobic Digesters

In anaerobic digesters treating wastewaters with high sulfate concentrations (e.g.,
molasses-based fermentation and paper and board industry), H,S produced via sulfate
reduction is transferred to the biogas and causes corrosion problems, unpleasant odors,
and inhibition of methanogenic bacteria (see Chapter 13) (Colleran et al., 1995;
Rinzema and Lettinga, 1988). Sulfate reducers and methanogens share similar character-
istics. They both live under strict anaerobic conditions with similar pH and temperature
ranges. Like methanogens, some sulfate reducers are able to oxidize H, and acetate and
thus may compete with methanogens for these substrates (Fig. 3.10) (Rinzema and
Lettinga, 1988). Competition for these substrates has been studied mostly in estuarine
sediments where sulfate supply is more abundant than in freshwater sediments (Abram
and Nedwell, 1978; Oremland and Polcin, 1982; Sorensen et al., 1981). Kinetic studies
have shown that sulfate reducers generally have higher maximum growth rates and
higher affinity for substrates (i.e., lower half-saturation constants K;) than methanogens.
The half-saturation constant K for hydrogen is 6.6 uM for methanogens as compared
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to 1.3 uM for sulfate reducers. Similarly, the K for acetate is 3 uM and 0.2 uM for
methanogens and sulfate reducers, respectively (Speece, 1983). Thus, sulfate reducers
may predominate over methanogens provided the sulfate supply is not limiting.
However, despite their kinetic advantages, sulfate-reducing bacteria rarely predominate
in anaerobic wastewater treatment. Future research should provide a satisfactory expla-
nation for this phenomenon (Rinzema and Lettinga, 1988).

« Aquatic Environments and Flooded Soils

The excessive production of hydrogen sulfide in anoxic waters and sediments may
result in the poisoning of plants and animals, including fish. This detrimental effect is
also observed in waterlogged soils (paddy fields) (Widdel, 1988).

« Sulfate Reduction and Oil Technology and Paper-Making Industries
Both environments are conducive to the formation of electron donors for sulfate-
reducing bacteria. In the paper-making industry, cellulose fermentation produces electron
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donors for sulfate reduction. Furthermore, aerobic degradation of hydrocarbons may
release organic acids, which can be used by sulfate reducers. The resulting hydrogen
sulfide combines with iron and other heavy metals to form sulfides, which tend to plug
injection wells. H,S gas may also contaminate fuel gas and oil (Widdel, 1988).

« Activity of Sulfate-Reducing Bacteria in Municipal Solid Waste Landfills

Gypsum drywall is a major component of construction and demolition wastes disposed
into landfills. Gypsum drywall contains about 90 percent of calcium sulfate
(CaS0y, - 2H,0), which, under anaerobic conditions, serves as an electron acceptor for
sulfate-reducing bacteria, which produce high concentrations of H,S. H,S levels as high
as 12,000 ppm were reported following monitoring of ten landfills in Florida, although
some dilution with ambient air is expected (Lee, 2000). In addition to the rotten egg

odor of H,S, there are some public health concerns over its release around solid wastes
landfills.

3.3.3.2 Environmental Aspects of Sulfur-Oxidizing Bacteria.

« Acidic Mine Drainage

Thousands of miles of U.S. waterways, particularly in Appalachia, are affected by
acidity. Acid mine drainage results from water flowing through mines, or runoff from
mounds of mine tailings. Iron pyrite (FeS,) is commonly found associated with coal
deposits. Under acidic conditions, iron- and sulfur-oxidizing bacteria drive the oxidation
of pyrite to ferric sulfate and sulfuric acid, which causes the degradation of water quality
and fish kills (Dugan, 1987a; b).

FeS; + 30, + 2H,0 — 2H,S04 + Fe** (3.42)

Fe”" is oxidized to Fe**, which forms ferric hydroxide and more acidity according to
Eq. (3.41):

Fe** +3H,0 — Fe(OH); +3H' (3.43)

One of the means of control of acidic mine drainage is inhibition of iron- and sulfur-
oxidizing bacteria, using anionic surfactants, benzoic acid, organic acids, alkyl benzene
sulfonates, and sodium dodecyl sulfate (SDS) (Dugan, 1987a). Some of these chemicals
or their combinations (e.g., combination of sodium dodecyl sulfate and benzoic acid)
were able to reduce acidic drainage from coal refuse under simulated field conditions
(Dugan, 1987b). However, the application of these techniques under field conditions
has not been attempted. Acid mine drainage can also be treated, using sulfate-reducing
bacteria. Their activity produces alkalinity and H,S, which help raise the pH and
remove metal contaminants (Dvorak et al., 1992; Webb et al., 1998).

 Removal of Pyritic Sulfur from Coal

Iron- and sulfur-oxidizing bacteria (Acidithiobacillus ferrooxidans, Acidithiobacillus
thiooxidans) have been considered for removing sulfur from coal. The rate of biological
sulfur removal increases as the particle size of the coal decreases (Tillet and Myerson, 1987).

 Microbial Leaching (or Biomining)
Sulfur-oxidizing microorganisms participate in metal recovery (Cu, Ni, Zn, Pb) from
low-grade ores. Mine tailings are piled up and the effluents from the piles are recirculated
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Figure 3.11 Microbial leaching or biomining. From Rawlings (2002).

and become enriched with metals (they are called “pregnant” solutions). Figure 3.11
shows the heap-leaching of copper-containing ore (Rawlings, 2002). The microorganisms
involved in biomining include Acidithiobacillus thiooxidans, Acidithiobacillus ferrooxi-
dans, Acidithiobacillus caldus, and Leptospirillum ferrooxidans. Extreme thermophilic
archaea such as Sulfolobus can also be used in metal recovery from mining wastes.
These microorganisms are difficult to grow on solid growth media, and molecular-based
techniques have been used for their identification.

The advantages of biomining over physico-chemical processes are (Rawlings, 2002):

- Biomining is environmentally friendly and does not result in harmful gas emissions.
- Biomining can extract metals from low-grade ores.
- Biomining is less costly than physico-chemical processes.

* Role in Corrosion

Chemical corrosion is due mainly to oxidation and to the corrosive action of chlorine,
acids, alkalis, and metal salts. Bacteria are also responsible for corrosion by producing
inorganic (e.g., H,SO,) or organic acids (e.g., acetic acid, butyric acid) (Ford and Mitchell,
1990). Sulfuric acid, formed by oxidation of H,S by sulfide-oxidizing bacteria (e.g.,
Thiobacillus concretivorus), is a major corrosive agent in distribution pipes, particularly
concrete pipes. Another bacterium, Acidithiobacillus ferrooxidans is responsible for the
corrosion of iron pipes and pumps. Other iron-oxidizing bacteria, Gallionella and Sphaero-
tilus natans, are associated with tubercle formation and corrosion of distribution pipes
(Hamilton, 1985). H,S can be removed by activated carbon, addition of iron salts, or by
using oxidants such as chlorine and hydrogen peroxide (Hamilton, 1985; Odom, 1990).

3.4 WEB RESOURCES

Nitrogen Cycle

http: //www.sp.uconn.edu/~terry /229sp02 /lectures /Ncycleanim.html (animation of the
nitrogen cycle; University of Connecticut)
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http: //www.sp.uconn.edu/~terry /229sp02 /lectures /Ncycleanim.html (University of
Missouri-Columbia)

http: / /www.neuse.ncsu.edu/nitrogen/index.htm (nitrogen cycle in soils)

http: / /ridge.icu.ac.jp/genedN2.htm (Powerpoint presentation)

Phosphorus Cycle

http://soils1.cses.vt.edu/ch/biol_4684 /cycles/pcycle.html

http: //www.sdsmt.edu/online-courses/geology/geol299 /lect29.htm
http: //www.enviroliteracy.org/article.php /480.html

http: //www.epa.gov/owow /monitoring /volunteer/stream /vms56.html

Sulfur Cycle

http:/ /www.asmusa.org/edusrc/library /images/Tterry /anim/Scycleanim.html (animated
sulfur cycle; University of Connecticut)

http: //www.biosci.ohio-state.edu/~mgonzalez/Micro521/23.html (Source: Ohio State
University)

Iron and Mercury Cycle

http:/ /www.biosci.ohio-state.edu/~mgonzalez/Micro521/24 html (Ohio State University)

Corrosion

http: //www.corrosion-doctors.org /Microbial /MIC-References.htm (several good links
to corrosion problems)

http:/ /microscope.mbl.edu/reflections/scripts/microscope.php?func=imgDetail &image
ID=108 (pictures of Begiatoa)

Acid Mine Drainage

http://www.mines.edu/fs_home/jhoran/ch126/index.htm (site on acid mine drainage from
Colorado School of Mines)

http: //www.splammo.net/bact102/102ironbact.html (iron bacteria)

http: //www.im.nbs.gov /blitz/bionorslide.html (iron bacteria; USGS)
http://soils1.cses.vt.edu/ch/biol_4684/Microbes/Leptothrix.html (iron bacteria: Leptothrix)
http://pubs.usgs.gov /publications /text/Norrielist.html (iron bacteria photos from USGS)

3.5 QUESTIONS AND PROBLEMS

1. What is the importance of biological nitrogen fixation? If did not exist, how would
we be able to get nitrogen?

2. CO, and N,O are two greenhouse gases. What are the human activities that
generate these gases?

3. What microorganisms in the oceans help mitigate the increase of CO, in the
atmosphere?

4. What are the factors favoring nitrification in water and wastewater?
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Why does methemoglobinemia affect mostly infants?

What is the difference between assimilatory and dissimilatory nitrate reduction?
What are the conditions favoring denitrification in wastewater treatment plants?
How is nitrogen removed in wastewater treatment plants?

What is the principle behind enhanced biological phosphorus removal? How is it
accomplished in wastewater treatment plants?

¥ oW

10. Why do sulfate-reducing bacteria compete with methanogens?
11. What causes acidic mine drainage?
12. Discuss the anaerobic corrosion of iron pipes.
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4.1 ELEMENTS OF EPIDEMIOLOGY

4.1.1 Some Definitions

Epidemiology is the study of the spread of infectious diseases in populations. Infectious
diseases are those that can be spread from one host to another. Epidemiologists play an
important role in the control of these diseases.

Incidence of a disease is the number of individuals with the disease in a population,
whereas prevalence is the percentage of individuals with the disease at a given time. A
disease is epidemic when the incidence is high and endemic when the incidence is low.
Pandemic refers to the spread of the disease across continents.

Infection is the invasion of a host by an infectious microorganism. It involves the entry
(e.g., through the gastrointestinal and respiratory tracts, skin) of the pathogen into the host
and its multiplication and establishment inside the host. Inapparent infection (or covert
infection) is a subclinical infection with no apparent symptoms (i.e., the host reaction is
not clinically detectable). It does not cause disease symptoms but confers the same

Wastewater Microbiology, Third Edition, by Gabriel Bitton
Copyright © 2005 John Wiley & Sons, Inc.
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degree of immunity as an overt infection. For example, most enteric viruses cause inap-
parent infections. A person with inapparent infection is called a healthy carrier. Carriers
constitute, however, a potential source of infection for others in the community (Finlay
and Falkow, 1989; Jawetz et al., 1984). Nosocomial infections are hospital-acquired infec-
tions, which affect approximately 2.5 million patients annually in the United States. This
represents approximately 5 percent of patients with a documented infection acquired in a
hospital. Intensive care unit patients represent about 20 percent of hospital-acquired infec-
tions. In developing countries, the overall rates vary between 3 and 13.5 percent. The
patients most at risk for nosocomial infections are elderly patients, patients with intra-
venous devices or urinary catheters, those on parenteral nutrition or antimicrobial
chemotherapy, and HIV and cancer patients (see review of Mota and Edberg, 2002).

Pathogenicity is the ability of an infectious agent to cause disease and injure the host.
Pathogenic microorganisms may infect susceptible hosts, leading sometimes to overt
disease, which results in the development of clinical symptoms that are easily detectable.
The development of the disease depends on various factors, including infectious dose,
pathogenicity, and host and environmental factors. Some organisms, however, are oppor-
tunistic pathogens that cause disease only in compromised individuals.

4.1.2 Chain of Infection

The potential for a biological agent to cause infection in a susceptible host depends on the
various factors described in the following.

4.1.2.1 Type of Infectious Agent. Several infectious organisms may cause dis-
eases in humans. These agents include bacteria, fungi, protozoa, metazoa (helminths),
rickettsiae, and viruses (Fig. 4.1).

Evaluation of infectious agents is based on their virulence or their potential for causing
diseases in humans. Virulence is related to the dose of infectious agent necessary for
infecting the host and causing disease. The potential for causing illness also depends on
the stability of the infectious agent in the environment. The minimal infective dose
(MID) varies widely with the type of pathogen or parasite. For example, for Salmonella
typhi or enteropathogenic E. coli, thousands to millions of organisms are necessary to
establish infection, whereas the MID for Shigella can be as low as 10 cells. A few proto-
zoan cysts or helminth eggs may be sufficient to establish infection. For some viruses, only
one or a few particles are sufficient for infecting individuals. For example, 17 infectious
particles of echovirus 12 are sufficient for establishing infection (Table 4.1; Bitton,
1980a; Bryan, 1977; Gunnerson et al., 1984; Schiff et al., 1984a; 1984b).

BACTERIA VIRUSES PROTOZOA HELMINTHS
e.g.si?é:\ﬁ:ella e.g., HAV e.g., Glardia e.g., Ascaria
Vibrio cholera Norwalk agent Cryptosporidium Taenia

\\//

HUMANS

Figure 4.1 Categories of organisms of public health significance.
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TABLE 4.1. Minimal Infective Doses for Some
Pathogens and Parasites

Organism Minimal Infective Dose
Salmonella spp. 10*-107
Shigella spp. 10'-10?
Escherichia coli 10°-108
Escherichia coli O157:H7 <100

Vibrio cholerae 10°
Campylobacter jejuni about 500
Giardia lamblia 10'-107 cysts
Cryptosporidium 10" cysts
Entamoeba coli 10" cysts
Ascaris 1-10 eggs
Hepatitis A virus 1-10 PFU

4.1.2.2 Reservoir of the Infectious Agent. A reservoir is a living or nonliving
source of the infectious agent and allows the pathogen to survive and multiply. The
human body is the reservoir for numerous pathogens; person-to-person contact is necess-
ary for maintaining the disease cycle. Domestic and wild animals also may serve as reser-
voirs for several diseases (e.g., rabies, brucellosis, turbeculosis, anthrax, leptospirosis,
toxoplasmosis) called zoonoses, that can be transmitted from animals to humans.
Table 4.2 shows a list of animal reservoirs for waterborne human pathogens (Berger
and Oshiro, 2002). Nonliving reservoirs such as water, wastewater, food, or soils can
also harbor infectious agents.

TABLE 4.2. Examples of Animal Reservoirs for Waterborne Human Pathogens and Parasites®

Organism Major Disease Animal
Bacteria
E. coli O157T:H7 Hemolytic uremic Cattle and other ruminants
syndrome
Campylobacter jejuni Gastroenteritis Poultry, pigs, sheep, dogs, cats
Helicobacter pylori Peptic ulcers; Not known
stomach cancer
Shigella spp. Bacillary dysentery Nonhuman primates
Salmonella typhi Typhoid fever Not known
Enteric Viruses (human strains)
Caliciviruses Gastroenteritis Humans only
Rotaviruses Gastroenteritis Humans only
Polioviruses Polio Humans only
Hepatitis A virus Infectious hepatitis Nonhuman primates rarely
Protozoa
Cryptosporidium parvum Gastroenteritis Many mammals, especially calves
Giardia lamblia Gastroenteritis Muskrats, beavers, small rodents,
many domestic and wild animals
Naegleria fowleri Primary amoebic None (free-living)
meningoencephalitis
Toxoplasma gondii Flu-like symptoms Cats

“Adapted from Berger and Oshiro (2002).
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4.1.2.3 Mode of Transmission. Transmission involves the transport of an infec-
tious agent from the reservoir to the host. It is the most important link in the chain of infec-
tion. Pathogens can be transmitted from the reservoir to a susceptible host by various
routes (Sobsey and Olson, 1983).

+ Person-to-Person Transmission

The most common route of transmission of infectious agents is from person to person.
The best examples of direct contact transmission are the sexually transmitted diseases such
as syphilis, gonorrhea, herpes, or acquired immunodeficiency syndrome (AIDS). Cough-
ing and sneezing discharge very small droplets containing pathogens within a few feet
of the host (droplet infection). Transmission by these infectious droplets is sometimes
considered as an example of direct contact transmission.

+ Waterborne Transmission

The waterborne transmission of cholera was established in 1854 by John Snow, an English
physician who noted a relationship between a cholera epidemics and consumption of water
from the Broad Street well in London. The waterborne route is not, however, as important as
the person-to-person contact route for the transmission of fecally transmitted diseases.

The World Health Organization (WHO) reported that diarrhoeal diseases contracted
worldwide mainly by contaminated water or food, killed 3.1 million people, most of
them children (WHO, 1996). In the United States, waterborne disease outbreaks are
reported to the U.S. Environmental Protection Agency (U.S. EPA) and the Centers for
Disease Control and Prevention (CDC) by local epidemiologists and health authorities;
the system was started in the 1920s (Craun, 1986a, b; 1988). During the period 1971—
1985, 502 waterborne outbreaks and 111,228 cases were reported. Figure 4.2
(Craun, 1988) shows that about three-quarters of the outbreaks were due to untreated or
inadequately treated groundwater and surface waters. Gastrointestinal illnesses of
unidentified etiology and giardiasis are the most common waterborne diseases for ground-
water and surface water systems (Table 4.3; Craun, 1988). The outbreak rate (expressed
as the number of outbreaks/1000 water systems) and the illness rate (expressed as

Untreated or inadequately
/ disinfected groundwater

49%

Distribution or
storage deficiencies

\

Untreated or inadequately
/ disinfected or filtered
Miscellaneous surface water

Figure 4.2 Causes of 502 waterborne disease outbreaks: 1971-1985. From Craun (1988).
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TABLE 4.3. Etiology of Waterborne Outbreaks for
Groundwater and Surface Water Systems: 1971-1985“

No. of Cases
Illness Outbreaks of Illness
Gastroenteritis, undefined 251 61,478
Giardiasis 92 24,365
Chemical poisoning 50 3,774
Shigellosis 33 5,783
Hepatitis A 23 737
Gastroenteritis, viral 20 6,254
Campylobacterosis 11 4,983
Salmonellosis 10 2,300
Typhoid 5 282
Yersiniosis 2 103
Gastroenteritis, toxigenic E. coli 1 1,000
Cryptosporidiosis 1 117
Cholera 1 17
Dermatitis 1 31
Amoebiasis 1 4
Total 502 111,228

“From Craun (1988). (Courtesy of the American Water Works Association.)

numbers of cases/million-person year) decrease as the raw water is filtered and disinfected
(Table 4.4) (Craun, 1988).

« Foodborne Transmission

Food may serve as a vehicle for the transmission of numerous infectious diseases
caused by bacteria, viruses, protozoa, and helminth parasites. The World Health Organiz-
ation estimates that accidental food poisoning kills up to 1.5 million people per year. In the
United States, it is estimated that foodborne illnesses affect some 6 to 80 million persons/
year, leading to approximately 9000 deaths. Emerging foodborne pathogens reported in
the United States are shown in Table 4.5 (Altekruse et al., 1997). Food contamination
results from unsanitary practices during production or preparation. Several pathogens
and parasites have been detected in risky foodstuffs such as shellfish, vegetables, raw
milk, runny eggs or pink chicken, turkey, ground beef and ground pork, alfalfa sprouts,
and unpasteurized apple juice/cider. Their presence is of public health significance, par-
ticularly for foods that are eaten raw (e.g., shellfish, fresh produce). There is also an
increased risk among the elderly and immunocompromised people (HIV and leukemia
patients, and those taking immunosuppressive drugs such as steroids, cyclosporine, and
radiation therapy).

TABLE 4.4. Effect of Water Treatment on Outbreak and Illness Rates: 1971-1985“

Waterborne Outbreaks Waterborne Illness
Type of Community Water System per 1000 Water Systems per Million Person-Years
Untreated surface water 32.5 370.9
Disinfected-only surface water 40.5 66.3
Filtered and disinfected surface water 5.0 4.7

“From Craun (1988). (Courtesy of the American Water Works Association.)
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TABLE 4.5. Estimated Number of Cases per Year Caused by Infection with Selected
Foodborne Bacterial Pathogens in the United States”

Estimated

Foodborne Pathogen Cases (10%) Commonly Implicated Foods
Campylobacter jejuni 4000 Poultry, raw milk, untreated water
Salmonella (nontyphoid) 2000 Eggs, poultry, meat, fresh produce, other raw foods
Escherichia coli O157:H7 25 Ground beef, raw milk, lettuce, untreated water,

unpasteurized cider/apple juice
Listeria monocytogenes 1.5 Ready-to-eat foods (e.g., soft cheese, deli foods, paté)
Vibrio sp. (e.g., Vibrio 10 Seafood (e.g., molluscan, crustacean shellfish) raw,

vulnificus) undercooked, cross-contaminated

“Adapted from Altekruse et al. (1997).

Vegetables contaminated with wastewater effluents are also responsible for disease out-
breaks (e.g., typhoid fever, salmonellosis, amebiasis, ascariasis, viral hepatitis, gastroen-
teritis). Raw vegetables and fruit become contaminated as a result of being handled by an
infected person during processing, storage, distribution or final preparation, or following
irrigation with fecally contaminated water (Seymour and Appleton, 2001). Vomitus (esti-
mation of 20 to 30 million virus particles released during vomiting) from infected food
handlers can also contaminate exposed food and surfaces via production of bioaerosols.
In England and Wales, viruses accounted for 4.3 percent of all foodborne outbreaks for
the period 1992-1999, with Norwalk-like viruses (NLVs) being the most commonly
found agents (O’Brien et al., 2000). Outbreaks of hepatitis were associated with fresh
produce (e.g., salads, iceberg lettuce, diced tomatoes, frozen raspberries).

Shellfish (e.g., oysters, clams, mussels) are significant vectors of human diseases of
bacterial, viral, and protozoan origin. Several surveys have been carried out worldwide
to show the presence of pathogens in shellfish samples. The use of molecular techniques
(RT-PCR) has helped in the detection of enteric viruses (hepatitis A virus, Norwalk-like
virus, enterovirus, rotavirus, and astrovirus) in oyster and mussel samples in France (Le
Guyader et al., 2000). In Switzerland, 8 of 87 imported oyster samples were positive
for Norwalk-like viruses (Beuret et al., 2003). Moreover, infectious oocysts of Cryptos-
poridium were detected in mussels and cockles in Spain (Gomez-Bautista et al., 2000).
Enteric viruses (enteroviruses, Norwalk-like viruses, and adenoviruses) were detected in
50-60 percent of mussel samples in two sites in the west coast of Sweden (Fig. 4.3;
Hernroth et al., 2002). Of 36 mussel samples from the Adriatic Sea, 13 were contaminated
with hepatitis A virus and 5 samples with enteroviruses (Croci et al., 2000). In several
surveys, E. coli was not found to be a good indicator of virus presence in mussels.

Shellfish are important in disease transmission for the following reasons (Bitton, 1980a;
Doré and Lees, 1995; Poggi, 1990):

- They live in estuarine environments, which are often contaminated by domestic
wastewater effluents.

As filter-feeders, they concentrate pathogens and parasites by pumping large quan-
tities of estuarine water (4—20 L /h). The accumulation occurs mainly in the digestive
tissues (mostly in the digestive gland as demonstrated for male-specific phage
accumulation in mussels). The bioaccumulation of enteric bacteria and viruses by
bivalve mollusks vary with the species of shellfish, type of microorganism, environ-
mental conditions, and season. In oysters (Crassostrea virginica), the average
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SITEA
20% NLV
50%
13% negative
Enterovirus
17%
Adenovirus
SITEB
NLV 22% 43%
negative
15%
enterovirus
20%
adenovirus

Figure 4.3 Distribution of human viruses in mussels in Scandinavia (February 2000—July 2001).
Adapted from Hernroth et al. (2002).

accumulation factors for E. coli and F+ coliphage were 4.4 and 19.0 (range from <1
to 99), respectively (Burkhardt and Calci, 2000).

- They are often eaten raw or insufficiently cooked. It has been estimated that only one-
third of shellfish consumed every year in France are sufficiently cooked. In the United
States, this habit has led to 2100 cases in the period 1991-1998. Sixty percent of the
cases were caused by enteric viruses, particularly Norwalk-like viruses (NLV)
(Glatzer, 1998; Shieh et al., 2003). Shellfish steaming or cooking do not seem to
prevent viral-associated gastroenteritis (Kirkland et al., 1996; McDonnell et al.,
1997). A temperature of about 90°C is necessary to inactivate hepatitis A virus in
shellfish.

- Depuration of shellfish, while effective for bacterial contaminants, is not successful
for enteric viruses such as hepatitis A virus (Franco et al., 1990).

« Other health hazards associated with shellfish consumption result from the ability of
these mollusks to concentrate dinoflagellate toxins, heavy metals, hydrocarbons,
pesticides, and radionuclides.

« Airborne Transmission

Some diseases (e.g., Q fever, some fungal diseases) can be spread by airborne trans-
mission. This route is important in the transmission of biological aerosols generated by
wastewater treatment plants or spray irrigation with wastewater effluents. This topic is
discussed in depth in Chapter 14.

+ Vector-Borne Transmission

The most common vectors for disease transmission are arthropods (e.g., fleas, insects)
or vertebrates (e.g., rodents, dogs, and cats). The pathogen may or may not multiply inside
the arthropod vector. Some vector-borne diseases are malaria (caused by Plasmodium),
yellow fever, or encephalitis (both due to arboviruses) and rabies (from virus transmitted
by the bite of rabid dogs or cats).
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+ Fomites
Some pathogens may be transmitted by nonliving objects or fomites (e.g., clothes,
utensils, toys, environmental surfaces).

4.1.2.3 Portal of Entry. Pathogenic microorganisms can gain access to the host
mainly through the gastrointestinal tract (e.g., enteric viruses and bacteria), the respiratory
tract (e.g., Klebsiella pneumonae, Legionella, myxoviruses) or the skin (e.g., Aeromonas,
Clostridium tetani, Clostridium perfringens). Although the skin is a formidable barrier
against pathogens, wounds or abrasions may facilitate their penetration into the host.

4.1.2.4 Host Susceptibility. Both the immune system and nonspecific factors play
a role in the resistance of the host to infectious agents. Immunity to an infectious agent
may be natural or acquired. Natural immunity is genetically specified and varies with
species, race, age (the young and the elderly are more susceptible to infection), hormonal
status, and the physical and mental health of the host. People in poor health and the elderly
are more susceptible to infectious agents than healthy adults. Acquired immunity develops
as aresult of exposure of the host to an infectious agent. Acquired immunity can be passive
(e.g., fetus acquiring the mother’s antibodies) or active (e.g., active production of anti-
bodies through contact with the infectious agent) (Jawetz et al., 1984).

The nonspecific factors include physiological barriers at the portal of entry (e.g., unfa-
vorable pH, bile salts, production of digestive enzymes and other chemicals with antimi-
crobial properties, competition with the natural microflora in the colon) and destruction of
the invaders by phagocytosis.

4.2 PATHOGENS AND PARASITES FOUND IN DOMESTIC
WASTEWATER

Several pathogenic microorganisms and parasites are commonly found in domestic waste-
water as well as in effluents from wastewater treatment plants. The three categories of
pathogens encountered in the environment are (Leclerc et al., 2002):

« Bacterial pathogens: Some of these pathogens (e.g., Salmonella, Shigella) are enteric
bacteria. Others (e.g., Legionella, Mycobacterium avium, Aeromonas) are indigenous
aquatic bacteria.

- Viral pathogens: These are also released into aquatic environments but are unable to
multiply outside their host cells. Their infective dose is generally lower than for
bacterial pathogens.

- Protozoan parasites: These are released into aquatic environments as cysts or
oocysts, which are quite resistant to environmental stress and to disinfection, and
do not multiply outside their hosts.

4.2.1 Bacterial Pathogens

Fecal matter contains up to 10'? bacteria per gram. The bacterial content of feces
represents approximately 9 percent by wet weight (Dean and Lund, 1981). 16S
rRNA-gene-targeted group-specific primers were used to detect and identify the predomi-
nant bacteria in human feces. Of 300 bacterial isolates from feces of six healthy individ-
uals, 74 percent belonged to the Bacteroides fragilis group, Bifidobacterium, Clostridium
coccoides group, and Prevotella (Matsuki et al., 2002).
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Wastewater bacteria have been characterized and belong to the following groups (Dott
and Kampfer, 1988):

- Gram-negative facultatively anaerobic bacteria: e.g., Aeromonas, Plesiomonas,
Vibrio, Enterobacter, Escherichia, Klebsiella, and Shigella.

- Gram-negative aerobic bacteria: e.g., Pseudomonas, Alcaligenes, Flavobacterium,
Acinetobacter.

- Gram-positive spore forming bacteria: e.g., Bacillus spp.

- Nonspore-forming gram-positive bacteria: e.g., Arthrobacter, Corynebacterium,
Rhodococcus.

A compilation of the most important bacteria that may be pathogenic to humans and
that can be transmitted directly or indirectly by the waterborne route is shown in
Table 4.6 (Dart and Stretton, 1980; Dean and Lund, 1981; Feachem et al., 1983;
Sobsey and Olson, 1983; Theron and Cloete, 2002). These pathogens cause enteric
infections such as typhoid fever, cholera, or shigellosis.

We will now review some of the most important bacterial pathogens found in
wastewater.

4.2.1.1 Salmonella. Salmonellae are enterobacteriaceae and are widely distributed
in the environment and include more than 2000 serotypes. The Salmonella numbers in
wastewater range from a few to 8000 organisms,/100 mL, are the most predominant patho-
genic bacteria in wastewater, and cause typhoid and paratyphoid fever, and gastroenteritis.
Salmonella numbers in wastewater in the United States range from 10” to 10* organisms /
100 mL, but much higher concentrations (up to 10°/100 mL) have been reported in

TABLE 4.6. Major Waterborne Bacterial Diseases”

Major Major Principal Site
Bacterial Agent Disease Reservoir Affected
Salmonella typhi Typhoid fever Human feces Gastrointestinal tract
Salmonella paratyphi ~ Paratyphoid fever Human feces Gastrointestinal tract
Shigella Bacillary dysentery Human feces Lower intestine
Vibrio cholerae Cholera Human feces Gastrointestinal tract
Pathogenic E. coli Gastroenteritis Human feces Gastrointestinal tract
Hemolytic uremic
syndrome

Yersinia Gastroenteritis Human/animal Gastrointestinal tract

enterocolitica feces
Campylobacter Gastroenteritis Human/animal Gastrointestinal tract

Jejuni feces
Legionella Acute respiratory illness ~ Thermally Lungs

pneumophila (legionnaires’ disease) enriched waters
Mycobacterium Tuberculosis Human respiratory  Lungs

tuberculosis exudates
Leptospira Leptospirosis Animal feces Generalized

(Weil’s disease) and urine

Opportunistic Variable Natural waters Mainly gastrointestinal

bacteria tract

“Adapted from Sobsey and Olson (1983).
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developing countries (Jimenez and Chavez, 2000). It is estimated that two to four million
human Salmonella infections occur each year in the United States (Feachem et al., 1983).
An estimated 0.1 percent of the population excretes Salmonella at any given time. In the
United States, salmonellosis is primarily due to food contamination, but its transmission
through drinking water is still of great concern. Salmonella typhi is the etiological agent
for typhoid fever, a deadly disease that was brought under control as a result of the devel-
opment of adequate water treatment processes (e.g., chlorination, filtration). This pathogen
produces an endotoxin that causes fever, nausea, and diarrhea and may be fatal if not prop-
erly treated by antibiotics (Sterritt and Lester, 1988). Species implicated in food contami-
nation are S. enteriditis and S. typhimurium. These species can grow readily in
contaminated foods and cause food poisoning, leading to diarrhea and abdominal
cramps. Salmonella enteriditis, through consumption of contaminated poultry and eggs,
emerged as a public health problem in the 1980s in Europe and in the United States. Of
371 outbreaks of S. enteriditis that occurred in the United States, 80 percent were associ-
ated with consumption of insufficiently cooked eggs (Patrick et al., 2004). Salmonella
enteriditis is transmitted directly from breeding flocks to egg-laying hens. In Israel,
about 30 percent of the 35 flocks of laying hens examined were contaminated with
S. enteriditis. This has led to programs to control this pathogen (Shimshony, 1997).

4.2.1.2 Shigella. Shigella is the causative agent of bacillary dysentery or shigellosis,
an infection of the large bowel that leads to cramps, diarrhea, and fever. This disease pro-
duces bloody stools as a result of inflammation (induction and release of proinflammatory
cytokines) and ulceration of the intestinal mucosa. Globally, this pathogen is responsible
for approximately one million deaths and 163 million cases of bacillary dysentery
annually, with 99 percent of the cases occurring in developing countries (Torres, 2002).
There are four pathogenic species of Shigella: S. dysenteriae (13 serotypes), S. flexneri
15 serotypes), S. boydii (18 serotypes) and S. sonnei. (1 serotype). S. dysenteriae, serotype
1, produces a potent toxin called the Shiga toxin. Infection with bacteria producing this
toxin may lead to hemolytic uremic syndrome which results in kidney failure (Torres,
2002). No current vaccine is available for protection against Shigella.

This pathogen is transmitted by direct contact with an infected individual, who may
excrete up to 10° shigellae per gram of feces. The infectious dose for Shigella is relatively
small and can be as low as 10 organisms. Although person-to-person contact is the main
mode of transmission of this pathogen, food-borne (via salads and raw vegetables) and
waterborne transmissions have also been documented. At least three large epidemics
caused by Shigella dysenteriae type 1 have occurred in Bangladesh between 1972 and
1994, and the pathogen was isolated from surface waters, using genetic probes and cultur-
ing followed by biochemical tests. The environmental isolates shared some virulence
genes with clinical isolates and were resistant to one or more antibiotics (Faruque et al.,
2002). Groundwater was found to be responsible for a shigellosis outbreak in Florida
that involved 1200 people. However, Shigella persists less in the environment than
fecal coliforms. Few quantitative data are available on its occurrence and removal in
water and wastewater treatment plants.

4.2.1.3 Vibrio cholerae. Vibrio cholera is a gram-negative curved rod bacterium
that is an autochtonous member of the aquatic microbial community. This bacterium is
the causative agent of cholera. In 1854, John Snow first demonstrated that contaminated
drinking water was the cause of cholera. This pathogen releases an enterotoxin that
causes mild to profuse diarrhea, vomiting, and a very rapid loss of fluids, which may
result in death in a relatively short period of time. The infectious dose for V. cholera is
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between 10* and 10° cells. Among about 200 known serogroups of Vibrio cholerae, only
two (O1 and O139) are known to cause disease and can be detected using serum aggluti-
nation assays or monoclonal antibodies (Huk et al., 2002). Although rare in the United
States and Europe, this disease appears to be endemic in various areas throughout Asia,
particularly in Bangladesh. This pathogen is found in wastewater, and levels of 10—10*
organisms/100 mL during a cholera epidemic have been reported (Kott and Betzer,
1972). Explosive epidemics of cholera and typhoid fever have been documented in
Peru and Chile and have been associated with the consumption of sewage-contaminated
vegetables (Shuval, 1992). Vibrio cholerae can be detected in environmental samples,
using immunological or molecular methods. Although the nucleic acid-based methods
are rapid and relatively easy, they do not allow a differentiation between viable and
nonviable cells.

Vibrios are naturally present in many aquatic environments and survive by attaching to
solids, including zooplankton (e.g., copepods), cyanobacteria (e.g., Anabaena), and phy-
toplankton (e.g., Volvox) cells. These plankton-associated bacteria may occur in the viable
but nonculturable state (VBNC) and can be observed under the microscope by means of
the fluorescent-monoclonal antibody technique (Brayton et al., 1987; Huk et al., 1990).

4.2.1.4 Escherichia Coli. Several strains of E. coli, many of which are harmless, are
found in the gastrointestinal tract of humans and warm-blooded animals. There are several
categories of E. coli strains, however, that bear virulence factors and cause diarrhea. There
are enterotoxigenic (ETEC), enteropathogenic (EPEC), enterohemorrhagic (EHEC), enter-
oinvasive (EIEC), and enteroaggregative (EAggEC) types of E. coli (Guerrant and Thielman,
1995; Levine, 1987). Enterotoxigenic E. coli causes gastroenteritis with profuse watery diar-
rhea accompanied with nausea, abdominal cramps, and vomiting. Approximately 2—8
percent of the E. coli present in water were found to be enteropathogenic E. coli, which
causes Traveler’s diarrhea. Food and water are important in the transmission of this pathogen.
However, the infective dose for this pathogen is relatively high, within the range of 10°—~10°
organisms. Distinct features of enteroaggregative E. coli are its adherence to Hep2 cells in
tissue culture in an aggregative pattern and its ability to cause persistent diarrhea.

Some of these diarrheagenic strains of E. coli have been detected in treated water with
genetic probes, and they can represent a health risk to consumers (Martins et al., 1992).
During a 1989—-1990 survey of waterborne disease outbreaks in the United States, the etio-
logic agent in one out of 26 outbreaks was enterohemorrhagic E. coli O157:H7, an agent
that produces shiga-like toxins (SLT) I and/or II, has a relatively low infectious dose
(<100 organisms) and causes bloody diarrhea, particularly among the very young and
very old members of the community (Herwaldt et al., 1992). Infections, if left untreated,
may lead to hemolytic uremic syndrome, a leading cause of kidney damage and possible
failure in children, with a 3—5 percent death rate in patients (Boyce et al., 1995). In the
United States, it is estimated that E. coli O157:H7 causes more than 20,000 infections
and as many as 250 deaths each year (Boyce et al., 1995). Twenty outbreaks of E. coli
O157:H7 infections reported in the United States between 1982 and 1993 led to 1557
cases, 358 hospitalizations, and 19 deaths (Griffin, 1995). Food (e.g., fresh or undercooked
ground meats) appears to be the primary source of infections (Doyle and Schoeni, 1987).
Other sources include cider, raw milk, lettuce, and contaminated waters.

Enterohemorrhagic E. coli was also isolated from a water reservoir in Philadelphia, PA
(McGowan et al., 1989), untreated and treated drinking water (Martins et al., 1992), but
surprisingly was not detected in primary and secondary wastewater effluents (Grant
et al., 1996). Several outbreaks of E. coli O157:H7 were shown to be associated with
waterborne transmission from sources such as groundwater (Nataro and Kaper, 1998),
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recreational waters (Keene et al., 1994), and municipal water systems. One outbreak
occurred in Cabool, Missouri, in the winter of 1990 after disturbances in the water distri-
bution network; it resulted in 243 documented cases of diarrhea and four deaths among
elderly citizens (Geldreich et al., 1992; Swerdlow et al., 1992). A more recent outbreak
occurred in May 2000 in Canada and resulted in 2000 infections and six deaths
(ProMed, 2000).

A rapid method has been developed for detecting respiring E. coli O157:H7 in water.
This membrane filtration method is based on the use of a specific fluorescent antibody
combined with cyanoditolyl tetrazolium chloride (CTC) to assess the respiratory activity
of the cells (Pyle et al., 1995a). In food, such as hamburger meat, this pathogen can be
detected by combining immunomagnetic separation with a sandwich enzyme-linked
immunosorbent assay (ELISA) (Tsai et al., 2000). A new proposed methodology
detects E. coli O157:H7 by using green fluorescent-labeled PPO1 specific bacteriophage,
which, following adsorption to the host cells, leads to the visualization of the cells under a
fluorescence microscope. This method detects E. coli O157:H7 in both the culturable and
the culturable but not viable (VBNC) states, (Oda et al., 2004).

4.2.1.5 Yersinia. Yersinia enterocolitica is responsible for acute gastroenteritis with
invasion of the terminal ileum. Swine are the major animal reservoir, but many domestic
and wild animals can also serve as reservoirs for this pathogen. Food-borne (e.g., milk,
tofu) outbreaks of yersiniosis have also been documented in the United States. The role
of water is uncertain, but there are instances in which this pathogen was suspected to
be the cause of waterborne transmission of gastroenteritis (Schiemann, 1990). This psy-
chrotrophic organism thrives at temperatures as low as 4°C, is mostly isolated during
the cold months, but is poorly correlated with traditional bacterial indicators (Sobsey
and Olson, 1983; Wetzler et al., 1979). This organism has been isolated from wastewater
effluents, river water, and from drinking water (Bartley et al., 1982; Meadows and
Snudden, 1982; Stathopoulos and Vayonas-Arvanitidou, 1990; Wetzler et al., 1979).

4.2.1.6. Campylobacter. This pathogen (e.g., C. fetus and C. jejuni) is known to
infect humans as well as wild and domestic animals. It is ubiquitous in domestic waste-
water and in effluents from abattoirs and poultry processing plants. In Lancaster, United
Kingdom, the occurrence of Campylobacters in wastewater showed a seasonal trend
similar to that of the incidence of infections in humans (Jones, 2001). Its relatively low
infectious dose of approximately 500 organisms (for C. jejuni) makes it the leading
cause of food-borne infections, with approximately 4 million C. jejuni infections/year
in the United States. Campylobacter is the most frequent cause of diarrhea in the
United States and United Kingdom (Schwartzbrod et al., 2002). These infections may
lead in one of 1000 patients to Guillain—Barré syndrome, which is an acute paralytic
illness (Altekruse et al., 1997). It is also a common cause of acute gastroenteritis (fever,
nausea, abdominal pains, bloody diarrhea, vomiting) and is transmitted to humans
through contaminated food, mainly undercooked poultry, unpasteurized milk, contami-
nated drinking water, and water from mountain streams (Mentzing, 1981; Palmer et al.,
1983; Taylor et al., 1983). This pathogen has been the cause of several outbreaks of gas-
troenteritis in the United States and worldwide (Blaser and Peller, 1981; Blaser et al.,
1983; Hinninen et al., 2003; Jones, 2001; Miettinen et al., 2001). The first outbreak in
the United States was reported in 1978 in Vermont, where 2000 out of a population of
10,000 were affected. The seasonal occurrence of Campylobacter in surface waters has
been documented (Carter et al., 1987). Campylobacter has been detected in surface
waters, potable water, and wastewater, but no organisms have been recovered from
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digested sludge (Andrin and Schwartzbrod, 1992; Stathopoulos and Vayonas-Arvanitidou,
1990; Stelzer, 1990). Recovery from surface waters was highest in the fall (55 percent of
samples positive) and winter (39 percent of samples positive). Numbers of Campylobacter
did not display any correlation with heterotrophic plate counts, total and fecal coliforms,
or fecal streptococci. Owing to their sensitivity to oxygen and inability to grow at temp-
eratures below 30°C (optimum temperature is 42°C), C. jejuni survives but does not grow
in the environment (Park, 2002).

Campylobacters can be detected in contaminated natural waters by using selective
growth agar media or molecular methods following an enrichment step in a selective
broth medium (Moreno et al., 2003; Sails et al., 2002).

4.2.1.7. Leptospira. Leptospirais asmall spirochete that can gain access to the host
through abrasions of the skin or through mucous membranes. It causes leptospirosis,
which is characterized by the dissemination of the pathogen in the patient’s blood and
the subsequent infection of the kidneys and the central nervous system. The disease can
be transmitted from animals (rodents, domestic pets, and wildlife) to humans coming
into contact (e.g., bathing) with waters polluted with animal wastes. This zoonotic
disease may strike sewage workers. This pathogen is not of major concern because it
does not appear to survive well in wastewater (Rose, 1986).

4.2.1.8 Legionella pneumophila. This bacterial pathogen is the etiological agent
of Legionnaires’ disease, first described in a 1976 outbreak in Philadelphia, PA. It is esti-
mated that there are 10,000—25,000 cases of Legionnaires’ disease/year in the United
States (Harb and Kwaik, 2002).

This disease is a type of acute pneumonia with a relatively high fatality rate; it may also
involve the gastrointestinal and urinary tracts as well as the nervous system. Legionella pneu-
mophila causes pneumonia as a result of its ability to multiply within alveolar macrophages.
Pontiac fever is a milder nonfatal form of Legionnaires’ disease associated with Legionella
infection. People manifesting this syndrome have fever, headaches, and muscle aches, but
may recover without any treatment. Aquatic environments and soils can act as natural reser-
voirs for pathogenic species of Legionellae. This organism is transmitted mainly by aeroso-
lization of contaminated water or soil (Harb and Kwaik, 2002; Muraca et al., 1988).

- Aerosolization. Outbreaks of legionnaire’s disease are associated with exposure to
L. pneumophila aerosols from cooling towers, evaporative condensers, humidifiers,
shower heads, air conditioning systems, whirlpools, mist machines in produce depart-
ments of grocery stores, mechanical aerosolization of soil particles during gardening,
or dental equipment. A study of public showers in Bologna, Italy, showed that 22 of
48 samples were positive for L. pneumophila (Table 4.7; Leoni et al., 2001). Natural
draft cooling towers are used to cool the hot water generated by power-generating
plants. These towers generate microbial aerosols, including Legionella at the top of
the structure. It is postulated that the source of Legionella is the water drawn from
nearby surface waters or the potable water supply to replace the moisture lost
during the cooling cycle (Muraca et al., 1988). Perhaps the world largest epidemics
of Legionnaire’s disease occurred in Murcia, Spain, in 2001, with 449 confirmed
cases out of 800 suspected cases. The outbreak was due to contamination from the
hospital cooling towers (Garcia-Fulgueiras et al., 2003).

. Ingestion. Legionella pneumophila serogroup 1 has been detected in drinking
water systems (Hsu et al., 1984; Tobin et al., 1986) but, so far, no outbreak has
been attributed to consumption of contaminated drinking water.
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TABLE 4.7. Frequency of Isolation of Legionella spp. from Shower Waters®

Number of Positive Range
Legionella Samples (n = 48) (CFU/L)
Legionella pneumophila (SG1) 6 20-8,700
Legionella pneumophila (SG3) 5 10-650
Legionella pneumophila (SG4) 1 1530
Legionella pneumophila (SG5) 2 15,150-15,440
Legionella pneumophila (SG6) 8 20-19,250
Legionella bozemanii 7 100-6,000
Legionella dumofii 4 20-510
Legionella gormanii 3 600-4,000
Legionella micdadei 4 30-1,800
All the species 27 10-25,250

“Adapted from Leoni et al. (2001).

Surveys have shown that hospitals are the setting for many outbreaks of Legionella infec-
tions. The sources of nosocomial Legionnaire’s disease can be traced back to hospital
cooling towers and to potable water distribution system in hospitals (Best et al., 1984;
Harb and Kwaik, 2002). The number of cases increase after a pressure drop in the
distribution system, which probably causes the release of Legionella cells associated with
biofilms growing in the distribution pipes. Biofilms appear to provide a protective environ-
ment to Legionella in distribution systems. However, the number of cases dropped after
hyperchlorination (>2 mg/L free residual chlorine) (Shands et al., 1985) (Fig. 4.4). This
bacterium appears to be ubiquitous in the environment and has been isolated from waste-
water, soil, and natural aquatic environments including tropical waters (Fliermans et al.,
1979; 1981; Ortiz-Roque and Hazen, 1987). Its presence in wastewater has been linked,
on one occasion at least, with increased levels of antibodies among wastewater irrigation
workers (Bercovier et al.,, 1984). However, the epidemiological significance of this
finding remains unclear. In the natural environment, this pathogen can thrive in association
with other bacteria which may provide the L-cysteine required by Legionella, green and
blue-green algae (Berendt, 1980; Pope et al., 1982; Stout et al., 1985; Tison et al., 1980),
amoeba (e.g., Acanthamoeba, Naegleria), and other protozoa (e.g., Hartmanella, Tetrahy-
mena) (Barbaree et al., 1986; Barker et al., 1992; Neumeister et al., 1997; Thyndall and
Domingue, 1982), or ciliates (Fields et al., 1984; Smith-Somerville et al., 1991). Conversely,
16—32 percent of heterotrophic plate count bacteria isolated from chlorinated drinking water
were found to inhibit Legionella species (Toze et al., 1990).

Legionella association with protozoa provides increased resistance to biocides such as
chlorine, low pH, and high temperatures (Barker et al., 1992; States et al., 1990). Protozoa
are able to sustain the intracellular growth of L. pneumophila and have an effect on its
virulence to mammalian cells. It was found that the same virulence genes are required
to infect both protozoa and mammalian cells (Harb et al., 2000).

Control of Legionella in water distribution systems includes thermal treatment (e.g.,
increase of water temperature to 60—70°C followed by flushing), treatment with bacteri-
cidal agents (e.g., copper, silver), and hyperchlorination up to 50 mg/L (Harb and Kwaik,
2002; Kim et al., 2002). However, because biofilms protect bacterial pathogens from
inactivation by free chlorine, treatment with monochloramine provides a better control
of Legionella in water distribution lines. An epidemiological study showed that 10
times fewer outbreaks of Legionnaires’ disease occurred in hospitals having monochlora-
mine as disinfectant residual than those using free chlorine as a residual (Kool et al., 2000).
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4.2.1.9 Bacteroides fragilis. Bacteroides species are a major part of the microor-
ganisms in the human colon and account for approximately 25 percent of all colonic iso-
lates (Wilson et al., 1997). This pathogen has been found in wastewater at levels ranging
from 6.2 x 10*to 1.1 x 10° colony forming units /mL, 9.3 percent of which were entero-
toxigenic (Shoop et al., 1990). Enterotoxin-producing strains of this anaerobic bacterium
may be involved in causing diarrhea in humans.

4.2.1.10 Opportunistic Bacterial Pathogens. This group includes heterotrophic
gram-negative bacteria belonging to the following genera (Sobsey and Olson, 1983):
Pseudomonas, Aeromonas, Klebsiella, Flavobacterium, Enterobacter, Citrobacter, Serra-
tia, Acinetobacter, Proteus and Providencia, and nontubercular mycobacteria. Segments
of the population particularly at risk of infection with opportunistic pathogens are
newborn babies, and elderly and sick people. These organisms may occur in high
numbers in institutional (e.g., hospital) drinking water and attach to water distribution
pipes, and some of them may grow in finished drinking water (see Chapter 16).
However, their public health significance with regard to the population at large is not
well known.

Pseudomonas aeruginosa is ubiquitous in the environment and is frequently found in
water, wastewater, soils and plants. Although it poses no risks in drinking water, it is
responsible for 10—20 percent of nosocomial (i.e., hospital-acquired) infections.

Other opportunistic pathogens are the nontubercular mycobacteria, which cause pul-
monary infections and other diseases. The most frequently isolated nontubercular myco-
bacteria belong to the species of Mycobacterium avium complex (MAC) (i.e., M. avium
and M. intracellulare), which infect humans (mostly AIDS and other immunocompro-
mised patients) and animals (e.g., pigs) (Falkinham, 2002; Falkinham et al., 2001;
Wolinsky, 1979). Another member of the MAC complex is M. avium subspecies para-
tuberculosis (MAP), which causes inflammation. There is now evidence that infection
with MAP is one of the causes of Crohn’s disease, a chronic inflammation of the intestine
affecting animals and humans. A new generation of antibiotics (rifabutin, clarithromycin,
azithromycin) has been proposed to control or reduce MAP activity in the gastrointestinal
tract (Gui et al., 1997; Hermon-Taylor et al., 2000).

Mycobacteria are ubiquitous and are found in environmental waters, including drinking
water, ice, and hospital hot water systems, soils, plants, air—water interface of aquatic
environments, biofilms in water distribution systems, medical instruments, and aerosols
(Covert et al., 1999; duMoulin et al., 1988; Le Dantec et al., 2002; Schulze-Robbecke
et al., 1992). Owing to the hydrophobic nature of the cell surface of mycobacteria, a
major route for their transmission is via aerosolization. This also explains their resistance
to commonly used disinfectants and to antibiotics (Falkinham, 2002; Taylor et al., 2000).
Mycobacteria persist well and grow under environmental conditions. Potable water, par-
ticularly hospital water supplies, can support the growth of these bacteria, which may be
linked to nosocomial infections (duMoulin et al., 1981). Their growth in water distribution
systems was correlated with assimilable organic carbon and biodegradable organic carbon
levels (Falkinham et al., 2001).

Mycobacterium avium and M. intracellulare can be detected using cultural, biochemi-
cal, and molecular-based methods (commercially available DNA probes and PCR
amplification).

4.2.1.11 Helicobacter pylori. Helicobacter pylori is a bacterial agent that is
responsible for peptic ulcers (chronic gastritis), stomach cancer, lymphoma, and
adenocarcinoma.
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In the United States alone, over 5 million people are diagnosed annually with peptic
ulcers, and some 40,000 of them undergo surgery, sometimes leading to death in compli-
cated cases (Levin et al., 1998; Sonnenberg and Everhart, 1997).

There are indications of person-to-person as well as waterborne and food-borne trans-
missions of this pathogen (Brown, 2000; Hopkins et al., 1993; Klein et al., 1991). It has
been suggested that H. pylori may be transmitted via four routes: the fecal—oral route,
oral—oral route (person-to-person transmission via saliva), gastric—oral route (e.g., con-
taminated vomit in children), and by endoscopic procedures in the hospital setting
(Schwartzbrod et al., 2002). This pathogen has been associated with an increased risk
of gastric cancer among sewage workers (Friis et al., 1993; Lafleur and Vena, 1991).
Helicobacter pylori infection is generally treated via administration of antibiotics such
metronidazole, tetracycline, amoxycillin, clarithromycin, and azithromycin. The treatment
is complicated by the appearance of antibiotic resistance in this pathogen (Kusters and
Kuipers, 2001).

Helicobacter pylori has been detected in wastewater (Sutton et al., 1995), seawater
(Cellini et al., 2004), and drinking water (Handwerker et al., 1995; Hegarty et al.,
1999). When exposed to environmental conditions, H. pylori enters a viable but noncultur-
able (VBNC) state that allows its persistence in aquatic environments (Adams et al.,
2003). Although Johnson and colleagues (1997) reported that H. pylori was readily inac-
tivated by free chlorine, it is, however, more resistant than E. coli to chorine (Fig. 4.5;
Baker et al., 2002). This higher resistance to disinfectants may allow this pathogen to
persist in water distribution systems.

Helicobacter pylori was detected in environmental samples, using culture-based
methods as well as immunological, autoradiography, and molecular-based methods.
Although no standard method is available for H. pylori detection, this pathogen was
recently isolated from wastewater using fluorescent in situ hybridization (FISH), a combi-
nation of immunomagnetic separation (IMS) and culturing techniques, and identified
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Figure 4.4 Reduction of Legionnaire’s disease cases by water superchlorination. From Shands
et al. (1985). (Courtesy of the American Medical Association.)
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Figure 4.5 Effect of chlorine on Helicobacter pylori and Escherichia coli. From Baker et al. (2002).

using PCR-based 16S rRNA sequences (Engstrand, 2001; Lu et al., 2002; Moreno et al.,
2003). Helicobacter DNA was also isolated from biofilms in municipal water distribution
systems (Park et al., 2001).

4.2.1.12 Antibiotic-Resistant Bacteria. Antibiotics act on microorganisms by
inhibiting peptidoglycan synthesis, protein synthesis, and nucleic acid synthesis (interrup-
tion of nucleotide metabolism, inhibitition of RNA polymerase or DNA gyrase) or by
affecting the cell membrane integrity (Russel, 2002). Increased use of antibiotics is
often associated with an increased resistance of bacteria to these chemicals, especially
in the hospital setting (Swartz, 1997). A global rise in antibiotic resistance has been
reported. A comparison of pre-antibiotic era strains of E. coli and Salmonella enterica
to contemporary strains showed that the former were susceptible to antibiotics, whereas
20 percent of the latter displayed resistance to at least one of the antibiotics (Houndt
and Ochman, 2000). In the United States, 46 percent of Streptococcus pneumoniae isolates
are now resistant to penicillin, and methicillin-resistant Staphylococcus aureus accounts
for 30 percent of nosocomial infections with this pathogen.

An investigation of the antibiotic resistance pattern of E. coli strains in a wastewater
treatment plant in Austria showed that these strains were resistant to 16 of 24 tested anti-
biotics. Antibiotic-resistant strains numbers increase when the influent to the wastewater
treatment plant is from a hospital source (Reinthaler et al., 2003). Resistance to vancomy-
cin has also been documented (Fox, 1997). Vancomycin-resistant enterococci (VRE) were
isolated from 60 percent of raw wastewater and 36 percent of wastewater effluents (Iversen
et al., 2002). As regards resistance to vancomycin, the minimum inhibitory concentrations
(MIC) of VRE from hospital wastewaters were found to be much higher than those from
residential wastewaters (Harwood et al., 2001; Table 4.8). Using a real-time PCR assay,
the antibiotic resistance genes vanA of VRE, and ampC (resistance gene for the synthesis
of B-lactamase) of Enterobacteriaceae were detected in 20 and 78 percent of wastewater
samples, respectively (Volkmann et al., 2004).

Patients receiving antibiotic therapy harbor a large number of antibiotic-resistant
bacteria in their intestinal tract. These bacteria are excreted in large numbers in feces
and eventually reach the community wastewater treatment plant. The genes coding for
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TABLE 4.8. Minimum Inhibitory Concentrations (MICs)
of Vancomycin for Vancomycin-Resistant Enterococci from
Residential and Hospital Wastewaters®

Source Species MIC? (ng/mL)
Hospital E. avium 32
Hospital E. avium 20
Hospital E. avium 20
Hospital E. faecalis >100
Hospital E. faecalis >100
Residential E. gallinarum 3
Residential E. gallinarum 3
Residential E. gallinarum 3

“Adapted from Harwood et al. (2001).
’MIC = minimum inhibitory concentration.

antibiotic resistance are often located on plasmids (R factors) and, under appropriate con-
ditions, can be transferred to other bacteria through conjugation that requires cell-to-cell
contact, or through other modes of recombination. If the recipient bacteria are potential
pathogens, they may be of public health concern as a result of their acquisition of antibiotic
resistance. Drug-resistant microorganisms produce nosocomial and community-acquired
human infections, which can lead to increased morbidity, mortality, and disease incidence.
Resistance to antibiotics, including quinolones (e.g., nalidixic acid, ciprofloxacin), can in
turn complicate and increase the cost of therapy based on administration of antibiotics to
patients exposed to pathogens of environmental origin. Patients infected with antibiotic-
resistant bacterial strains are likely to require hospitalization, sometimes for long
periods (Lee et al., 1994). Bacterial resistance to antibiotics has been demonstrated in
terrestrial and aquatic environments, particularly those contaminated with wastes from
hospitals (Grabow and Prozesky, 1973).

Gene transfer between microorganisms is known to occur in natural environments as
well as in engineered systems such as wastewater treatment plants (Colwell and
Grimes, 1986; McClure et al., 1990). Investigators have used survival chambers to demon-
strate the transfer of R plasmids among bacteria in domestic wastewater. The mean trans-
fer frequency in wastewater varied between 4.9 x 107> and 7.5 x 10~°. The highest
transfer frequency (2.7 x 10~%) was observed between Salmonella enteritidis and E.
coli (Mach and Grimes, 1982). Nonconjugative plasmids (e.g., pBR plasmids) can also
be transferred and this necessitates the presence of a mobilizing bacterial strain to
mediate the transfer (Gealt et al., 1985). Several indigenous mobilizing strains have
been isolated from raw wastewater. Each of these strains is capable of aiding in the transfer
of the plasmid pBR325 to a recipient E. coli strain (McPherson and Gealt, 1986). Under
laboratory conditions, plasmid mobilization from genetically engineered bacteria to
environmental strains was also demonstrated under low temperature and low nutrient con-
ditions in drinking water (Sandt and Herson, 1989).

The occurrence of multiple-antibiotic resistant (MAR) indicator and pathogenic (e.g.,
Salmonella) bacteria in water and wastewater treatment plants has been documented
(Alcaid and Garay, 1984; Armstrong et al., 1981; 1982; Walter and Vennes, 1985). In
untreated wastewater, the percentage of multiple-antibiotic resistant coliforms varies
between less than 1 to about 5 percent of the total coliforms (Walter and Vennes, 1985)
(Fig. 4.6). Chlorination appears to select for resistance to antibiotics in wastewater treat-
ment plants (Staley et al., 1988). However, others (Murray et al., 1984) observed that
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Figure 4.6 Multiple-antibiotic resistant (MAR) bacteria in domestic wastewater. From Walter and
Vennes (1985). (Courtesy of the American Society for Microbiology.)

chlorination increased the bacterial resistance to some antibiotics (e.g., ampicillin, tetra-
cycline) but not to others (e.g., chloramphenicol, gentamicin). The proportion of bacteria
carrying R factors seems to increase after water and wastewater treatment (Armstrong
et al., 1981; Bell, 1978; Bell et al., 1981; Calomiris et al., 1984). For example, in one
study, MAR was expressed by 18.6 percent of heterotrophic plate count bacteria in
untreated water as compared to 67.8 percent for bacteria in the distribution system
(Armstrong et al., 1981). Similarly, in a water treatment plant in Oregon, the percentage
of MAR bacteria rose from 15.8 percent in untreated (river) water to 57.1 percent in
treated water (Armstrong et al., 1982). Multiple-antibiotic resistance is furthermore
associated with resistance to heavy metals (e.g., Cu*t, Pb?t, Zn”). This phenomenon
was observed both in drinking water (Calomiris et al., 1984) and wastewater (Varma
et al., 1976). The public health significance of this phenomenon deserves further study.
Strategies for tackling the serious problem of drug resistance include the reduced use of
antibiotics in humans and animals, preventive measures for the transmission of infectious dis-
eases, and increased efforts by the scientific community to better understand the mechanisms
of drug resistance in microorganisms (Cohen, 1992; McKeegan et al., 2002; Neu, 1992).

4.2.2 Viral Pathogens

Water and wastewater may become contaminated by approximately 140 types of enteric
viruses. These viruses enter into the human body orally, multiply in the gastrointestinal
tract, and are excreted in large numbers in the feces of infected individuals. Table 4.9
(Bitton, 1980a; Jehl-Pietri, 1992; Schwartzbrod, 1991; Schwartzbrod et al., 1990) lists
the enteric viruses found in aquatic environments that are pathogenic to humans. Many
of the enteric viruses cause non apparent infections that are difficult to detect. They are
responsible for a broad spectrum of diseases ranging from skin rash, fever, respiratory
infections, and conjunctivitis to gastroenteritis and paralysis. It was estimated that nonpo-
lio enteroviruses cause 10— 15 million symptomatic infections/year in the United States
(Zaoutis and Klein, 1998). Virus presence in the community wastewater reflects virus
infections among the population. Enteric viruses are present in relatively small numbers
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TABLE 4.9. Some Human Enteric Viruses

Virus Group Serotypes Some Diseases Caused
A. Enteroviruses Paralysis
Poliovirus 3 Aseptic meningitis
Coxsackievirus
A 23 Herpangia
Aseptic meningitis
Respiratory illness
Paralysis
Fever
B 6 Pleurodynia
Aseptic meningitis
Pericarditis
Myocarditis
Congenital heart
Anomalies
Nephritis
Fever
Echovirus 34 Respiratory infection
Aseptic meningitis
Diarrhea
Pericarditis
Myocarditis
Fever, rash
Enteroviruses (68—71) 4 Meningitis
Respiratory illness
Hepatitis A virus (HAV) Infectious hepatitis
Hepatitis E virus (HEV) Hepatitis
B. Reoviruses 3 Respiratory disease
C. Rotaviruses 4 Gastroenteritis
D. Adenoviruses 41 Respiratory disease
Acute conjunctivitis
Gastroenteritis
E. Norwalk agent (calicivirus) 1 Gastroenteritis
F. Astroviruses 5 Gastroenteritis

in water and wastewater. Therefore, environmental samples of 10—1000 L must be con-
centrated in order to detect these pathogens. An ideal method should fulfil the following
criteria: applicability to a wide range of viruses, processing of large sample volumes with
small-volume concentrates, high recovery rates, reproducibility, rapidity, and low cost.
A number of approaches have been considered for accomplishing this task (Farrah and
Bitton, 1982; Gerba, 1987b; Goyal and Gerba, 1982a; Wyn-Jones and Sellwood, 2001).
The most widely used approach is based on the adsorption of viruses to electronegative
and electropositive microporous filters of various compositions (e.g., nitrocellulose, fiber-
glass, charge-modified cellulose, epoxy-fiberglass, cellulose + glass fibers, positively
charged nylon membranes). This step is followed by elution of the adsorbed viruses from
the filter surface. Further concentration of the sample can be obtained by membrane fil-
tration, organic flocculation (using beef extract or casein) or aluminum hydroxide hydroex-
traction. The concentrate is then assayed using animal tissue cultures, immunological or
genetic probes (see Chapter 1). Other adsorbents considered for virus concentration
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include glass powder, glass wool, bituminous coal, bentonite, iron oxide, modified diato-
maceous earth or pig erythrocyte membranes. Table 4.10 (Gerba, 1987b) shows a compi-
lation of most of the methods available for concentrating viruses from water and wastewater.

From an epidemiological standpoint, enteric viruses are mainly transmitted via person-
to-person contacts. However, they may also be communicated by water transmission
either directly (drinking water, swimming, aerosols) or indirectly via contaminated food
(e.g., shellfish, vegetables). Waterborne transmission of enteric viruses is illustrated in
Figure 4.7 (Gerba et al., 1975a). Some enteric viruses (e.g., hepatitis A virus) persist on
environmental surfaces, which may serve as vehicles for the spread of viral infections
in day-care centers or hospital wards (Abad et al., 1994). The infection process depends
on the minimal infectious dose (MID) and on host susceptibility, which involves host
factors (e.g., specific immunity, sex, age) and environmental factors (e.g., socioeconomic
level, diet, hygienic conditions, temperature, humidity) factors. Although the MID for
viruses is controversial, it is generally relatively low as compared with bacterial
pathogens. Experiments with human volunteers have shown an MID of 17 PFU
(plaque-forming units) for echovirus 12 (Schiff et al., 1984a, b). Several epidemiological
surveys have shown that enteric viruses are responsible for 4.7-11.8 percent
of waterborne epidemics (Cliver, 1984; Craun, 1988; Lippy and Waltrip, 1984).

TABLE 4.10. Methods Used for Concentrating Viruses from Water”

Initial
Volume
Method of Water Applications Remarks
Filter adsorption—elution Large All but the most Only system shown useful for
Negatively charged turbid waters concentrating viruses from large
filters volumes of tapwater, sewage, sea
water, and other natural waters;
cationic salt concentration and pH
must be adjusted before
processing.
Positively charged Large Tap water, sewage, No preconditioning of water
filters seawater necessary at neutral or acidic pH
level.
Adsorption to metal Small Tapwater, sewage Have been useful as reconcentration
salt precipitate, methods.
aluminum hydroxide,
ferric hydroxide
Charged filter aid Small Tapwater, sewage 40 L volumes tested, low cost; used
as a sandwich between prefilters.
Polyelectrolyte PE60 Large Tapwater, lake Because of its unstable nature and lot-
water, sewage to-lot variation in efficiency for
concentrating viruses, method has
not been used in recent years.
Bentonite Small Tapwater, sewage
Iron oxide Small Tapwater, sewage
Talcum powder Large Tapwater, sewage Can be used to process up to 100 L

volumes as a sandwich between
filter paper support.

(continued)
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Initial
Volume

Method of Water Applications Remarks

Gauze pad Large First method developed for detection
of viruses in water, but not
quantitative or very reproducible.

Glass powder Large Tapwater, seawater Columns containing glass powder
have been made that are capable
of processing 400 L volumes.

Organic flocculation Small Reconcentration Widely used method for
reconcentrating viruses from
primary filter eluates.

Protamine sulfate Small Sewage Very efficient method for
concentrating reoviruses and
adenoviruses from small volumes
of sewage.

Polymer two-phase Small Sewage Processing is slow; method has been
used to reconcentrate viruses from
primary eluates.

Hydroextraction Small Sewage Often used as a method for
reconcentrating viruses from
primary eluates.

Ultrafiltration

Soluble filters Small Clean waters Clogs rapidly even with low
turbidity.
Flat membranes Small Clean waters Clogs rapidly even with low
turbidity.
Hollow fiber or Large Tapwater, lake Up to 100 L may be processed, but
capillary water water must often be prefiltered.
Reverse osmosis Small Clean waters Also concentrates cytotoxic

compounds that adversely affect
assay methods.

“Adapted from Gerba (1987b).

Epidemiological investigations have definitely proved the waterborne and food-borne
transmission of viral diseases such as hepatitis and gastroenteritis.

4.2.2.1 Hepatitis. Hepatitis is caused mainly by the following viruses (Jehl-Pietri,

1992; Pilly, 1990):

« Infectious hepatitis is caused by hepatitis A virus (HAV), a 27 nm RNA enterovirus
(enterovirus type 72 belonging to the family picornaviridae) with a relatively short
incubation period (2—-6 weeks) and displaying a fecal—oral transmission route.
Although it can be replicated on primary and continuous human or animal tissue cul-
tures, it is hard to detect because it does not always display a cytopathic effect. Other
means of detection of HAV include genetic probes, use of PCR (Altmar et al., 1995),
and immunological methods (immunoelectron microscopy, radioimmunoassay,
enzyme immunoassay, radioimmuno-focus assay; see Chapter 1 for more details).
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Figure 4.7 Waterborne transmission of enteric viruses. From Gerba et al. (1975). (Courtesy of the
American Chemical Society.)

- Serum hepatitis is caused by hepatitis B virus (HBV), a 42 nm DNA virus displaying
a relatively long incubation time (4—12 weeks). This virus is transmitted by contact
with infected blood or by sexual contact. The mortality rate (1—-4 percent) is higher
than for infectious hepatitis (<0.5 percent). Hepatitis B virus is responsible
for approximately 60 percent of the 434,000 cases of liver cancer worldwide
(WHO, 1996).

- Non-A, non-B infectious hepatitis is caused by hepatitis E virus (HEV).

Hepatitis A virus causes liver damage with necrosis and inflammation. After the onset
of infection, the incubation period may last up to 6 weeks. One of the most characteristic
symptoms is jaundice. In the United States, approximately 140,000 persons are infected
annually with HAV (Berge et al., 2000).

Hepatitis A is transmitted via the fecal—oral route either by person-to-person direct
contact, waterborne, or food-borne transmission (Jehl-Pietri, 1992; Myint et al., 2002).
Concentration of HAV in feces can reach 107 to 10°/g. This disease is distributed world-
wide and the prevalence of HAV antibodies is higher among lower socioeconomic groups
and increases with the age of the infected individuals. Direct contact transmission has been
documented mainly in nurseries (especially among infants wearing diapers), mental insti-
tutions, prisons, or military camps.

Waterborne transmission of infectious hepatitis has been conclusively demonstrated
and documented worldwide on several occasions. It has been estimated that 4 percent
of hepatitis cases observed during the period 1975-1979 in the United States were trans-
mitted through the waterborne route (Cliver, 1985). The hepatitis cases are due to con-
sumption of improperly treated water or contaminated well water (De Serres et al.,
1999). Hepatitis A outbreaks were also associated with swimming in lakes or public
pools (Mahoney et al., 1992). Food-borne transmission of HAV appears to be more
important than waterborne transmission. Consumption of shellfish grown in wastewater-
contaminated waters accounts for numerous hepatitis and gastroenteritis outbreaks
documented worldwide (Jehl-Pietri, 1992; Schwartzbrod, 1991) (Table 4.11).
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TABLE 4.11. Some Viral Hepatitis Outbreaks Due to Shellfish Consumption”

Year Shellfish Country No. of Cases
1953 Oysters USA 30
1955 Oysters Sweden 600
1961 Oysters USA 84
1962 Clams USA 464
1963/1966 Clams/oysters USA 180
1964 Clams USA 306
1964 Oysters USA 3
1966 Clams USA 4
1968/1971 Clams/oysters Germany 34
1971 Clams USA 17
1972 Mussels France 13
1973 Oysters USA 265
1976 Mussels Australia

1978 Mussels England 41
1979 Oysters USA 8
1980 Oysters Philippines 7
1980/1981 Cockles England 424
1982 Various shellfish England 172
1982 Oysters USA 204
1982 Clams USA 150
1984 Cockles Malaysia 322
1984 Mussels Yugoslavia 51
1985 Clams USA 5
1988 Clams China 292,000

“Adapted from Jehl-Pietri (1992) and Schwartzbrod (1991).

Passive immunization by means of pooled immunoglobulin is used for the prevention
of infectious hepatitis. Vaccines against hepatitis A are available around the world.

Hepatitis E virus (HEV) is a single-stranded RNA virus, the classification of which is
not known. It is believed that this virus may be a calicivirus. This virus is not well charac-
terized due to the lack of a tissue culture cell line for its assay. Unlike HAV, it is mainly
transmitted via fecally contaminated water, while the person-to-person transmission is
very low (Myint et al., 2002).

Hepatitis E virus epidemics generally involve thousands of cases. A notorious non-A,
non-B hepatitis (now recognized as hepatitis E virus) epidemic broke out in 1956 in New
Delhi, India, and resulted in approximately 30,000 cases. A more recent outbreak involved
approximately 79,000 people in Kampur (Ray et al., 1991). It attacks mostly young adults
and pregnant women and has clinical symptoms similar to those of HAV (Moe, 1997). The
fatality rates are 2—3 percent in the general population and as high as 32 percent for preg-
nant women in their third trimester (Bader, 1995; Haas et al., 1999). A new recombinant
HEYV vaccine is under development by the U.S. Army (Myint et al., 2002).

4.2.2.2 Viral Gastroenteritis. Gastroenteritis is probably the most frequent water-
borne illness; it is caused by protozoan parasites, and by bacterial and viral pathogens
(e.g., rotaviruses, Norwalk-like agents, adenoviruses, astroviruses) (Williams and Akin,
1986). In this section we will examine rotaviruses, caliciviruses genetically related to
Norwalk-type virus, and enteric adenoviruses as causal agents of gastroenteritis.
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* Rotaviruses

Rotaviruses, belonging to the family Reoviridae, are 70 nm particles containing
double-stranded RNA surrounded with a double-shelled capsid (Fig. 4.8). Rotaviruses
are the major cause of infantile acute gastroenteritis in children less than two years of
age (Gerba et al., 1985). This disease largely contributes to childhood mortality in devel-
oping countries, and is responsible for millions of childhood deaths per year in Africa,
Asia, and Latin America. It is also responsible for outbreaks among adult populations
(e.g., the elderly) and is a major cause of travelers’ diarrhea. Up to 10'" rotavirus particles
can be detected in patient stools. The virus is spread mainly by the fecal —oral route, but a
respiratory route has also been suggested (Flewett, 1982; Foster et al., 1980). There have
been several outbreaks of gastroenteritis where rotaviruses originating from wastewater
have been implicated. Some waterborne outbreaks associated with rotaviruses are sum-
marized in Table 4.12 (Gerba et al., 1985; Williams and Akin, 1986).

Detection of rotaviruses in wastewater, drinking water, and other environmental
samples is accomplished by using electron microscopy, enzyme-linked immunosorbent
assays (ELISA kits are commercially available), reverse transcription-PCR method
(RT-PCR), which helped identify types 1, 2, and 3 in wastewater (Gajardo et al., 1995),
or tissue cultures (a popular cell line is MA-104, which is derived from fetal rhesus
monkey kidney). Detection in cell cultures include methods such as plaque assay, cyto-
pathic effect (CPE), or immunofluorescence. Information on the fate of rotaviruses in
the environment is available mostly for simian rotaviruses (e.g., strain SA-11) and little
is known concerning the four known human rotavirus serotypes. A recent molecular epi-
demiological survey for rotaviruses in wastewater showed that the environmental rotavirus
isolates from wastewater effluents displayed profiles similar to human rotaviruses isolated
from fecal samples (Dubois et al., 1997). Using RT-PCR, rotavirus RNA was detected in
drinking water in homes with children suffering from rotaviral acute gastroenteritis, but
the sequences found in drinking water were different from those found in the patients’
feces (Gratacap-Cavallier et al., 2000).

Figure 4.8 Electron micrograph of rotaviruses (bar = 100 nm). (Courtesy of F. M. Williams,
U.S. EPA.)
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TABLE 4.12. Some Rotavirus Waterborne Outbreaks”

Year

Remarks

1977

1980
1980
1981
1981

1982
1981-1982
1982-1983
1991

Norfolk Island

East Germany

Small town water supply contaminated with
sewage effluent

Contamination of private school’s water

Contamination of community water supply

Contamination of groundwater system

Source contamination (chlorinator and
filtration failure)

Reservoir contaminated by children

Floodwater contamination of wells

Contaminated water supply

Well water contaminated by sewage at a resort

“Adapted from Gerba et al. (1985) and Williams and Akin (1986).

« Human Caliciviruses

Gastroenteritis is often caused by small round-structured viruses that have been charac-
terized as caliciviruses genetically related to the Norwalk-like virus (NLV) (Estes and
Hardy, 1995; Le Guyader et al., 1996). The latter is a small 27 nm virus (Fig. 4.9), first
discovered in 1968 in Norwalk, Ohio, and is a major cause of waterborne disease and is
also implicated in food-borne outbreaks, especially those associated with shellfish con-
sumption. The virus causes diarrhea and vomiting and appears to attack the proximal

Figure 4.9 Electron micrograph of Norwalk virus (bar = 50 nm). (Courtesy of F. M. Williams,

U.S. EPA))
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small intestine, but the mechanism of pathogenesis is poorly understood as the exact site of
virus replication has not been identified. The Norwalk virus plays a major role in water-
borne gastroenteritis (Table 4.13; Gerba et al., 1985; Williams and Akin, 1986) but also
appears to play a role in travelers’ diarrhea (Keswick et al., 1982). There is a lack of
long-term immunity to NLVs. These viruses are stable under environmental conditions
and appear to have a low infectious dose (estimated at 10—100 virus particles). Although
person-to-person transmission is the prevalent mode of transmission of NLVs, food-borne
(e.g., via shellfish consumption, contaminated fruits and vegetables, food handlers) and
waterborne transmission (e.g., tapwater, ice, well water, bottled water) have been well
documented around the world (Fig. 4.10; Lopman et al., 2003; Parshionikar et al.,
2003). Approximately half of the reported outbreaks of gastroenteritis in the US, Japan
and Europe are caused by Norwalk-like viruses (NLV) (Lopman et al., 2003).

Because NLV cannot be propagated in tissue cultures, the tools mostly used for their
detection in clinical samples, immune electron microscopy and radioimmunoassay tech-
niques, are not sensitive enough for environmental monitoring. New methodology
includes immunomagnetic separation followed by RT-PCR or an RT-PCR-DNA
enzyme immunoassay for detection of NLV in stools and shellfish (Altmar et al., 1993;
De Leon et al., 1992; Jiang et al., 1992; Meschke and Sobsey, 2002; Schwab et al.,
2001) but more work is needed for the development of rapid diagnostic assays for environ-
mental monitoring.

« Enteric Adenoviruses

Enteric adenoviruses belong to subgroup F adenoviruses, which comprises 2 serotypes
types 40 and 41, and are commonly found in stools (>10"" viruses /g feces) of children
with gastroenteritis (Cruz et al., 1990). These nonenveloped double-stranded DNA
viruses have an 80-nm diameter. The most frequent symptoms of infection by these
viruses are diarrhea and vomiting (Herrmann and Blacklow, 1995). Enteric adenoviruses
can be detected using a commercial monoclonal ELISA method (Wood et al., 1989a) or
PCR technique (Allard et al., 1992). They are found in raw wastewater and effluents,

TABLE 4.13. Some Examples of Waterborne Outbreaks of Norwalk-Like Virus®

Year Location Number 111 Remarks

1978 Pennsylvania 350 Drinking water with insufficient chlorination
(attack rate 17-73%).

1978 Tacoma, WA ~600 Well of 51.4 m depth (attack rate = 72%).

1979 Arcata, CA 30 Sprinkler irrigation system not for human
consumption.

1980 Maryland 126 Well 95 ft. (attack rate 64%) disinfected water.

1980 Rome, GA ~1500 Spring (attack rate 72%).

1982 Tate, GA ~500 Springs and well. Springs possibly contaminated
from rainfall events from the surface.

1998 Finland 1500-3000 Contaminated drinking water. Well contaminated

by contaminated river water by back flow.
Finding of NLV genotype 2 in tap water.

2000 Italy 344 Outbreak of gastroenteritis at a tourist resort. NLV
found in 22 out of 28 stool specimens.
Contaminated water and ice.

“Adapted from Boccia et al., 2002; Gerba et al., 1985; Kukkula et al., 1999; Williams and Akin, 1986.
NLV, Norwalk-like virus.
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Figure 4.10 Transmission routes of human caliciviruses. From Lopman et al. (2002).

and are suspected to also be transmitted by the water route (Enriquez et al., 1995). They
are quite resistant to UV irradiation (see Chapter 6).

« Astroviruses

Astroviruses are 27—34 nm spherical nonenveloped single-stranded RNA viruses with
a characteristic starlike appearance (Fig. 4.11). Seven human serotypes have been ident-
ified to date. Astroviruses mostly affect children and immunocompromised adults and
are transmitted by the fecal—oral route, spreading via person-to-person contacts and via
contaminated food or water. Astroviruses are the second leading cause of viral gastroen-
teritis in children and adults (Willcocks et al., 1995). The mild, watery diarrhea lasts for
3—4 days, but can be long-lasting in immunocompromised patients (Matsui, 1995). Astro-
viruses are traditionally detected with immune electron microscopy but molecular probes
(e.g., RT-PCR, RNA probes) and immunoassays (e.g., monoclonal antibodies) are now
available for their diagnosis (Jonassen et al., 1993; Metcalf et al., 1995; Nadan et al.,
2003). After treatment with trypsin, astroviruses can grow in human embryonic kidney
cultures or in Caco cell cultures. Infectious astroviruses can be detected in environmental
samples through growth on tissue cultures followed by hybridization with a specific cDNA
probe (Pinto et al., 1996).

4.2.3 Protozoan Parasites

Most of the protozoan parasites produce cysts, which are able to survive outside their host
under adverse environmental conditions. Encystment is triggered by factors such as lack of
nutrients, accumulation of toxic metabolites, or host immune response. Under appropriate
conditions, a new trophozoite is released from the cyst. This process is called excystment
(Rubin et al., 1983).
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Figure 4.11 Electron micrograph of astroviruses (note the star-like appearance) (bar = 50 nm).
(Courtesy of F. M. Williams, U.S. EPA.)

The major waterborne pathogenic protozoa affecting humans are presented in the fol-
lowing subsections (Table 4.14).

4.2.3.1 Giardia. This flagellated protozoan parasite has a pear-shaped trophozoite
(9-21 pm long) and an ovoid cyst stage (§—12 wm long and 7—10 pm wide) (Figs 4.12
and 4.13). An infected individual may shed up to 1-5 x 10° cysts /g feces (Jakubowski
and Hoff, 1979; Lin, 1985). Domestic wastewater is a significant source of Giardia, and
wild and domestic animals act as important reservoirs of Giardia cysts. This parasite is
endemic in mountainous areas in the United States and infects both humans and domestic
and wild animals (e.g., beavers, muskrats, dogs, cats). Infection is caused by ingestion of

TABLE 4.14. Major Waterborne Diseases Caused by Protozoa

Organism Disease (Site Affected) Major Reservoir
Giardia lamblia Giardiasis (G.I. tract) Human and animal feces
Entamoeba histolytica ~ Amoebic disentery (G.I. tract) Human feces
Acanthamoeba Amoebic meningoencephalitis (central Soil and water
castellani nervous system)
Naeleria gruberi Amoebic meningoencephalitis (central Soil and water
nervous system)
Balantidium coli Dysentery /intestinal ulcers (G.I. tract) Human feces
Cryptosporidium Profuse and watery diarrhea; weight loss; Human and animal feces
nausea; low-grade fever (G.I. tract)
Cyclospora Watery diarrhea alternating with Feces, contaminated
constipation fruits and vegetables
Microsporidia Chronic diarrhea, dehydration, weight loss Feces

G.L, gastrointestinal tract.



138 PATHOGENS AND PARASITES IN DOMESTIC WASTEWATER

Nucleus Nucleus

G. lamblia trophozoite G. lamblia cyst

Figure 4.12  Giardia lamblia trophozoite and cyst. From Lin (1985). (Courtesy of the American
Water Works Association.)

the cysts found in water. Passage through the stomach appears to promote the release of
trophozoites, which attach to the epithelial cells of the upper small intestine and reproduce
by binary fission. They may coat the intestinal epithelium and interfere with absorption of
fats and other nutrients. They encyst as they travel through the intestines and reach the
large intestine (AWWA, 1985a). The life cycle of Giardia is shown in Figure 4.14
(Rochelle, 2002). In humans, infections may last months to years. The infectious dose
for Mongolian gerbils is more than 100 cysts (Schaefer et al., 1991), and is generally
between 25 and 100 in human volunteers, but may be as low as 10 cysts (Rendtorff, 1979).

Giardia has an incubation period of 1-8 weeks and causes diarrhea, abdominal pains,
nausea, fatigue, and weight loss. However, giardiasis is rarely fatal. Although its usual
mode of transmission is the person-to-person or food routes, Giardia is recognized as
one of the most important etiological agents in waterborne disease outbreaks (Craun,
1979; 1984b). The first major documented outbreak of giardiasis in the United States
occurred in 1974 in Rome, New York, and was associated with the presence of Giardia
in the water supply. It affected approximately 5000 people (10 percent of the town’s

Cryptosporidiun parvum oocysts

Giardia lambliacysts

Figure 4.13 Immunofluorescence image of Giardia lamblia cysts and Cryptosporidium parvum
oocysts. (Courtesy of H. D. A. Lindquist, U.S. EPA.) Figure also appears in color figure section.
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Figure 4.14 Life cycle of Giardia. Adapted from Rochelle (2002).

population). The outbreak occurred as a result of consumption of water that has been
chlorinated but not filtered. Other outbreaks have been reported in Colorado, New Hamp-
shire, Pennsylvania, South Dakota, Tennessee, Utah, Vermont, and Washington. In the
United States, during the 1971-1985 period, more than 50 percent of the outbreaks result-
ing from the use of surface waters were caused by Giardia (Craun, 1988) (Fig. 4.15).
Approximately 80 giardiasis outbreaks were recorded in the United States from 1965 to
1983 (AWWA, 1985a). In the United States, Giardia was the etiologic agent responsible
for 27 percent of the outbreaks reported in 1989—1990, and for 16.6 percent of the out-
breaks reported in 1993-1994 (Herwaldt et al., 1992; Kramer et al., 1996). A survey of
giardiasis cases in the United States between 1992 and 1997 indicated 0.9-42.3 cases
of giardiasis per 100,000 population, with a national average of 9.5 cases per 100,000
population. It is estimated that as many as 2.5 million cases of giardiasis occur annually
in the United States (Furness et al., 2000). It is estimated that Giardia is responsible for
100 million mild cases and one million severe cases per year, worldwide (Smith, 1996).

Most of the giardiasis outbreaks are associated with the consumption of untreated or
unsuitably treated water (e.g., water chlorinated but not filtered, interruption of disinfec-
tion) and with recreational activities during the summer season. Amendments of the Safe
Drinking Water Act (Surface Water Treatment Rule) in the United States mandates the
U.S. EPA to require filtration and disinfection for all surface waters and groundwater
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Figure 4.15 Etiology of waterborne disease outbreaks: surface water (1971-1985). From Craun
(1988). (Courtesy of American Water Works Association.)

under the direct influence of surface water to control the transmission of Giardia spp. and
enteric viruses. However, exceptions (e.g., effective disinfection) to this requirement have
been considered (Clark et al., 1989; U.S. EPA, 1989d). Faulty design or construction of
filters may lead to breakthrough of Giardia lamblia and subsequent contamination of
drinking water. Traditional bacterial indicators are not suitable as surrogates for the pre-
sence of Giardia cysts in water and other environmental samples (Rose et al., 1991). A
good correlation has been reported between the removal of Giardia cysts, Cryptospori-
dium oocysts and bacterial pathogens, and some traditional parameters of water quality
such as turbidity (LeChevallier et al., 1991a, b; Xagoraraki et al., 2004). Microbiological
quality can be significantly improved at a turbidity below 0.2 NTU (Xagoraraki et al.,
2004). Oocyst-sized polystyrene microspheres also appear to be reliable surrogates for
C. parvum oocyst removal by filtration (Emelko and Huck, 2004).

Giardia cysts generally occur in low numbers in aquatic environments and must be con-
centrated from water and wastewater, by means of ultrafiltration cassettes, vortex flow fil-
tration, or adsorption to polypropylene or yarn wound cartridge filters (APHA, 1999;
Hibler and Hancock, 1990; Isaac-Renton et al., 1986; Mayer and Palmer, 1996).
Because Giardia lamblia cannot be cultured in the laboratory, the detection of the cysts
necessitates other approaches such as immunofluorescence, using polyclonal or mono-
clonal antibodies, or by phase-contrast microscopy (Sauch, 1989). Moreover, cysts
exposed to chlorine concentration from 1 to 11 mg/L, although fluorescing, could not
be confirmed by phase contrast microscopy because they lost their internal structures
(Sauch and Berman, 1991). Cysts can also be selectively concentrated from waters
samples by an antibody-magnetite procedure. Cysts, following exposure to a mouse
anti-Giardia antibody, are allowed to react with an anti-mouse antibody-coated mag-
netite particles and then concentrated by high-gradient magnetic separation (Bifulco
and Schaefer, 1993).

U.S. EPA methods 1622 and 1623 (McCuin and Clancy, 2003; U.S. EPA, 2001a)
consist of filtration of the sample through a pleated membrane capsule (1 wm) or a com-
pressed foam filter, followed by elution, purification by immunomagnetic separation
(IMS) of the cysts, and observation under a florescence microscope following staining
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with fluorescein isothiocyanate (FITC) conjugated monoclonal antibody (FAb) and coun-
terstaining with DAPI. Cyst recovery is significantly improved by heating at 80°C for
10 min prior to DAPI staining (Ware et al., 2003).

In vivo infectivity assays, using gerbils, give information on both the viability and
infectivity of the cysts. Alternative methods include the use of cell cultures (e.g., caco-
2 cells), in vitro excystation, and fluorogenic dyes. The latter include a propidium
iodide (PI) in combination with fluorescein diacetate (FDA) or DAPI. Fluorescein diace-
tate uptake and degradation releases fluorescein, which renders the cysts fluorescent.
Although cysts’ response to FDA sometimes correlates well with infectivity to animals,
this stain may overestimate their viability (Campbell and Wallis, 2002; Labatiuk et al.,
1991). Conversely, there is a negative correlation between cyst staining with propidium
iodide and infectivity, indicating that this stain can be used to determine the number of
nonviable cysts (Schupp and Erlandsen, 1987; Sauch et al., 1991). Alternative vital
dyes include SYTO-9 and SYTO-59 fluorogenic dyes (Bukhari et al., 2000). It was pro-
posed to combine the use of these fluorogenic dyes with Nomarski differential interference
contrast microscopy for examination of morphological features of the cysts (Smith, 1996).

Molecular-based methods have also been applied for the detection of cysts and oocyts
in water and wastewater. A cDNA probe was constructed for the detection of Giardia cysts
in water and wastewater concentrates (Abbaszadegan et al., 1991; Nakhforrosh and Rose,
1989). However, this method does not provide information on cyst viability (Rose et al.,
1991). Amplification of the giardin gene by PCR has been used to detect Giardia, and
several primer pairs have been developed to detect this parasite at the genus or species
level (Caccio et al., 2003; Rochelle, 2002). Distinction of live from dead cysts was
made possible by measuring the amount of RNA before and after excystation (Mahbubani
et al., 1991). Viable Giardia cysts can also be detected by PCR amplification of heat-
shock-induced mRNA that codes for heat shock proteins (Abbaszadegan et al., 1997).
Several substances (e.g., humic acids) that are present in environmental samples interfere
with pathogen and parasite detection by PCR technology (Rodgers et al., 1992). However,
several methods have been proposed to remove this interference.

A survey of raw wastewater from several states in the United States showed that
Giardia cysts numbers varied from hundreds to thousands of cysts per liter (Casson
et al., 1990; Sykora et al., 1990), but cyst concentration may be as high as 10°/L
(Jakubowski and Eriksen, 1979). In Italy, Giardia cysts were found in raw wastewater
throughout the year at concentrations ranging from 2.1 x 10° to 4.2 x 10* cysts/L
(Caccio et al., 2003). In Arizona, Giardia was detected at concentrations of 48 cysts/
40 L of activated sludge effluent (Rose et al., 1989a). This concentration decreased to
0.3 cysts/40 L after sand filtration. It was suggested that wastewater examination for
Giardia cysts may serve as a means for determining the prevalence of giardiasis in a
given community (Jakubowski et al., 1990). A survey of a wastewater treatment plant
in Puerto Rico showed that 94-98 percent of these parasites are removed following
passage through the plant (Correa et al., 1989). This parasite is more resistant to chlorine
than bacteria (Jarrol et al., 1984). Furthermore, Giardia cysts have been detected in 16
percent of potable water supplies (lakes, reservoirs, rivers, springs, groundwater) in the
United States at an average concentration of 3 cysts/100 L (Rose et al., 1991). Another
survey of surface water supplies in the United States and Canada showed that cysts
occurred in 81 percent of the samples (LeChevallier et al., 1991b).

A survey of drinking water plants in Canada indicated that 18 percent of the treated
water samples were positive for Giardia cysts, but viable cysts were found in only 3
percent of the samples. A total of 80 percent of the plants treated their water solely by
chlorination without any filtration (Wallis et al., 1996). In Japan, Giardia was detected
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in 12 percent of drinking water samples with a mean concentration of 0.8 cyts/1000 L
(Hashimoto et al., 2002).

4.2.3.2 Cryptosporidium. The coccidian protozoan parasite Cryptosporidium was
first described at the beginning of the twentieth century. It was known to infect mostly
animal species (calves, lambs, chicken, turkeys, mice, pigs, dogs, cats), but infection of
humans was reported only during the 1970s in an immunocompetent child. Cryptospori-
dium parvum is the major species responsible for infections in humans and animals (Adal
et al., 1995; Current, 1987; Rose et al., 1985; Rose, 1990).

The infective stage of this protozoan is a thick-walled oocyst (5—6 pm in size)
(Fig. 4.13), which readily persists under environmental conditions. An infected individual
may release up to 10° oocysts per day. Following ingestion by a suitable host, the oocysts
undergo excystation and release infective sporozoites, which parasitize epithelial cells
mainly in the host’s gastrointestinal tract. The life cycle of Cryptosporidium is illustrated
in Fig. 4.16 (Fayer and Ungar, 1986). Animal models showed that as few as one to ten
oocysts may initiate infection (Kwa et al., 1993; Miller et al., 1986; Rose, 1988), while a
study with 29 healthy human volunteers showed a minimum infective dose of 30 oocysts
and a median infective dose of 132 C. parvum oocysts (DuPont et al., 1995). The parasite
causes a profuse and watery diarrhea that typically lasts for 10 to 14 days in immunocom-
petent hosts and is often associated with weight loss and sometimes nausea, vomiting, and
low-grade fever (Current, 1988). The duration of the symptoms and the outcome depend on
the immunological status of the patient. The diarrhea generally lasts 1—10 days in immuno-
competent patients, but may persist for longer periods (more than 1 month) in immunodefi-
cient patients (e.g, AIDS patients, cancer patients undergoing chemotherapy). Drug therapy
to control this parasite is not yet available. Examination of thousands of human fecal
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Figure 4.16 Diagrammatic representation of the life cycle of Cryptosporidium. From Fayer and
Ungar (1986). (Courtesy of American Society of Microbiology.)
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samples in the United States, Canada, and Europe has shown that the prevalence of human
cryptosporidiosis is within a range of 1-5 percent (Ongerth and Stibbs, 1987).

It is estimated that C. parvum is responsible for 250—500 million infections per year in
developing countries (Current and Garcia, 1991). Person-to-person, waterborne, food-
borne, and zoonotic routes are all involved in the transmission of Cryptosporidium.
Person-to-person transmission is the major route, especially in day-care centers. The
zoonotic route, the transmission of the pathogen from infected animals to humans, is
suspected to be greater for Cryptosporidium than for Giardia (AWWA, 1988). Molecular
analysis of isolates from human and animal sources showed that there are two Cryptospor-
idium genotypes, with genotype 1 found in humans, and genotype 2 found in both animals
and humans. This supports the existence of two separate transmission cycles of this
parasite (Peng et al., 1997).

Studies have been conducted on the prevalence of this protozoan parasite in the
environment since some of the outbreaks are waterborne. Ten of the 30 drinking-water-
associated outbreaks reported in 1993—1994 in the United States were attributed to Cryp-
tosporidium or Giardia (Kramer et al., 1996). Cryptosporidiosis outbreaks occurred in
Georgia, Minnesota, Nevada, Texas, Washington, and Wisconsin. The outbreak in Car-
rollton, Georgia, affected approximately 13,000 people and was epidemiologically associ-
ated with consumption of drinking water from a water treatment plant where rapid sand
filtration was part of the treatment processes. Problems discovered in the plant included
ineffective flocculation and restarting of the sand filter without backwashing. Cryptospor-
idium was identified in 39 percent of the stools of patients during the outbreak and in
samples of treated water, while no other traditional indicator was identified in the
samples (Hayes et al., 1989). The largest documented waterborne disease outbreak
occurred in Milwaukee, Wisconsin, where 403,000 people became ill, of whom 4400
were hospitalized and 54 died (Kaminski, 1994; MacKenzie et al., 1994). A retrospective
cost-of-illness analysis showed that the total cost of that outbreak was $96.2 million in
medical costs and productivity losses (Corso et al., 2003). There are also reports of
swimming-associated cases of cryptosporidiosis (Sorvillo et al., 1992). Other outbreaks
of cryptosporidiosis have been reported in Europe (Rush et al., 1990).

Cryptosporidium is not efficiently removed or inactivated by traditional water treatment
processes such as sand filtration or chlorination, although lime treatment for water soften-
ing can partially inactivate Cryptosporidium oocysts (Robertson et al., 1992; Rose, 1990),
and short-term (15s) pasteurization at 71.7°C is able to destroy the infectivity of
C. parvum oocysts (Harp et al., 1996). Compliance with U.S. EPA standards does not
guarantee protection from infection with Cryptosporidium.

Concentration techniques have been developed for the recovery of this parasite but they
are still at the developmental stage (Schaefer, 1997). The methods used involve, for
example, the retention of oocysts on polycarbonate filters (Ongerth and Stibbs, 1987),
polypropylene cartridge filters (Musial et al., 1987), vortex flow filtration (Mayer and
Palmer, 1996), hollow fiber ultrafiltion (Kuhn and Oshima, 2001), or concentration via
passage through a membrane filter that is dissolved in acetone and then centrifuged to
pelletize the oocysts (Graczyk et al., 1997c). Although the recovery efficiency of these
concentration techniques is relatively low, methodology improvements have been
reported (Kuhn and Oshima, 2001; Mayer and Palmer, 1996).

The oocysts are detected in the concentrates using polyclonal or monoclonal anti-
bodies combined with epifluorescence microscopy (Rose et al., 1989b), flow cytometry
(Vesey et al., 1993), genetic probes in combination with PCR, or electronic imaging
of the fluorescent oocysts, using cooled charge couple devices (CCD) (Campbell et al.,
1992b; Johnson et al., 1993; 1995a; Leng et al., 1996; Mayer and Palmer, 1996; Rochelle
et al., 1997a, b; Webster et al., 1993). The method currently used by the U.S. EPA is the
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immunomagnetic separation (IMS) fluorescent antibody (FA) detection technique
(method 1623; U.S. EPA, 1999). Method 1623 and cell culture-PCR gave similar recov-
ery efficiencies as regards the detection of Cryptosporidium in water. The comparison
between the two methods revealed that about 37 percent of the Cryptosporidium
oocysts detected by Method 1623 are infectious (LeChevallier et al., 2003). The recovery
efficiency of the method can be also be improved by using a polysulfone hollow-fiber
single-use filter instead of the pleated polyethersulfone filter used in the EPA method
(Simmons et al., 2001). Immunomagnetic separation was also combined with PCR for
oocyst detection (Hallier-Soulier and Guillot, 2000; Sturbaum et al., 2002). Viable
oocysts can be detected with IMS followed by RT-PCR, which targets the hsp70 heat-
shock-induced mRNA. The assay did not give any signal following heat treatment
(20 min at 95°C) of the oocysts, confirming that the method detects only viable
oocysts (Hallier-Soulier and Guillot, 2003). Oocyst viability and infectivity is generally
determined by in vitro excystation, mouse infectivity assay, in vitro cell culture infec-
tivity assays, or staining with fluorogenic vital dyes such as DAPI (4,6-diamino-2-pheny-
lindole), propidium iodide, SYTO-9 or SYTO-59 (Bukhari et al., 2000; Campbell et al.,
1992a; Shin et al., 2001). However, the vital-dye-based assays and in vitro excystation
were found to overestimate oocyst viability. Although the mouse infectivity assay is con-
sidered the method of choice for assessing oocyst infectivity (Bukhari et al., 2000), the in
vitro cell culture assay should be considered as a practical and accurate alternative
(Rochelle et al., 2002).

A PCR method, based on the amplification of an 873 bp gene fragment, detects the
excysted sporozoite, and therefore allows a distinction between live and dead oocysts
(Wagner-Wiening and Kimmig, 1995). An immunomagnetic capture PCR method was
proposed to detect viable Cryptosporidium parvum in environmental samples. The pro-
cedure consists of capturing Cryptosporidium oocysts on IgG-coated magnetite particles
followed by excystation, PCR amplification, and identification of the PCR products
(Deng et al., 1997). Oocyst infectivity can also be determined by combining infectivity
assays on cell cultures with RT-PCR, which targets a heat shock protein 70 (hsp70)
gene (Rochelle et al., 1997a, b).

Figure 4.17 exhibits micrographs of Cryptosporidium parvum oocysts, using a combi-
nation of a fluorescent antibody and a fluorescent in situ hybridization (FISH) probe.

It was also suggested that the Asian benthic freshwater clam (Corbicula fluminea) or
the marine mussel (Mytilus edulis), be used as biomonitors for the presence of Cryptospor-
idium oocysts in water and wastewater (Chalmers et al., 1997; Graczyk et al., 1997a, b).
Immunofluoresence microscopy showed that the clam concentrates the oocysts in the
hemolymph, where they are phagocytosed by the hemocytes. Oocysts uptake and
phagocytosis by hemocytes was also demonstrated for the Eastern oyster, Crassostrea
virginica (Fayer et al., 1997; Graczyk et al., 1997b).

These methodologies allow the detection of this hardy parasite in wastewater, surface,
and drinking water and show that oocysts occur in raw wastewater at levels varying
between 850 and 13,700 oocysts/L. The range of oocyst concentrations in wastewater
effluents varies between 4 and 3960 cysts/L (Madore et al., 1987; Musial et al., 1987).
A survey of potable water supplies in the United States showed that oocysts were
present in 55 percent of the samples at an average concentration of 43 oocysts/100 L
(Rose et al., 1991). Other surveys indicated the presence of oocysts in up to 87 percent
of surface water samples (Chauret et al., 1995; LeChevallier et al., 1991a, b), 8.7
percent of coastal waters, and 16.7 percent of cistern waters (Johnson et al., 1995a, b).
Analysis of river water in the western United States showed Cryptrosporidium oocysts
in each of the 11 rivers examined, at concentrations ranging from 2 to 112 oocysts/L
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Figure 4.17 Oocysts of Cryptosporidium parvum viewed with a combination of immunological
and genetic tools. (Courtesy of Christopher Robinson, Oak Ridge Institute of Science and
Education, and H. D. Alan Lindquist, U.S. EPA.) The gray frame on the top left shows a
Cryptosporidium parvum oocyst with some apparent damage to the oocyst wall, and some material
remaining inside. The red image on the right is of the same oocyst as detected by an anti-C. parvum
red fluorescent antibody (Fab) staining procedure. Only the surface features of the oocyst are
evident with this type of staining. The image on the bottom left is of the same oocyst, hybridized to
a C. parvum specific anti-ribosomal RNA fluorescent in situ hybridization (FISH) probe labeled
with a green fluorescent compound. There is some nonspecific staining with this probe, but the
majority of the probe appears to be hybridized within one region, indicating the presence of ribosomal

RNA in this structure. The image on the bottom right is an overlay of Fab and FISH staining of the
oocyst. The scale in all images represents 5 wm. Figure also appears in color figure section.

(Ongerth and Stibbs, 1987). In Japan, a survey of 18 rivers that serve as sources of water
supply, showed that 47 percent of samples were positive for C. parvum oocysts (Ono et al.,
2001). Another study showed that 13 of 13 samples of source water in Japan were positive
for Cryptosporidium oocysts (Hashimoto et al., 2002). This parasite has also been detected
in finished drinking water (Hashimoto et al., 2002; Rose et al., 1986).

4.2.3.3 Cyclospora. Cyclospora cayetanensis is another emerging diarrhea-causing
coccidian parasite, which was first reported in 1986, and is often mentioned in the literature
as a “cyanobacterium-like body” (Adal et al., 1995; Soave, 1996). Cyclospora oocysts are
spheroidal with an 8—10 wm diameter and contain two sporocysts, with two sporozoites
per sporocyst. Cyclosporiasis has an incubation period of approximately one week, and
clinical symptoms include long-lasting watery diarrhea, sometimes alternating with consti-
pation, abdominal cramps, nausea, weight loss, sometimes vomiting, anorexia, and fatigue.
Infections may last up to four months in AIDS patients. This parasite infects epithelial cells
of the duodenum and jejunum. Diagnosis of infection is based on microscopic examination
of stool specimens. (Ortega et al., 2002; Soave, 1996). The treatment of cyclosporiasis
necessitates the use of trimethropim sulfamethoxazole (TMX-SMX).
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Cyclospora outbreaks have been reported in developing countries, and the parasite is
endemic in certain countries such as Nepal, Haiti, and Peru. Some water-associated cases
have been documented in the United States (CDC, 1991). Even after chlorination, drinking
water appears to be implicated in outbreaks of diarrhea associated with Cyclospora (Huang
etal., 1996; Rabold et al., 1994). In the United States, most infections are associated with the
consumption of contaminated fruits and vegetables. An outbreak of cyclosporiasis in 1996 in
the United States and Canada resulted in 1465 cases, 67 percent of which were confirmed by
various laboratories. The outbreak was associated with consumption of raspberries imported
from Guatemala (Herwaldt et al., 1997). Other outbreaks have been linked to the consump-
tion of contaminated basil (Lopez et al., 2001).

Cyclospora oocysts are concentrated in environmental samples by filtration methods
similar to those employed for Cryptosporidium. Microscopic examination is used to
detect oocysts in sample concentrates. A distinct feature of Cyclospora oocysts is their auto-
fluorescence, as they appear as blue circles when examined under a fluorescence microscope
(365 nm excitation filter). Polymerase chain reaction can detect less than 40 oocysts per
100 g of raspberries or basil (Steele et al., 2003). Fluorogenic probes, in conjunction with
real-time PCR, have been used to detect Cyclospora oocysts (Varma et al., 2003). A
method based on PCR-restriction fragment length polymorphism (PCR-RFLP) allows the
differentiation of Cyclospora cayetanensis from other Cyclospora species, as well as
other coccidian parasites such as Eimeria (Shields and Olson, 2003). Unfortunately, there
is a lack of in vivo or in vitro culture assays to assess the viability of Cyclospora oocysts.

No data are available on the removal /inactivation of this parasite following water and
wastewater treatment.

4.2.3.4 Microsporidia. Microsporidia are obligate intracellular protozoan parasites
that cause infections in humans, especially AIDS patients. Prevalence in patients with
chronic diarrhea varies between 10 and 50 percent (Cotte et al., 1999). Individuals ingest-
ing the small (1-5 pm) resistant spores experience chronic diarrhea, dehydration, and
significant weight loss. Some microsporidia species may be transmitted by the water
route (Schaefer, 1997).

4.2.3.5 Entamoeba histolytica. Entamoeba histolytica forms infective cysts
(10—15 pm in diameter) that are shed for relatively long periods by asymptomatic
carriers; it persists well in water and wastewater and may be subsequently ingested by
new hosts. Level of cysts in raw wastewater may be as high as 5000 cysts/L.

This protozoan parasite is transmitted to humans mainly via contaminated water and
food. It causes amoebiasis or amoebic dysentery, which is a disease of the large intestine.
Symptoms vary from diarrhea alternating with constipation to acute dysentery. It may
cause ulceration of the intestinal mucosa, resulting in diarrhea and cramps. It is a
cause of morbidity and mortality mostly in developing countries and is acquired
mostly via consumption of contaminated drinking water in tropical and subtropical
areas. Waterborne transmission of this protozoan parasite is, however, rare in the
United States.

4.2.3.6 Naegleria. Naegleria are free-living protozoa that have been isolated from
wastewater, surface waters, swimming pools, soils, domestic water supplies, thermal
spring waters, and thermally polluted effluents (Marciano-Cabral, 1988). Naegleria
fowleri is the causative agent for primary amoebic meningoencephalitis (PAME), first
reported in Australia in 1965. It is most often fatal, 4—5 days after entry of the amoeba
into the body. The protozoan enters the body via the mucous membranes of the nasal
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cavity and migrates to the central nervous system. The disease has been associated with
swimming and diving mostly in warm lakes in southern states of the United States
(Florida, South Carolina, Georgia, Texas, and Virginia). Using an animal model, it was
estimated that PAME risk to humans, as a function of N. fowleri concentration in water,
is 8.5 x 1078 at a concentration of 10 amoebae per liter (Cabanes et al., 2001).
Another concern is the fact that Naegleria may harbor Legionella pneumophila and
other pathogenic microorganisms (Newsome et al., 1985). The implications of this associ-
ation with regard to human health are not well known.

There are now rapid identification techniques (e.g., cytometry, API ZYM system,
which is based on detection of enzyme activity), monoclonal antibodies, DNA probes,
and PCR methods that can distinguish Naegleria fowleri from other free-living
amoebas in the environment (Behets et al., 2003; Kilvingston and Beeching, 1995a, b;
Kilvington and White, 1985; Visvesvara et al., 1987). A recent method for detecting N.
fowleri is solid-phase cytometry, which uses fluorescent labeling of microorganisms on
a membrane filter followed by an automated counting system (Pougnard et al., 2002).

4.2.3.7 Toxoplasma gondii. Toxoplasma gondii is a coccidian parasite that uses
cats as a host (Dubey, 2002). It also causes parasitic infections in humans worldwide.
Many infections are congenitally acquired and cause ocular disease in children. Others
are postnatally acquired and lead to enlargement of the lymph nodes. This parasite
causes most damage among AIDS patients and other immunosuppressed individuals.
Humans become infected following ingestion of uncooked or undercooked meat or
water contaminated with 7. gondii oocysts. An outbreak of toxoplasmosis was linked to
the consumption of water from a reservoir in Canada (Isaac-Renton et al., 1998). Preven-
tive measures are directed mostly to pregnant women, who should avoid contact with cats
as well as contaminated meat (Dubey, 2002).

Following concentration and purification (immunomagnetic separation can be used) of
environmental samples, 7. gondii oocysts can be detected using light or fluorescence
microscopy or PCR-based methods. The molecular methods are hampered by the multi
layered nature of the oocyst walls, which cause difficulties in DNA extraction. Oocyst
viability is assessed via mouse bioassay (Dumétre and Dardé, 2003).

4.2.4 Helminth Parasites

Although helminth parasites are not generally studied by microbiologists, their presence in
wastewater, along with bacterial and viral pathogens and protozoan parasites, is nonethe-
less of great concern as regards human health. It is estimated that about 63 percent of the
Chinese population is infected with one or more helminth parasites, particularly with
Ascaris lumbricoides, Trichuris trichiura, and hookworms Ancylostoma duodenale and
Necator americanus. Most of these infections are acquired by the food-borne route
(Hotez et al., 1997; Xu et al., 1995).

The ova (eggs) constitute the infective stage of parasitic helminths; they are excreted in
feces and spread via wastewater, soil, or food. The ova are very resistant to environmental
stresses and to chlorination in wastewater treatment plants (Little, 1986). There are seaso-
nal fluctuations in the number of helminth eggs in wastewater. Egg concentration in raw
wastewater from Marrakech, Morocco, varied between 0 and 120 eggs/L with an annual
mean of 32 eggs/L (Mandi et al., 1992). The most important helminth parasites are
presented in the following subsections (Table 4.15).
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TABLE 4.15. Major Parasitic Helminths

Organism Disease (Main Site Affected)
Nematodes (roundworms)
Ascaris lumbricoides Ascariasis — intestinal obstruction in children (small intestine)
Trichuris trichiura Whipworm — (trichuriasis) (intestine)
Hookworms
Necator americanus Hookworm disease (GI tract)
Ancylostoma duodenale Hookworm disease (GI tract)
Cestodes (tapeworms)
Taenia saginata Beef tapeworm — abdominal discomfort, hunger pains, chronic
indigestion (GI tract)
Taenia solium Pork tapeworm (GI tract)
Trematodes (flukes)
Schistosoma mansoni Schistosomiasis (complications in liver [cirrhosis], bladder, and

large intestine)

4.2.4.1 Taenia spp. Taenia saginata (beef tapeworm) and Taenia solium (pig
tapeworm) are now relatively rare in the United States. These parasites develop in an
intermediate host to reach a larval stage called cysticercus and may finally reach
humans, which serve as final hosts. Cattle ingest the infective ova while grazing, and
serve as intermediate hosts for Taenia saginata, pigs being the intermediate hosts for
Taenia solium. The cysticerci invade muscles, eyes, and brain. These parasites cause
enteric disturbances, abdominal pains, and weight loss.

4.2.4.2 Ascaris lumbricoides (Roundworms). The life cycle of this helminth
(Fig. 4.18) includes a phase in which the larvae migrate through the lungs and cause pneu-
monitis (Loeffler’s syndrome). This disease can be acquired through ingestion of only a
few infective eggs. Infected individuals excrete a large quantity of eggs and each
female Ascaris can produce approximately 200,000 eggs/day (Little, 1986). The eggs
are dense and are well removed via sedimentation in wastewater treatment plants.
Although they are effectively removed by the activated sludge treatment, they are quite
resistant to chlorine action (Rose, 1986).

4.2.4.3 Toxocara canis. This parasite infects mainly children with habits of eating
dirt. In addition to causing intestinal disturbances, the larvae of this parasite can migrate
into the eyes, causing severe ocular damage, sometimes resulting in loss of the eye.

4.2.4.4 Trichuris trichiura. Trichuris trichiura causes whipworm infections in
humans. The eggs are dense and settle quite well in sedimentation tanks.

4.2.5 Other Problem-Causing Microorganisms

Surface waters feeding water treatment plants may harbor large concentrations of blue-
green algae (cyanobacteria) such as Anabaena flos aquae, Microcystis aeruginosa, and
Schizothrix calcicola. These algae produce exotoxins (peptides and alkaloids) as well as
endotoxins (lypopolysaccarides) that may be responsible for syndromes such as gastro-
enteritis (Carmichael, 1981a, b; 1989). Presently, studies are being undertaken to gain
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knowledge about the occurrence and removal potential of these toxins in water and waste-
water treatment plants. Their health risks have not yet been fully evaluated (see Chapter 16
for more details).

4.3 WEB RESOURCES

http: / /www.swbic.org /products/bioinfo/envirusat/main.html (very good web page focused on
enteric viruses, excellent pictures)

http: / /www.bact.wisc.edu/Bact330/330Lecturetopics  (microbiology course, University of
Michigan, Madison)

http: //web.uct.ac.za/depts/mmi/stannard/linda.html (lectures notes on viral diseases and EM

pictures of viruses from the University of Capetown)

http: //www.ncbi.nlm.nih.gov /ICTVdb/Images/index2.htm (excellent EM pictures and diagrams

of viruses and comprehensive description of phylogeny from the Universal Virus Database of
the International Committee on Taxonomy of Viruses)
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http:/ /www.biosci.ohio-state.edu/~parasite /a-z.html (good selection of good pictures of protozoan
and other parasites)

http: //www.epa.gov/microbes/ (EPA methods on pathogens, parasites, and indicator organisms)
http://www.cdc.gov/ (Center for Disease Control and Prevention)

4.4 QUESTIONS AND PROBLEMS

What is the difference between a primary pathogen and an opportunistic one?
Why are shellfish important in disease transmission?
Discuss the problems associated with antibiotic-resistant bacteria.

el e

Give the causative agents for the following:

- peptic ulcers;

- pontiac fever;

- serum hepatitis;

. viral gastroenteritis;

« Primary amoebic meningoencephalitis (PAME).

5. Give two examples of bacterial pathogens that may be transmitted via
aerosolization.

Which hepatitis viruses are transmitted via the waterborne route?
Give the categories of pathogenic E. coli strains.
Give an example of an aquatic free-living protozoan parasite.

0 o N

What is the most important transmission route for viruses?
10. How would you remove Cryptosporidium oocysts in water treatment plants?
11. Give the major factors affecting the chain of infection.
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5.1 INTRODUCTION

The direct detection of pathogenic bacteria and viruses, and cysts of protozoan parasites
(see Chapter 4) requires costly and time-consuming procedures, and well-trained labor.
These requirements led to the concept of indicator organisms of fecal contamination.
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As early as 1914, the U.S. Public Health Service (U.S.P.H.S.) adopted the coliform group
as an indicator of fecal contamination of drinking water. Later on, various microorganisms
have been proposed and used for indicating the occurrence of fecal contamination, treat-
ment efficiency in water and wastewater treatment plants, and the deterioration and post-
contamination of drinking water in distribution systems.

The criteria for an ideal indicator organism are:

It should be one of the intestinal microflora of warm-blooded animals.
It should be present when pathogens are present, and absent in uncontaminated samples.
It should be present in greater numbers than the pathogen.

Eal

It should be at least equally resistant as the pathogen to environmental insults and to
disinfection in water and wastewater treatment plants.

e

It should not multiply in the environment.

o

It should be detectable by means of easy, rapid, and inexpensive methods.
7. The indicator organism should be nonpathogenic.

5.2 REVIEW OF INDICATOR MICROORGANISMS

Proposed or commonly used microbial indicators are discussed below (APHA, 1989;
Berg, 1978; Ericksen and Dufour, 1986; Leclerc et al., 2000; Olivieri, 1983) (Fig. 5.1).

5.2.1 Total Coliforms

The total coliform group belongs to the family enterobacteriaceae and includes the
aerobic and facultative anaerobic, gram-negative, nonspore-forming, rod-shaped bacteria
that ferment lactose with gas production within 48 hours at 35°C (APHA, 1989).

TOTAL FECAL FECAL
COLIFORMS COLIFORMS STREPTOCOCCI

ANAEROBIC

HETEROTROPHIC BACTERIA

PLATE COUNT [ Clostridium

(HPC) Bifidobacteria
BACTERIAL
s PHtAGES BACTERIAL CHEMICAL
omatic phages
FRNA phages SPORES INDICATORS
B. fragilis phages

Figure 5.1 Microbial and chemical indicators.



REVIEW OF INDICATOR MICROORGANISMS 155

This group includes Escherichia coli, Enterobacter, Klebsiella, and Citrobacter. These
coliforms are discharged in high numbers (2 x 10° coliforms /day/capita) in human and
animal feces, but not all of them are of fecal origin. These indicators are useful for deter-
mining the quality of potable water, shellfish-harvesting waters, and recreational waters.
They are less sensitive, however, than viruses or protozoan cysts to environmental
factors and to disinfection. Some members (e.g., Klebsiella) of this group may sometimes
grow under environmental conditions in industrial and agricultural wastes. In water treat-
ment plants, total coliforms are one of the best indicators of treatment efficiency of the
plant. For example, this group has been found useful for assessing the safety of reclaimed
wastewater in the Windhoek reclamation plant in Namibia (Grabow, 1990).

5.2.2 Fecal Coliforms

Fecal coliforms or thermotolerant coliforms include all coliforms that can ferment lactose
at 44.5°C. The fecal coliform group comprises bacteria such as Escherichia coli or
Klebsiella pneumonae. The presence of fecal coliforms indicates the presence of fecal
material from warm-blooded animals. However, human and animal sources of contami-
nation cannot be differentiated. Some investigators have suggested the sole use of
E. coli as an indicator of fecal pollution as it can be easily distinguished from the
other members of the fecal coliform group (e.g., absence of urease and presence of
B-glucuronidase). Fecal coliforms display a survival pattern similar to that of bacterial
pathogens, but their usefulness as indicators of protozoan or viral contamination is
limited. They are much less resistant to disinfection than viruses or protozoan cysts.
Coliform standards are thus unreliable with regard to contamination of aquatic environ-
ments with viruses and protozoan cysts. They may also regrow in water and wastewater
under appropriate conditions. Several methodological modifications have been pro-
posed to improve the recovery of these indicators, particularly injured fecal coliforms
(Ericksen and Dufour, 1986). Moreover, the growth and detection of E. coli in pristine
sites in a tropical rain forest suggest that it may not be a reliable indicator of fecal pollution
in tropical environments (Bermudez and Hazen, 1988; Hazen, 1988). The distinction
between human and animal sources of E. coli may be accomplished by using methods
such as antibiotic resistance patterns or DNA fingerprinting (see Section 5.2.3).

5.2.3 Fecal Streptococci

This group comprises Streptococcus faecalis, S. bovis, S. equinus, and S. avium. Because
they commonly inhabit the intestinal tract of humans and warm-blooded animals, they
are used to detect fecal contamination in water. Members of this group survive longer
than other bacterial indicators, but do not reproduce in the environment. A subgroup of
the fecal streptococci group, the enterococci (S. faecalis and S. faecium), has been
suggested as useful for indicating the presence of viruses, particularly in biosolids and
seawater.

The fecal coliform to fecal streptococci ratio (FC/FS ratio) has served for many years
as an indicator of the origin of pollution of surface waters. A ratio of >4 indicates
a contamination of human origin, whereas a ratio of <(.7 is indicative of animal pollution
(Geldreich and Kenner, 1969). This ratio is only valid, however, for recent (24 hours)
fecal pollution and is unreliable for chlorinated effluents, and some investigators have
questioned its usefulness (Pourcher et al., 1991). The source of fecal contamination
can also be identified, based on the antibiotic resistance pattern of coliforms (Kaspar
et al., 1990) or fecal streptococci (Hagedorn et al., 1999; Knudson and Hartman, 1993;
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Wiggins, 1996), multiple antibiotic resistance (MAR) profiles (Burnes, 2003;
Parveen et al., 1997), ribotyping, pulsed-field gel electrophoresis, biochemical finger-
printing (Manero et al., 2002), phenotypic fingerprinting with carbon source utiliza-
tion profiles, using the Biolog system (Hagedorn et al., 2003) or amplified fragment
length polymorphism (AFLP), which can distinguish between nonpathogenic and
pathogenic strains of E. coli (Leung et al., 2004).

Phages of Bacteroides fragilis can also serve as indicators of human fecal contami-
nation (see Section 5.2.5).

5.2.4 Anaerobic Bacteria

The main anaerobic bacteria that have been considered as indicators are given in the
following subsections.

5.2.4.1 Clostridium Perfringens. Clostridia are mostly opportunistic pathogens,
but are also implicated in human diseases such as gas gangrene (C. perfringens),
tetanus (C. fetani), botulism (C. botulinum), or acute colitis (C. difficile) (Payment
et al., 2002). Clostridium perfringens is an anaerobic gram-positive, endospore-forming,
rod-shaped, sulfite-reducing bacterium found in the colon and represents approximately
0.5 percent of the fecal microflora. It produces spores that are quite resistant to environ-
mental stresses and to disinfection. Since it is a member of the sulfite reducing clostridia
(SRC) group, it is detected in growth media containing sulfite. It is commonly found in
human and animal feces and in wastewater-contaminated aquatic environments. In
Europe, SRC have been traditionally used as indicators of water quality, but new European
Union (EU) regulations consider more specifically C. perfringens as the indicator of
choice. The EU standard was set at 0/100 mL of drinking water supply (European
Union, 1998). The hardy spores make this bacterium too resistant to be useful as an indi-
cator organism. It has been suggested nonetheless to use this microorganism as an indi-
cator of past pollution and as a tracer to follow the fate of pathogens. Clostridium
perfringens was also proposed as a suitable indicator for viruses and protozoan cysts in
water treatment plants (Payment and Franco, 1993), Cryptosporidium parvum oocysts
after mixed-oxidant disinfection (Venczel et al., 1997), and the quality of recreational
waters (Fujioka, 1997). This bacterium is generally much more resistant to oxidizing
agents and to UV than bacterial and phage indicators. It also appears to be a reliable indi-
cator for tracing fecal pollution in the marine environment (e.g., marine sediments
impacted by sludge dumping) and survives in sediments for long periods (>1 year)
after cessation of sludge dumping (Burkhardt and Watkins, 1992; Hill et al., 1993; 1996).

5.2.4.2 Bifidobacteria. These anaerobic, nonspore-forming, gram-positive bacteria
live in human and animal guts and have been suggested as fecal indicators. Bifidobacter-
ium is the third most common genus found in the human intestinal microflora. Because
some of them (e.g., B. bifidum, B. adolescentis, B. infantis, B. dentium) are primarily
associated with humans, they may help distinguish between human and animal contami-
nation sources. Their detection is now made possible through the use of rRNA probes
(Bonjoch et al., 2004; Langendijk et al., 1995). Enrichment for bifidobacteria followed
by detection of Bifidobacterium adolescentis via colony hybridization have shown that
this bacterium can serve as a specific indicator of human fecal contamination (Lynch
et al., 2002). A multiplex PCR approach showed that B. adolescentis and B. dentium
were found exclusively in human sewage (Bonjoch et al., 2004).
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5.2.4.3 Bacteroides spp. These anaerobic bacteria occur in the intestinal tract at
concentrations in the order of 10'* cells of feces. The survival of B. fragilis in water is
lower than that of E. coli or S. faecalis. A fluorescent antiserum test for this bacterium
was suggested as a useful method for indicating the fecal contamination of water
(Fiksdal et al., 1985; Holdeman et al., 1976).

5.2.5 Bacteriophages

Three groups of bacteriophages have been proposed as indicator organisms: somatic coli-
phages, male-specific RNA coliphages (FRNA phages), and phages infecting Bacteroides
fragilis (Berger and Oshiro, 2002; Leclerc et al., 2000).

5.2.5.1 Somatic Coliphages. They infect mostly E. coli, but some can infect other
enterobacteriaceae. Coliphages are similar to the enteric viruses, but are more easily and
rapidly detected in environmental samples and are found in higher numbers than enteric
viruses in wastewater and other environments (Bitton, 1980a; Goyal et al., 1987,
Grabow, 1986). Several investigators have suggested the potential use of coliphage as
water quality indicators in estuaries (O’Keefe and Green, 1989), seawater (good corre-
lation between coliphage and Salmonella; Borrego et al., 1987), freshwater (Dutka
et al., 1987; Skraber et al., 2002), potable water (Ratto et al., 1989) biosolids and waste-
water (Mocé-Llivina et al., 2003). Phages can also serve as biotracers to identify pollution
sources in surface waters and aquifers (Harvey, 1997b; McKay et al., 1993; Paul et al.,
1995). Genetically modified phages have been proposed to avoid interference with indi-
genous phages present in environmental samples. A unique DNA sequence was inserted
into the phage genome, which then can be detected, using PCR or plaque hybridization
(Daniell et al., 2000).

Of all the indicators examined, coliphages exhibited the best correlation with enteric
viruses in polluted streams in South Africa. The incidences of both enteric viruses and
coliphages were inversely correlated with temperature (Geldenhuys and Pretorius,
1989). They may also serve as indicators for assessing the removal efficiency of water
and wastewater treatment plants (Bitton, 1987) as well as water treatment plants where
they help provide information concerning the performance of water treatment processes
such as coagulation, flocculation, sand filtration, adsorption to activated carbon, or disin-
fection (Payment, 1991) (Table 5.1). In an activated sludge system, coliphages forming
plaques >3 mm were significantly correlated with numbers of enteroviruses (Funderburg
and Sorber, 1985).

5.2.5.2 Male-specific RNA phages (FRNA phages). These are single-stranded
RNA phages (FRNA phage) with a cubic capsid measuring 24-27 nm. All FRNA
phages belong to the family Leviviridae (see Fig. 1.26 in Chapter 1). They enter a host
bacterial cell by adsorbing to the F or sex pilus of the cell. Because F-specific phages
are infrequently detected in human fecal matter and show no direct relationship with
fecal pollution level, they cannot be considered as indicators of fecal pollution (Havelaar
et al., 1990a; Leclerc et al., 2000; Morinigo et al., 1992b). Their presence in high numbers
in wastewaters and their relatively high resistance to chlorination contribute to their
consideration as indicators of wastewater contamination (Debartolomeis and Cabelli,
1991; Havelaar et al., 1990a; Nasser et al., 1993; Yahya and Yanko, 1992). There are
four genotypes of F-specific RNA phages. With a few exceptions, genotypes II and III
are generally associated with human feces while genotypes I and IV are associated with
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TABLE 5.1. Monitoring of Coliphages, Clostridia, and Viruses at Various
Stages of the Pont-Viau, Canada, Water Filtration Plant

Type of Geometric Percentage Percentage
Organisms Water Mean Reduction Positive
Human enteric Raw* 79 NA 91.0
viruses
(mpniu/100 L)
Settled” 0 >99 0.0
Filtered” 0 >99.9 6.5
Finished” 0 >99.9 0.0
Coliphages Raw* 565 NA 100.0
(PFU/100 L)
Settled” 3.1 99.953 50.0
Filtered” 0.5 99.992 303
Finished” 0.0 99.99997 0.6
Clostridia Raw“ 11,349 NA 100.0
(CFU/100 L)
Settled” 83.8 99.262 93.8
Filtered® 1.2 99.989 51.5
Finished” 0.0 99.9982 1.9

“100 L sample.

100 L sample.

CFU, colony-forming units; PFU, plaque-forming units; NA, not available.
Adapted from Payment (1991).

animal feces. It was suggested that they could be used as indicators of the source (human
vs. animal sources) of fecal contamination (Schaper et al., 2002).

Monitoring of postchlorinated effluents after a rainfall showed that fecal coliforms and
enterococci were much more sensitive to chlorine than are male-specific bacteriophages
(Rippey and Watkins, 1992). As regards shellfish contamination and depuration, male-
specific phages provide a suitable model for studying the fate of animal viruses in shellfish
(Doré and Lees, 1995). They survive at least seven days in hard-shelled clams at ambient
seawater temperatures and do not undergo replication with or without added host cells
(Burkhardt et al., 1992). They appear to be suitable indicators for viral contamination in
the marine environment.

5.2.5.3 Phages Infecting Bacteroides Fragilis. The potential of bacteriophages
of Bacteroides spp. to serve as indicators of viral pollution was also explored (Tartera and
Jofre, 1987). Phages active against Bacteroides fragilis HSP 40 were detected in feces
(found in 10 percent of human fecal samples but not in animal feces), sewage, and
other polluted aquatic environments (riverwater, seawater, groundwater, sediments) and
were absent in nonpolluted sites (Cornax et al., 1990; Tartera and Jofre, 1987)
(Table 5.2). These indicators do not appear to multiply in environmental samples
(Tartera et al., 1989), are more resistant to chlorine than bacterial indicators (S. faecalis,
E. coli) or viruses (poliovirus type 1, rotavirus SA11 and coliphage f2) (Fig. 5.2; Abad
et al., 1994; Bosch et al., 1989) but are less resistant than coliphage {2 to UV irradiation
(Bosch et al., 1989). The higher resistance to chlorine of bacterial phages as compared to
bacterial indicators was confirmed for sewage effluents (Table 5.3; Duran et al., 2003).
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TABLE 5.2. Levels of Bacteriophages Active Against B. fragilis HSP 40 in Water
and Sediments

% Samples Maximum Minimum Mean

No. of Positive Value/ Value/ Value/
Samples Samples for Phages 100 mL 100 mL 100 mL
Sewage 33 100 1.1 x 10° 7 6.2 x 10°
River water” 22 100 1.1 x 10° 93 1.6 x 10*
River sediment® 5 100 4.6 x 10° 90 1.08 x 10°
Seawater” 22 772 1.1 x 10° <3 1.2 x 107
Marine sediment® 12 91.0 43 <3 13.4
Groundwater® 19 21.0 Unknown 0
Nonpolluted” 50 0

“Samples from areas with sewage pollution.
bWater and sediments from areas without known sewage pollution.
Adapted from Tartera and Jofre (1987).

Phage chlorine resistance was ranked as follows:

Phages infecting Bacteroides fragilis > F-RNA bacteriophages

> Somatic coliphages

Moreover, B. fragilis phage displayed a similar reduction to enteroviruses. Thus, these
organisms may be suitable indicators of human fecal pollution and their use enables the
distinction between human and animal fecal pollution. They display a positive correlation
with enteroviruses and rotaviruses (Jofre et al., 1989) and their persistence is similar to that
of enteric viruses (e.g., hepatitis A virus) in seawater and shellfish (Chung and Sobsey,
1993a; Lucena et al., 1994). Phages infecting Bacteroides fragilis are more resistant to
treatment processes than bacterial (fecal coliforms and streptococci, clostridia), phage
(somatic and male-specific phages) indicators, and enteroviruses, as shown in three
water treatment plants in Spain (Jofre et al., 1995). They are also more resistant to
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Figure 5.2 Regression line of the inactivation of bacteriophages active against Bacteroides fragilis
(B-40) and other microorganisms by chlorine. Adapted from Bosch et al. (1989).
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TABLE 5.3. Log;o Reduction (SD) of Naturally
Occurring Bacterial Indicators and Bacteriophages by
Chlorination of a Secondary Sewage Effluent”

Chlorine? Chlorine?
Microorganism 20 mg/L 40 mg/L
Fecal coliforms >4.1 >4.7
Enterococci >32 >35
Somatic phages 1.3 (0.4) 2.6 (0.2)
F-specific RNA phages 0.5 (0.5) 1.1 (0.4)
B. fragilis phages 0.3 (0.2) 0.5 (0.3)

“Adapted from Duran et al. (2003).
bContact time = 30 min.
SD, standard deviation.

natural inactivation in freshwater than fecal coliforms and other phages (FRNA and
somatic phages) (Duran et al., 2002).

It is doubtful that bacterial phages can be used as indicators for enteric viruses in all
situations (Gerba, 1987a).

5.2.6 Yeasts and Acid-Fast Organisms

Some investigators have proposed yeasts and acid-fast mycobacteria (Mycobacterium
Sfortuitum and M. phlei) as indicators of disinfection efficiency (Grabow et al., 1980;
Haas et al., 1985). The acid-fast bacterium, Mycobacterium fortuitum, is more resistant
to free chlorine and ozone than is E. coli or poliovirus type 1 (Engelbrecht and
Greening, 1978; Engelbrecht et al., 1974; Farooq and Akhlaque, 1983). Little is known
about the use of these microorganisms as indicators in field studies.

5.2.7 Bacterial Spores

Aerobic spores are nonpathogenic, ubiquitous in aquatic environments, occur at much
higher concentrations than the parasitic protozoan cysts, do not grow in environmental
waters, and their assay is simple, inexpensive, and relatively quick. Since turbidity is
not an adequate surrogate, it was suggested to use Bacillus spores as surrogates to
assess water treatment plant performance as regards the removal of Cryptosporidium or
Giardia cysts (Nieminski, 2002; Nieminski et al., 2000; Rice et al., 1996), and to assess
disinfection efficiency (Chauret et al., 2001; Radziminsk et al., 2002). Aerobic spore-
forming bacilli are present in surface and treated waters in much higher concentrations
than CL perfringens. Since they occur in high concentrations in source waters and are
also found in finished waters, they allow the calculation of treatment efficiencies up to
5 log. However, no relationship was found between Cryptosporidium and Giardia cysts
removal and spores removal due to methodological problems associated with the detection
of parasites (Nieminski et al., 2000).

5.2.8 Heterotrophic Plate Count

The heterotrophic plate count (HPC) represents the aerobic and facultative anaerobic
bacteria that derive their carbon and energy from organic compounds. The number of
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recovered bacteria depends on medium composition, period of incubation (1-7 days),
and temperature of incubation (20-35°C) (Reasoner, 1990). A low-nutrient medium,
R2A, is used to determine bacterial numbers in water distribution systems. Plate
counts in R2A medium are higher than those obtained on plate count agar or sheep
blood agar (Fig. 5.3; Carter et al., 2000). This group includes gram-negative bacteria
belonging to the following genera: Pseudomonas, Aeromonas, Klebsiella, Flavobacter-
ium, Enterobacter, Citrobacter, Serratia, Acinetobacter, Proteus, Alcaligenes, Entero-
bacter, and Moraxella. The HPC microorganisms found in chlorinated distribution
water are shown in Table 5.4 (LeChevallier et al., 1980). Some members of this group
are opportunistic pathogens (e.g., Aeromonas, Flavobacterium (see Chapter 4), but
little is known about the effects of high numbers of HPC bacteria on human health. In
drinking water, the number of HPC bacteria may vary from <I to >10" CFU/mL
and they are influenced mainly by temperature, presence of a chlorine residual, and
level of assimilable organic matter. Heterotrophic plate count level should not exceed
500 organisms/mL (LeChevallier et al., 1980). The HPC group was found to be the
most sensitive indicator for the removal and inactivation of microbial pathogens in
reclaimed wastewater.

Heterotrophic plate count is useful to water treatment plant operators with regard to the
following (AWWA, 1987; Grabow, 1990; Reasoner, 1990):

1. Assessing the efficiency of various treatment processes, including disinfection, in a
water treatment plant;

2. Monitoring the bacteriological quality of the finished water during storage and dis-
tribution;

3. Determining bacterial growth on surfaces of materials used in treatment and distri-
bution systems;

4. Determining the potential for regrowth or aftergrowth in treated water in distribution
systems.

34 R2A

Log CFU/mi

PCA TSA-SB

0.5

0

Figure 5.3 Mean bacterial counts on three different growth media: (R2A = low-nutrient agar;
PCA = plate count agar; TSA-SB = Tryptic soy agar + 5% sheep’s blood). Adapted from Carter
et al. (2000).
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TABLE 5.4. Identification of HPC Bacteria in Distribution Water and

Raw Water”
Distribution Water Raw Water
% of
Organism Total % of Total Total Total
Actinomycete 37 10.7 0 0
Arthrobacter spp. 8 2.3 2 1.3
Bacillus spp. 17 4.9 1 0.6
Corynebacterium spp. 31 8.9 3 1.9
Micrococcus luteus 12 35 5 32
Staphylococcus aureus 2 0.6 0 0
S. epidermidis 18 5.2 8 5.1
Acinetobacter spp. 19 5.5 17 10.8
Alcaligenes spp. 13 3.7 1 0.6
F. meningosepticum 7 2.0 0 0
Group IVe 4 1.2 0 0
Group M5 9 2.6 2 1.3
Group M4 8 2.3 2 1.3
Moraxella spp. 1 0.3 1 0.6
Pseudomonas alcaligenes 24 6.9 4 25
P. cepacia 4 1.2 0 0
P. fluorescens 2 0.6 0 0
P. mallei 5 1.4 0 0
P. maltophilia 4 1.2 9 5.7
Pseudomonas spp. 10 2.9 0 0
Aeromonas spp. 33 9.5 25 15.9
Citrobacter freundii 6 1.7 8 5.1
Enterobacter agglomerans 4 1.2 18 11.5
Escherichia coli 1 0.3 0 0
Yersinia enterocolitica 3 0.9 10 6.4
Group IIK biotype 1 0 0 1 0.6
Hafnia alvei 0 0 9 5.7
Enterobacter aerogenes 0 0 1 0.6
Enterobacter cloacae 0 0 1 0.6
Klebsiella pneumoniae 0 0 0 0
Serratia liquefaciens 0 0 1 0.6
Unidentified 65 18.7 28 17.8
Total 347 100.0 157 99.7

“Adapted from LeChevallier et al. (1980).
HPC, heterotrophic plate count.

5.2.9 Chemical Indicators of Water Quality

5.2.9.1 Fecal Sterols. These include coprostanol, coprosterol, cholesterol, and
coprostanone. Some investigators have reported a correlation between fecal sterols and
fecal contamination. A good relationship was found between levels of E. coli and coprosta-
nol concentrations in tropical regions (R? varying from 0.81 and 0.92) but was affected by
temperature (Isobe et al., 2004). However, fecal sterols may be degraded after water and
wastewater treatment operations and may not be affected by chlorination. Bile acids (e.g.,
deoxycholic and lithocholic acids) are also potential useful indicators of wastewater pollution.
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They are more resistant to degradation than coprostanol and can help in distinguishing
between human and animal contamination sources (Elhmmali et al., 1997; 2000).

5.2.9.2 Free Chlorine Residual. This is a good indicator for drinking water
quality.

5.2.9.3 Levels of Endotoxins. Endotoxins are lipopolysaccharides present in the
outer membrane of gram-negative bacteria and some cyanobacteria. Some endotoxin-
related symptoms are fever, diarrhea, and vomiting. Exposure to endotoxins is of particu-
lar concern to dialysis patients. Endotoxin concentration in environmental samples is
conveniently measured via the Limulus amoebocyte lysate (LAL) assay. This test is
based on the reaction of white blood cells of the horseshoe crab with endotoxins. This
reaction leads to increased sample turbidity, which is measured with a spectrophotometer.
Endotoxin concentration in untreated water generally ranges between 1 and 400 endotoxin
units/mL (Anderson et al., 2003). A number of studies have been undertaken to establish a
relationship between endotoxin levels in wastewater and drinking water with the levels of
total and fecal coliform bacteria (Evans et al., 1978; Haas et al., 1983; Jorgensen et al.,
1979). Although a statistically significant association was noted, endotoxin level was
not recommended as a surrogate indicator (Haas et al., 1983).

5.2.9.4 Fluorescent Whitening Agents. Wastewater from human sources often
contains fluorescent whitening agents that are included in detergents and washing
powders. They have been used to indicate contamination from septic tanks (Close et al.,
1989).

In conclusion, there is no ideal indicator as no-one fulfills all the criteria presented at
the beginning of this chapter. In the end, we may have to resort to direct tests for detecting
certain important pathogens (e.g., HAV or Norwalk viruses) or parasites (e.g., Cryptospor-
idium). We might also consider the use of an enterovirus indicator (e.g., poliovirus) for
enteric viruses, a protozoan indicator (e.g., Giardia or Cryptosporidium) for cysts of para-
sitic protozoa, and coliforms for bacterial pathogens.

5.3 DETECTION METHODOLOGY FOR SOME INDICATOR
MICROORGANISMS

Several methods are available for the detection of indicator microorganisms in environ-
mental samples, including wastewater (Ericksen and Dufour, 1986; Seidler and Evans,
1983). Some of the procedures have been standardized and are routinely used by govern-
ment and private laboratories (APHA, 1989). In this section we will focus on the detection
of total and fecal coliforms, heterotrophic plate count, bacterial spores, and bacterio-
phages, stressing only some of the methodological advances made in the past few years.

5.3.1 Standard Methods for the Detection of Total and Fecal Coliforms

As noted above, the total coliform group includes all the aerobic and facultative anaerobic,
gram-negative, nonspore-forming, rod-shaped bacteria that ferment lactose with gas pro-
duction within 48 hours at 35°C. Total coliforms are detected via the most probable
numbers (MPN) technique or via the membrane filtration method. These procedures are
described in detail in Standard Methods for the Examination of Water and Wastewater
(APHA, 1999). Most probable numbers generally overestimates coliform numbers in
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tested samples; the overestimation depends on the number of total coliforms present in the
water sample, and on the number of tubes per dilution.

Fecal coliforms are defined as those bacteria that produce gas when grown in EC broth
at 44.5°C or blue colonies when grown in m-FC agar at 44.5°C. A 7 h test is also available
for detecting this indicator group (Reasoner et al., 1979). An evaluation of this test showed
more than 90 percent agreement between this method and the traditional MPN test (Barnes
et al., 1989).

Several factors influence the recovery of coliforms, among them the type of growth
medium, the diluent, and membrane filter used, the presence of noncoliforms, and the
sample turbidity (one should use the MPN approach when turbidity exceeds 5 Nephelo-
metric Turbidity Units; NTU). Heterotrophic plate count bacteria are also able to
reduce the number of coliform bacteria, presumably by competing successfully for limit-
ing organic carbon (LeChevallier and McFeters, 1985a; McFeters et al., 1982). Another
important factor affecting the detection of coliforms in water and wastewater is the occur-
rence of injured bacteria in environmental samples. Injury is due to physical (e.g., temp-
erature, light), chemical (e.g., toxic metals and organic toxicants, chlorination), and
biological factors. These debilitated bacteria do not grow well in the selective detection
media used (presence of selective ingredients such as bile salts and deoxycholate) under
temperatures much higher than those encountered in the environment (Bissonnette
et al., 1975; 1977; Domek et al., 1984; McFeters et al., 1982; Zaske et al., 1980). In
gram-negative bacteria, injury causes damage to the outer membrane, which becomes
more permeable to selective ingredients such as deoxycholate. The injured cells can
undergo repair, however, when grown on a nonselective nutrient medium. The low recov-
ery of injured coliforms in environmental samples may underestimate the presence of fecal
pathogens in the samples. Copper- and chlorine-induced injuries have been studied under
in vitro and in vivo conditions to learn more about the pathogenicity of injured pathogens
(LeChevallier et al., 1985; Singh et al., 1985; 1986a). Sublethally injured pathogens
display a temporary reduction in virulence, but under suitable in vivo conditions, they
may regain their pathogenicity. Copper- and chlorine-stressed cells retain their full patho-
genic potential even after exposure to the low pH of the stomach of orally infected mice
(Singh and McFeters, 1987).

A growth medium, m-T7 agar, was proposed for the recovery of injured microorgan-
isms (LeChevallier et al., 1983). The recovery of fecal coliforms on m-T7 agar is
greatly improved when the samples are preincubated at 37°C for 8 h. Recovery of fecal
coliforms from wastewater samples was three times higher than with the standard m-FC
method (LeChevallier et al., 1984b). Chlorine-stressed E. coli displays reduced catalase,
leading to its inhibition from the accumulated hydrogen peroxide. Thus, improved detec-
tion of chlorine-stressed coliform bacteria can also be accomplished by incorporating
catalase or pyruvate, or both in the growth medium to block and degrade hydrogen per-
oxide (Calabrese and Bissonnette, 1989; 1990; McDonald et al., 1983).

5.3.2 Rapid Methods for Coliform Detection

5.3.2.1 Enzymatic Assays. Enzymatic assays constitute an alternative approach for
detecting indicator bacteria, namely total coliforms and E. coli, in water and wastewater.
These assays, are specific, sensitive, and rapid. In most tests, the detection of total
coliforms consists of observing B-galactosidase activity, which is based on the hydrolysis
of chromogenic substrates such as ONPG (o-nitrophenyl-f3-D-galactopyranoside), CPRG
(chlorophenol red-B-D-galactopyranoside), X-GAL (5-bromo-4-chloro-3-indolyl-3-D-
galactopyranoside) or cyclohexenoesculetin-B-D-galactoside to colored reaction products.
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Other substrates used for (-galactosidase assay are fluorogenic compounds, such as
4-methylumbelliferone- B-D-galactoside (MUGA) or fluorescein-di-3-galactopyranoside
(FDG) (Berg and Fiksdal, 1988; Bitton et al., 1995; James et al., 1996; Plovins et al.,
1994), or chemiluminescent compounds such as phenyl galactose-substituted 1,2-diox-
ethane derivative, which considerably increases the sensitivity of the assay (Bronstein
et al., 1989; van Poucke and Nelis, 1995). The detection of total coliforms by S-galacto-
sidase assay can be improved by incorporating isopropyl-B-D-thiogalactopyranoside
(IPTG), a gratuitous inducer of B-galactosidase production, in the growth medium
(Diehl, 1991).

Rapid assays for detection of E. coli are based on the hydrolysis of a fluorogenic sub-
strates, 4-methylumbelliferone glucuronide (MUG) by S-glucuronidase, an enzyme found
in E. coli. The endproduct is fluorescent and can be easily detected with a long-wave UV
lamp. These tests have been used for the detection of E. coli in clinical and environmental
samples (Berg and Fiksdal, 1988; Trepeta and Edberg, 1984). B-glucuronidase is an intra-
cellular enzyme found in E. coli as well as some Shigella species (Feng and Hartman,
1982). A most probable number—fluorogenic assay based on S-glucuronidase activity
has been used for the detection of E. coli in water and food samples (Feng and
Hartman, 1982; Robison, 1984). The assay consists of incubating the sample in lauryl-
tryptose broth amended with 100 mg/L MUG, and observing the development of fluor-
escence within 24 h incubation at 35°C. This assay can be adapted to membrane filters
since -glucuronidase-positive colonies are fluorescent or have a fluorescent halo when
examined under a long-wave UV light. This test can detect the presence of one viable
E. coli cell within 24 h. A similar miniaturized fluorogenic assay, using MUG as the sub-
strate, was considered for the determination of E. coli numbers in marine samples. This
assay displayed a 87.3 percent confirmation rate (Hernandez et al., 1990; 1991).

A commercial test, the Autoanalysis Colilert (AC) test, also called the minimal media
ONPG-MUG (MMO-MUG) was developed to enumerate simultaneously in 24 h both
total coliforms and E. coli in environmental samples (Covert et al., 1989; Edberg et al.,
1988; 1989; 1990). The test is performed by adding the sample to tubes that contain
powdered ingredients consisting mainly of salts and specific enzyme substrates, which
also serve as the only carbon source for the target microorganisms. The enzyme substrates
are o-nitrophenyl-3-D-galactopyranoside (ONPG) for detecting total coliforms, and
4-methylumbelliferyl-3-p-glucuronide (MUG) for specifically detecting E. coli. Thus,
according to the manufacturer, ONPG and MUG serve as enzyme substrates as well as a
food source for the microorganisms. After 24 h incubation, samples positive for total coli-
forms turn yellow, whereas E. coli-positive samples fluoresce under long-wave UV illumi-
nation in the dark. It appears that Escherichia species other than E. coli are not detected by
the Colilert test (Rice et al., 1991). Examination of human and animal (cow, horse) fecal
samples revealed that 95 percent of E. coli isolates were (B-glucuronidase positive after
24 h incubation (Rice et al., 1990). Several surveys concerning coliform detection in
drinking water have shown that the AC test had a similar sensitivity as the standard
multiple tube fermentation method, or the membrane filtration method for drinking water
(Edberg et al., 1988; Katamay, 1990). This test yielded numbers of chlorine-stressed
E. coli in wastewater that were similar to or higher than U.S. EPA-approved EC-MUG
tests (Covert et al., 1992; McCarty et al., 1992). A version of Colilert, Colilert-MW, was
developed to detect total coliforms and E. coli in marine waters (Palmer et al., 1993).

Some problems have been signaled regarding the AC test:

- Some E. coli strains are nonfluorogenic; one-third of E. coli isolates from fecal samples
from human volunteers were found to be nonfluorogenic (Chang et al., 1989).
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. A certain percentage of E. coli isolates producing virulence factors (e.g., enterotoxi-
genic or enterohemorrhagic E. coli) are not recovered on AC medium (Martins et al.,
1992).

« Only 26 percent of uidA gene-bearing E.coli isolated from treated drinking water
expressed B-glucuronidase when incubated in AC medium (Martins et al., 1993).

« Some microalgae and macrophytes can produce (-galactosidase and S-glucuroni-
dase. Laboratory studies showed that their presence at high concentrations in
aquatic environments may interfere with the detection of total coliforms and
E. coli. The significance of this interference under field conditions remains to be
investigated (Davies-Colley et al., 1994).

Thus, some investigators do not recommend the implementation of the AC test as a
routine procedure for E. coli in environmental samples (Lewis and Mak, 1989). Further-
more, the AC test disagreed with the standard membrane filtration fecal coliform test for
treated, but not for untreated water samples. This was due to the presence of false-negative
results obtained via the AC test (Clark et al., 1991).

ColiPAD™ is another detection test for total coliforms and E.coli in environmental
samples. It is based on the hydrolysis of chlorophenol red-3-p-galacto-pyranoside
(CPRG) and 4-methylumbelliferone glucuronide (MUG) for the rapid detection on an
assay pad of total coliforms (purple spots) and E. coli (fluorescent spots), respectively.
Monitoring of wastewater effluents and lake water showed a good correlation between
results obtained by ColiPAD and the standard multiple tube fermentation method
(Bitton et al., 1995) (Fig. 5.4).

Early indication of fecal contamination can be obtained by using rapid tests (25 min)
based on the activity rate of -galactosidase and -glucuronidase. Although the corre-
lation between enzyme activity and culturable fecal coliforms is fairly good, the test
sensitivity is relatively low, however (Fiksdal et al., 1994). A rapid (<4 h) enzymatic
test was developed to measure E. coli numbers directly on membrane filters. The test
consists of passing a given sample through a membrane filter, inducing E. coli to
produce B-glucuronidase directly on the filter surface, fluorescence labeling with the sub-
strate fluorescein-di-B-D-glucuronide, and laser scanning of the membrane surface. This
procedure showed a good agreement with reference methods. Although the method is rela-
tively complex, it can be used in emergency situations (van Poucke and Nelis, 2000).

An MUG-based solid medium was proposed for the detection of E. coli after only a
7.5 h incubation. Testing this method in water gave a specifity of 96.3 percent (Sarhan
and Foster, 1991). Chromogenic substrates such as indoxyl-3-D-glucuronide (IBDG) and
5-bromo-4-chloro-3-indolyl-8-D-glucuronide (X-Gluc), are also useful for the rapid
and specific identification of E. coli on solid media (Gaudet et al., 1996; Watkins et al.,
1988). Escherichia coli colonies turn blue following incubation of samples for 22—24 h
at 44.5°C. When IBDG was used as a substrate, 99 percent of the blue colonies were
also MUG positive (Watkins et al., 1988), and 93 percent of the colonies were confirmed
as E. coli in a survey of surface waters in Ohio (Haines et al., 1993). The modified mTEC
method proposed by EPA uses a medium that contains the chromogen 5-bromo-6-chloro-
3-indolyl-B-D-glucuronide. Following sample filtration, the filters are placed on modified
mTEC medium and incubated for 2 h at 35°C and then for 20—22 h at 44.5°C. Magenta
colonies are counted as E. coli (Francy and Darner, 2000). Brenner and colleagues
(1996) developed an agar method based on the use of two enzyme substrates, 4 methyl-
umbelliferyl-B-D-galactopyranoside and indoxyl-B-D-glucuronide for the detection
of total coliforms and E. coli, respectively. Assays based on the presence of the enzyme
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Figure 5.4 Comparison of ColiPAD™ to the standard multiple tube fermentation (MTF) method
for the detection of total coliforms (TC) and Escherichia coli (EC): (a) total coliforms; (b) fecal

coliforms. From Bitton et al. (1995). (With permission from the publisher.)

glutamate decarboxylase are also very selective for E. coli (the reagent turns from yellow
to blue) (Rice et al., 1993).

5.3.2.2 Other Methods for Coliform Detection

« Monoclonal Antibodies

Escherichia coli can be detected, using monoclonal antibodies directed against outer
membrane proteins (e.g., OmpF protein) or alkaline phosphatase, an enzyme localized
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in the cell periplasmic space (Joret et al., 1989). Although some monoclonal antibodies are
specific for E. coli and Shigella, some investigators have questioned their specificity and
affinity, and further research is needed to demonstrate the application of this tool to routine
E. coli detection in field samples (Kfir et al., 1993).

 Polymerase Chain Reaction (PCR)-Gene Probe Detection Method

In this method, specific genes (e.g., LacZ, lamB genes) in E. coli are amplified via PCR
and subsequently detected with a gene probe. With this method one can detect 1-5 cells of
E. coli per 100 mL of water (Atlas et al., 1989; Bej et al., 1990). Another genetic probe
involves the uidA gene, which codes for B-glucuronidase in E. coli and Shigella species
and which has been detected in 97.7 percent of E. coli isolates from drinking water and
raw water sources (Martins et al., 1993). The uidA probe, when combined with PCR,
can detect as few as 1-2 cells, but is unable to distinguish between E. coli and Shigella
(Bej et al., 1991a; Cleuziat and Robert-Baudouy, 1990). The PCR-gene probe method
appears to be more sensitive than the AC method as regards the detection of E. coli in
environmental samples (Bej et al., 1991b). This is probably due to the presence of approxi-
mately 15 percent of B-glucuronidase-negative strains in environmental samples.

Escherichia coli can also be concentrated on a membrane filter and be allowed to grow
on a solid growth medium for 5 h. This is followed by detection of microcolonies by in situ
hybridization with a peroxidase-labeled nucleic acid (PNA) probe that targets the 16S
rRNA of E. coli.

5.3.3 Fecal Streptococci/Enterococci

Fecal streptococci/enterococci can be detected using selective growth media in most
probable numbers or membrane filtration formats. Enzymatic methods have been devel-
oped for the detection of fecal streptococci, including the enterococci group. These
indicators can be detected by incorporating fluorogenic (MUD = 4-methylumbelliferone
B-D-glucoside) or chromogenic (indoxyl-B-D-glucoside) substrates into selective media
(Messer and Dufour, 1998). Miniaturized tests, using microtitration plates and MUD,
were successful in the selective detection of this group in fecal, freshwater, wastewater,
and marine samples (Hernandez et al., 1990; 1993; Pourcher et al., 1991). The enterococci
group can be rapidly detected via fluorogenic or chromogenic enzymatic assays. These
tests are based on the detection of the activity of two specific enzymes, pyroglutamyl ami-
nopeptidase and 3-D-glucosidase (Manafi and Sommer, 1993). Enterolert was marketed as
a 24 h MPN test for the detection of enterococci, and is based, as shown for Colilert, on the
use of a methylumbelliferyl substrate (Budnick et al., 1996). It has been argued, however,
that Enterolert may give false negative and false positive results. Thus, an alternative use
of Enterolert substrate is to incorporate it in a bacteriological agar for the rapid (4 h)
confirmation of presumptive enterococci isolated on m-Enterococcus agar (MEA)
(Adcock and Saint, 2001).

5.3.4 Heterotrophic Plate Count

The heterotrophic plate count in water and wastewater is defined as the total number
of bacteria that can grow after incubation of the sample on plate count agar at 35°C
for 48 h. These bacteria may interfere with the detection of coliforms in water samples.
Heterotrophic plate count is greatly influenced by the temperature and length of incu-
bation, the growth medium, and the plating method (pour plate vs. spread plate). A
growth medium, designated R2A, was developed for use in heterotrophic plate counts.
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This medium is recommended with an incubation period of 5—7 days at 28°C (Reasoner
and Geldreich, 1985). A significant relationship was found between ATP concentration of
surface waters and HPC count using R2A agar (Delahaye et al., 2003).

Heterotrophic plate count should not exceed 500 colonies/mL. Numbers above this
limit generally signal a deterioration of water quality in distribution systems.

An original approach is the use of recombinant lux+ phages for the detection of indi-
cator bacteria within 1-5 h. Enteric bacteria become bioluminescent following infection
with recombinant phage and can be measured with a bioluminometer. This procedure
awaits further development (Kodikara et al., 1991).

5.3.5 Bacteriophages

Domestic wastewater harbors a wide range of phage strains that can be detected using a
variety of host bacteria. Their levels in raw wastewater are within the range of 10°—107
phage particles/L, but decrease significantly following waste treatment operations
(Bitton, 1987). The detection of phage in water or wastewater effluents comprises the
following steps (Goyal, 1987).

5.3.5.1 Phage Concentration. Phage can be concentrated from large volumes of
water by adsorption to negatively or positively charged membrane filters. This step is fol-
lowed by elution of adsorbed phage from the membrane surface by using glycine at high
pH (pH 11.5), beef extract, or casein at pH 9. If necessary, a reconcentration step is
included to obtain a low-volume concentrate (Goyal and Gerba, 1983; Goyal et al.,
1980; Logan et al., 1980). Phage can also be concentrated from 2 to 4 L samples by
Magnetite-organic flocculation (Bitton et al., 1981a). The sample, after addition of
casein and magnetite, is flocculated at pH 4.5—4.6. The flocs, with the trapped viruses,
are pulled down with a magnet, resolubilized, and assayed for phage.

5.3.5.2 Decontamination of Concentrates. Indigenous bacteria interfering with
the bacterial phage assay must be inactivated or removed from the concentrate by chloro-
form extraction, membrane filtration, addition of antibiotics, or use of selective media
(e.g., nutrient broth amended with sodium dodecyl sulfate) (Goyal, 1987; Kennedy
et al., 1985). Treatment of the concentrate with hydrogen peroxide followed by plating
on a media supplemented with crystal violet is also useful for the inactivation of interfer-
ing bacteria (Ashgari et al., 1992).

5.3.5.3 Phage Assay. Concentrates are assayed for phage, by the double-layer-agar
method (Adams, 1959) or single-layer-agar procedures (APHA, 1999; Grabow and
Coubrough, 1986; Havelaar and Hogeboom, 1983). The APHA method employs a tetra-
zolium salt, 2,3,5-triphenyltetrazolium chloride, which aids in visualizing the plaques,
which appear as clear zones in a pink bacterial lawn. The phage numbers may also be
obtained by a most probable number (MPN) procedure (Kott, 1966). Somatic coliphage
can be assayed on an E. coli C host, while the assay of male-specific phage requires the
use of specific host cells such as Salmonella typhimurum strain WG49 or Escherichia
coli strain HS[pFamp]R, but may be complicated by the growth of somatic phages on
the host cells. Somatic phages can be suppressed by treating the sample with lipopolysac-
charides (LPS) from the host cells (Handzel et al., 1993). A novel approach to phage assay
is based on the ability of phages to cause lysis of their bacterial hosts with subsequent
release of induced -galactosidase, which is detected by using an appropriate substrate.
In an agar-based format, plaques appear as blue zones when X-gal is used as the substrate
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(Ijzerman and Hagedorn, 1992). A liquid colorimetric presence-absence assay is also
available (Ijzerman and Hagedorn, 1992). A field evaluation of these phage assays
showed they were as sensitive as the APHA method (Ijzerman et al., 1994). Finally, bac-
terial phages can also be detected by the RT-PCR technique as shown for F*-specific
coliphage in fecally contaminated marine waters (Rose et al., 1997).

The U.S. EPA has published two methods (methods # 1601 and 1602) to detect somatic
coliphages (host is E. coli CN-13) and F-specific coliphages (host is E. coli F-amp) in
aquatic environments. Method 1601 includes an overnight enrichment step (water is
supplemented with the host, MgCl,, and tryptic soy broth) followed by “spotting” onto
a host bacterial lawn. In method 1602, a 100 mL water sample is supplemented with
MgCl,, host bacteria, and double-strength molten agar. The mixture is poured onto
Petri dishes and the plaques are counted after overnight incubation (U.S. EPA, 2001b, c).

5.3.6 Bacterial Spores

The detection of bacterial spores is relatively simple and consists of pasteurizing the
sample (60°C for 20 min), and passing it through a membrane filter that is incubated on
nutrient agar supplemented with 0.005 percent bromothymol blue (Francis et al., 2001).

We have reviewed the characteristics and detection methodology for the traditional and
less traditional microbial indicators used for assessing contamination of aquatic and other
environments by pathogenic microorganisms. Most, if not all, of these indicators are not
ideal because some are more sensitive (e.g., vegetative bacterial indicators) or more resist-
ant (e.g., bacterial spores) than viruses or protozoan parasites to environmental stresses
and disinfection. There is probably no universal ideal indicator microorganism that is suit-
able for various environments under variable conditions. A search for the elusive ideal
indicator is still under way in many laboratories the world over. The advent of gene
probes and PCR technology have given hope for the development of rapid and simple
methods for detecting small numbers of bacterial or viral pathogens and protozoan para-
sites in wastewater, wastewater effluents, biosolids, food, drinking water, and other
environmental samples. Furthermore, multiplex PCR can be used to detect a wide range
of pathogenic microorganisms and parasites in the same sample. The road is open to
direct, rapid, and possibly inexpensive methods for detecting pathogens and parasites in
wastewater and other environmental samples.

5.4 WEB RESOURCES

http: //www.epa.gov/microbes/ (EPA methods on pathogens, parasites and indicator
organisms)

http://ben.boulder.co.us/basin/data/FECAL /info/FColi.html (fecal coliforms)

http: / /oh.water.usgs.gov/micro/qcmanual /manual.pdf (methodology for indicators and
pathogens from USGS)

5.5 QUESTIONS AND PROBLEMS

1. What are some reasons for using coliphages as indicator microorganisms?
2. Give two enzymes that serve as a basis for the detection of total and fecal coliforms.
3. What are the criteria for an ideal microbial indicator?
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4. What are some of the reasons for using bacterial spores as indicators?

5. Why do we use R2A growth medium for determining the heterotrophic plate count
in water distribution systems?

6. Give examples of fecal indicators of contamination.
7. What is the basis and the use of the following tests for indicator organisms?
. Colilert
. ColiPAD
- Enterolert
8. What are the different categories of phage presently used as indicator organisms?

9. Discuss in detail U.S. EPA method # 1602 for detecting phage in environmental
samples (please go to the original reference).
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6.1 INTRODUCTION

Disinfection is the destruction of microorganisms capable of causing diseases. Disinfec-
tion is an essential and final barrier against human exposure to disease-causing pathogenic
microorganisms, including viruses, bacteria, and protozoan parasites. Chlorination was
initiated at the beginning of the twentieth century to provide an additional safeguard
against pathogenic microorganisms. The destruction of pathogens and parasites by dis-
infection helped considerably in the reduction of waterborne and food-borne diseases.
However, in recent years, the finding that chlorination can lead to the formation of bypro-
ducts that can be toxic or genotoxic to humans and animals, has led to a quest for safer
disinfectants. It was also realized that some pathogens or parasites are indeed quite resist-
ant to disinfectants and that the traditional indicator microorganisms are sometimes not
suitable for ensuring safe water.

In addition to their use for pathogen and parasite destruction, some of the disinfectants
(e.g., ozone, chlorine dioxide) are also employed for oxidation of organic matter, iron, and
manganese and for controlling taste and odor problems and algal growth. This chapter
deals with the disinfectants most frequently used by the water and wastewater treatment
industries. It also deals with the physical removal of pathogens by membranes in treatment
plants.

6.2 FACTORS INFLUENCING DISINFECTION

Several factors control the disinfection of water and wastewater (Lippy, 1986; Sobsey,
1989).

6.2.1 Type of Disinfectant/Biocide

Biocides, including disinfectants, exert cidal or inhibiting effects by interacting with one
or more targets in microbial cells (Russel et al., 1997) (Fig. 6.1). The target sites include
the peptidoglycan layer, cytoplasmic membrane, outer membrane, structural proteins,
thiol groups of enzymes, nucleic acids, viral envelopes, capsids or nucleic acids, and bac-
terial spore coats (Russel et al., 1997). The efficacy of water and wastewater disinfection
depends on the type of chemical used. Some disinfectants (e.g., ozone, chlorine dioxide)
are stronger oxidants than others (e.g., chlorine).
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Figure 6.1 Target sites of biocides in microbial cells. Adapted from Russel et al. (1997).

6.2.2 Type of Microorganism

There is a wide variation between the various microbial pathogens as regards their resist-
ance to disinfectants. Spore-forming bacteria are generally more resistant to disinfectants
than are vegetative bacteria. Resistance to disinfectants varies also among nonspore-
forming bacteria and among strains belonging to the same species (Ward et al., 1984).
For example, Legionella pneumophila is much more resistant to chlorine than Escherichia
coli (Kuchta et al., 1983; Muraca et al., 1987). In general, resistance to disinfection goes
along the following order:

Nonspore-forming bacteria < Enteric viruses

< Spore-forming bacteria < Protozoan cysts

6.2.3 Disinfectant Concentration and Contact Time

Inactivation of pathogens with disinfectants increases with time and, ideally, should
follows first-order kinetics. Inactivation vs. time follows a straight line when data are
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plotted on a log—log scale.
N,;/Ny = ek (6.1)

where Ny = number of microorganisms at time 0; N, = number of microorganisms at time
t; k = decay constant (timefl); and 7 = time.

However, field inactivation data actually show a deviation from first-order kinetics
(Hoff and Akin, 1986) (Fig. 6.2). Curve C in Figure 6.2 shows deviation from
first-order kinetics. The tailing off of the curve results from the survival of a resistant sub-
population within a heterogeneous population or from protection of the pathogens by
interfering factors (see below). Microbial clumping may explain the “shoulder” of survival
curves obtained when exposing microorganisms to chlorine action (Rubin et al., 1983).

Disinfectant effectiveness may be expressed as Ct, C being the disinfectant concen-
tration, and ¢ the time required to inactivate a certain percentage of the population
under specific conditions (pH and temperature). The relationship between disinfectant
concentration and contact time is given by the Watson’s law (Clark et al., 1989):

K=C"t 6.2)

where K = constant for a given microorganism exposed to a disinfectant under specific
conditions; C = disinfectant concentration (mg/L); r = time required to kill a certain per-
centage of the population (min); and n = constant, also called the “coefficient of dilution.”

When ¢ is plotted against C on a double logarithmic paper,  is the slope of the straight
line (see Fig. 6.3; Clark et al., 1989). The value of n determines the importance of the dis-
infectant concentration or contact time in microorganism inactivation. If n < 1, disinfec-
tion is more affected by contact time than by disinfectant concentration. If n > 1, the
disinfectant level is the predominant factor controlling disinfection (Rubin et al., 1983).
However, the value of # is often close to unity.

PERCENT SURVIVAL

A B

TIME

Figure 6.2 Inactivation curves of microorganisms following disinfection: A, sensitive homogeneous
population; B, more resistant homogeneous population; C, heterogeneous population or partially
protected by aggregation. From Holf and Akin (1986). (With permission of the publisher.)
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Figure 6.3 Effect of n values on Ct at various disinfectant concentrations (Ct values given in
parentheses). From Clark et al. (1989). (With permission of the publisher.)

Determination of Ct can also take into account the temperature and pH value of the sus-
pending medium. For example, an equation was developed to predict Giardia lamblia
cysts inactivation after chlorine treatment (Clark et al., 1989; Hibler et al., 1987).

Ct = (0.9847 C().1758 pH2.7519 T—().l467 (63)

where C = chlorine concentration (C < 4.23 mg/L); ¢ = time to inactivate 99.99 percent
of the cysts; pH range is 6—8; T = temperature range, 0.5-5.0°C.

Ct values for a range of pathogenic microorganisms are shown in Table 6.1 (Hoff, 1986;
Hoff and Akin, 1986). The order of resistance to chlorine is in the following order:

Protozoan cysts > Viruses > Nonspore-forming bacteria

Another way to express the efficiency of a given disinfectant is the lethality coefficient
given by the equation (Morris, 1975):

A= 4.6/Cl99 (6.4)

where 4.6 = natural log of 100; C = residual concentration of disinfectant (mg/L); and
t99 = contact time (minutes) for 99 percent inactivation of microorganisms.

The values of A for destroying 99 percent of a range of microorganisms by ozone in
10 min at 10—15°C vary from 5 for Entamoeba histolytica to 500 for E. coli (Chang, 1982).
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TABLE 6.1. Microbial Inactivation by Chlorine: Ct Values
(Temperature = 5°C; pH = 6.0)"

Chlorine Inactivation
Concentration Time

Microorganism (mg/L) (min) Ct
Escherichia coli 0.1 0.4 0.04
Poliovirus I 1.0 1.7 1.7
Entamoeba histolytica cysts 5.0 18 90
Giardia lamblia cysts 1.0 50 50

2.0 40 80

2.5 100 250
Giardia muris cysts 2.5 100 250

“Adapted from Hoff and Akin, 1986.

6.2.4 Effect of pH

As regards disinfection with chlorine, pH controls the amount of HOCI (hypochlorous
acid) and OCI™ (hypochorite ion) in solution (see Section 6.3.1.). HOCI is 80 times
more effective than OCl  for E. coli. For disinfection with chlorine, Ct increases with
pH (Lippy, 1986). Conversely, bacterial, viral, and protozoan cyst inactivation by chlorine
dioxide is generally more efficient at higher pH values (Berman and Hoff, 1984; Chen
et al., 1985; Sobsey, 1989). The effect of pH on microbial inactivation by chloramine is
not well established because of conflicting results.

6.2.5 Temperature

Pathogen and parasite inactivation increases (i.e., Ct decreases) as temperature increases.

6.2.6 Chemical and Physical Interference with Disinfection

Chemical compounds interfering with disinfection are inorganic and organic nitrogenous
compounds, iron, manganese, and hydrogen sulfide. Dissolved organic compounds also
exert a chlorine demand; their presence results in reduced disinfection efficiency (see
Section 6.3.7).

Turbidity in water is composed of inorganic (e.g., silt, clay, iron oxides) and organic
matter as well as microbial cells. It is measured by determining light scattering by parti-
culates present in water. It interferes with the detection of coliforms in water (Geldreich
et al., 1978; LeChevallier et al., 1981), but it can also reduce the disinfection efficiency
of chlorine and other disinfectants. The need to remove turbidity is based on the fact
that particle-associated microorganisms are more resistant to disinfection than freely sus-
pended microorganisms. The total organic carbon (TOC) associated with turbidity exerts a
chlorine demand and thus interferes with the maintenance of a chlorine residual in water.
Microorganisms associated with fecal material, cell debris, or wastewater solids are also
protected from disinfection (Berman et al., 1988; Foster et al., 1980; Harakeh, 1985;
Hejkal et al., 1979; Hoff, 1978; Narkis et al., 1995). These findings are particularly import-
ant for communities that treat their water solely by chlorination. Figure 6.4 illustrates the
protective effect of turbidity toward coliform bacteria (LeChevallier et al., 1981). It was
also shown that the protective effect of particulates in water and wastewater depends on
the nature and the size of the particles. Hence, cell-associated poliovirus is protected
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Figure 6.4 Effect of turbidity on coliform persistence in chlorinated water. Adapted from
LeChevallier et al. (1981).

from chlorine inactivation, whereas bentonite or aluminum phosphate do not offer such
protection to the virus (Hoff, 1978). Viruses and bacterial indicators are not protected
from ozone inactivation by bentonite (Boyce et al., 1981). A study of solid-associated
viruses under field conditions showed that they are more resistant to chlorination than
are “free” viruses. Reducing turbidity to less than 0.1 NTU could be a preventive
measure for counteracting the protective effect of particulate matter during disinfection.

6.2.7 Protective Effect of Macroinvertebrates

Macroinvertebrates may enter and colonize water distribution systems (Levy et al., 1984;
Small and Greaves, 1968). The public health significance of the presence of the organisms
in water distribution systems has been addressed. Nematodes may ingest viral and bac-
terial pathogens and thus protect these microorganisms from chlorine action (Chang
et al., 1960). Hyalella azteca, an amphipod, protects E. coli and Enterobacter cloacae
from chlorination. In the presence of 1 mg/L chlorine the decay rate of macroinvertebrate-
associated E. cloacae was k= 0.022h"!, whereas the decay rate of unassociated
E. cloacae was k=093 h~" (Levy et al., 1984) (Fig. 6.5). Enteropathogenic bacteria
are also protected from chlorine action when ingested by protozoa (King et al., 1988).

6.2.8 Other Factors

Several studies have shown that laboratory-grown pathogenic and indicator bacteria are
more sensitive to disinfectants than those that occur in the natural aquatic environment.
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Figure 6.5 Effect of chlorination on Enterobacter cloacae associated with a macroinvertebrate.
Adapted from Levy et al. (1984).

Hence, naturally occurring Flavobacterium spp. was 200 times more resistant to chlorine
than when subcultured under laboratory conditions (Wolfe and Olson, 1985). Klebsiella
prneumoniae was more resistant to chloramine when grown under low nutrient conditions
(Stewart and Olson, 1992a). The increased resistance to chloramine is due to several
physiological factors: increased cell aggregation and extracellular polymer production,
alteration of membrane lipids, and decreased oxidation of sulthydryl groups (Stewart
and Olson, 1992b). The greater resistance of “environmental” bacterial strains to nutrient
limitation and deleterious agents such as disinfectants may also be due to the synthesis of
stress proteins, the role of which is not well understood (Matin and Harakeh, 1990). This
phenomenon raises questions regarding the usefulness of laboratory disinfection data to
predict pathogen inactivation under field conditions (Hoff and Akin, 1986).

Prior exposure may also increase microbial resistance to disinfectants. Repeated exposure
of microorganisms to chlorine results in the selection of bacteria and viruses that are resistant
to disinfection (Bates et al., 1977; Leyval et al., 1984; Ridgeway and Olson, 1982). Clump-
ing or aggregation of pathogenic microorganisms generally reduces the disinfectant effi-
ciency. Bacterial cells, viral particles, or protozoan cysts inside the aggregates are well
protected from disinfectant action (Chen et al., 1985; Sharp et al., 1976).

6.3 CHLORINE

6.3.1 Chlorine Chemistry

Chlorine gas (Cl,) introduced in water, hydrolyzes according to the following equation:

Cl, +H,O = HOCI +H" +CI~ (6.5)
Ché(;Sne Hyp(;cgzjorous
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Hypochlorous acid dissociates in water according to the following:

HOCI = H' + OCI™ (6.6)

Hypochlorous Hypochlorite
acid ion

Figure 6.6 shows that the proportion of HOCI and OCI™ depends on the pH of the
water. Chlorine, as HOCI or OCl , is defined as free available chlorine. HOCI] combines
with ammonia and organic nitrogen compounds to form chloramines that are combined
available chlorine (see Section 6.4).

6.3.2 Inactivation of Microorganisms by Chlorine

Of the three chlorine compounds (HOCI, OC1™, and NH,Cl), hypochlorous acid is the
most effective for the inactivation of microorganisms in water and wastewater. The pre-
sence of interfering substances in wastewater reduces the disinfection efficacy of chlorine,
and relatively high concentrations of chlorine (20—40 ppm) are required for adequate
reduction of viruses. In wastewater effluents, no free chlorine species are available after
a few seconds of contact.

Chlorine, specifically HOCI, is generally quite efficient in inactivating pathogenic and indi-
cator bacteria. Water treatment with <1 mg/L for about 30 min is generally efficient in sig-
nificantly reducing bacterial numbers. For example, Campylobacter jejuni displays more than
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Figure 6.6 Distribution of HOCI and OCl  in water as a function of pH. From Bitton (1980).
(Courtesy of John Wiley & Sons, Inc.)
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99 percent inactivation in the presence of 0.1 mg/L free chlorine (contact time = 5 min)
(Blaser et al., 1986). Although there is wide variation in the resistance of enteric viruses to
chlorine, these pathogens are generally more resistant to this disinfectant than are vegetative
bacteria. That explains why viruses are frequently detected in chlorinated secondarily treated
effluents. Chloramines are much less efficient than free residual chlorine (about 50 times less
efficient) as regards viral inactivation. Protozoan cysts (e.g., Giardia lamblia, Entamoeba
histolytica, Naegleria gruberi) are more resistant to chlorine than are both bacteria and
viruses. In the presence of HOCI at pH 6, the Ct for E. coli is 0.04, compared with a
Ct value of 1.05 for poliovirus type 1 and 80 for G. lamblia (Logsdon and Hoff, 1986).
Cryptosporidium oocysts are extremely resistant to disinfection but can be inactivated
by ammonia at concentrations found in natural environments (Jenkins et al., 1998). A
chlorine or monochloramine concentration of 80 mg/L is necessary to cause 90 percent
inactivation after 90 min contact time (Korich et al., 1990). This parasite is not completely
inactivated in a 3 percent solution of sodium hypochlorite (Campbell et al., 1982), and the
oocysts can remain viable for 3—4 months in 2.5 percent potassium dichromate solution
(Current, 1988). The Ct value for Cryptosporidium is in the 1000s, as shown in
Figure 6.7 (Driedger et al., 2000). This parasite would thus be extremely resistant to dis-
infection as carried out in water and wastewater treatment plants (Korich et al., 1989).

6.3.3 Cell Injury by Chlorine

Physical (heat, freezing, sunlight) and chemical agents (chlorine, sublethal levels of heavy
metals) can cause injury to bacterial cells (LeChevallier and McFeters, 1985b). Injury
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Figure 6.7 Primary inactivation of Cryptosporidium parvum oocysts with free chlorine at pH 6
and 20°C. From Driedger et al. (2000).
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caused by environmental agents can lead to cell size reduction, damage to cell barriers, as
well as altered cell physiology and virulence (Singh and McFeters, 1990).

Chlorine and copper appear to cause significant injury to coliform bacteria in drinking
water (Camper and McFeters, 1979; Domek et al., 1984). The injured bacteria fail to grow
in the presence of selective agents (e.g., sodium lauryl sulfate, sodium deoxycholate)
traditionally incorporated in growth media designed for the isolation of indicator and
pathogenic bacteria (Bissonnette et al., 1975; Busta, 1976). However, chlorine- and
copper-injured pathogens (e.g., enterotoxigenic E. coli) retain their potential for entero-
toxin production (Singh and McFeters, 1986) and are able to recover in the small intestine
of animals, retaining their pathogenicity. This finding suggests that cells injured by chlor-
ine treatment still have a potential health significance (Singh et al., 1986a). Injury
by chlorine can affect a wide variety of pathogens, including enterotoxigenic E. coli,
Salmonella typhimurium, Yersinia enterocolitica, and Shigella spp. The extent of injury
by chlorine depends on the type of microorganism involved.

6.3.4 Potentiation of the Cidal Effect of Free Chlorine

The killing action of free chlorine can be potentiated by adding salts such as KCl, NaCl, or
CsCl (Berg et al., 1990; Haas et al., 1986; Sharp et al., 1980). After chlorination, viruses
are more effectively inactivated in drinking water (e.g., Cincinnati drinking water) than in
purified water (Berg et al., 1989) (Fig. 6.8). The mechanism of the potentiating effect of
salts is not fully understood.

The disinfecting ability of chlorine can also be enhanced in the presence of heavy
metals. The inactivation rate of pathogenic (e.g., Legionella pneumophila) bacteria and
viruses (e.g., poliovirus) is increased when free chlorine is amended with electrolytically
generated copper and silver (400 and 40 mg/L, respectively) (Landeen et al., 1989; Yahya
and Gerba, 1990) (Fig. 6.9). This phenomenon was also demonstrated for indicator

100

~
~
N
~
N\
Y
j \
o 10 Y
E N\ Purified water
N
z
5 Y
I N
o \
H Cincinnati drinking ~
te
1 water &
\
Y
N\
N
~
\
01 | | Y
1 10 100 1000

TIME (min)

Figure 6.8 Relative rates of inactivation of 99.99 percent of poliovirus 1 at 5°C by free chlorine at
pH 9.0 in purified water and in Cincinnati drinking water. From Berg et al. (1989). (Courtesy of the
American Society of Microbiology.)
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Figure 6.9 Inactivation of Legionella pneumophila by exposure to electrolytically generated
copper and silver and/or various concentrations of free chlorine. From Landeen et al. (1989).
(Courtesy of the American Society of Microbiology.)

bacteria and Naegleria fowleri ameba in water (Cassells et al., 1995; Yahya et al., 1989).
This process does not, however, completely eliminate enteric viruses of medical import-
ance such as hepatitis A virus (HAV) or human rotavirus (Abad et al., 1994; Bosch et al.,
1993). Adaptation of Salmonella typhimurium to acid also enhances its sensitivity to hypo-
chlorous acid (Leyer and Johnson, 1997), but the practical application of this finding to
water and wastewater treatment remains unknown.

Inactivation of Cryptosporidium oocysts with free chlorine can also be enhanced by
ozone pretreatment. A 4- to 6-fold increase in free chlorine efficacy was obtained with
ozone pretreatment. The sequential inactivation using ozone followed by free chlorine
was shown to increase the inactivation of Salmonella, bacterial phage, poliovirus type
1, and parasites such Cryptosporidium and Giardia (Finch et al., 1998; Kott et al., 1980).

6.3.5 Mechanism of Action of Chlorine

Chlorine causes considerable damage to bacterial cells:

1. Disruption of cell permeability. Free chlorine disrupts the integrity of the bacterial
cell membrane, thus leading to loss of cell permeability and to the disruption of
other cell functions (Berg et al., 1986; Haas and Engelbrecht, 1980; Leyer and
Johnson, 1997; Venkobachar et al., 1977). Exposure to chlorine leads to a
leakage of proteins, RNA and DNA (Venkobachar et al., 1977). Cell death is the
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result of release of TOC and UV-absorbing materials, decrease in potassium uptake,
and reduction in protein and DNA synthesis (Haas and Engelbrecht, 1980).
Permeability disruption was also implicated as the cause of damage of chlorine to
bacterial spores (Kulikovsky et al., 1975).

2. Damage to nucleic acids and enzymes. Chlorine also damages bacterial nucleic
acids (Hoyana et al., 1973; Shih and Lederberg, 1974) as well as enzymes (e.g. cat-
alase, dehydrogenases). One of the consequences of reduced catalase activity is inhi-
bition by the accumulated hydrogen peroxide (Calabrese and Bissonnette, 1990).

3. Other effects. Hypochlorous acid oxidizes sulthydryl groups, damage iron-sulfur
centers, disrupts nutrient transport, inhibits cell respiration, and impairs the ability
of cells to maintain an adequate adenylate energy charge to remain viable (Barrette
et al., 1989; Leyer and Johnson, 1997).

As for viruses, the mode of action of chlorine may depend on the type of virus. Nucleic
acid damage is the primary mode of inactivation for bacterial phage f2 (Dennis et al.,
1979; Olivieri et al., 1980) or poliovirus type 1 (Nuanualsuwan and Cliver, 2003;
O’Brien and Newman, 1979). The protein coat appears to be the target site for other
types of viruses (e.g., rotaviruses) (Vaughn and Novotny, 1991).

6.3.6 Toxicology of Chlorine and Chlorine Byproducts

In general, the risks from chemicals in water are not as well defined as those from patho-
genic microorganisms and parasites. This is because of the lack of data on disinfection
byproducts (DBP). The toxicology of chlorine and byproducts is of obvious importance
since it is estimated that 79 percent of the U.S. population is exposed to chlorine (U.S.
EPA, 1989f). There is evidence of an association between chlorination of drinking
water and increased risk of bladder, kidney, and colorectal cancers. This association is
stronger for consumers who have been exposed to chlorinated water for more than 15
years (Craun, 1988; Jolley et al., 1985; Larson, 1989). Epidemiological studies have
also linked disinfection byproducts with reproductive and developmental effects but
were considered inadequate for showing evidence of this relationship (Reif et al., 1996).

Disinfection byproducts (DBP) are formed following the reaction of chlorine with precur-
sors such as natural organic matter (chiefly humic and fulvic acids) and microorganisms
such as algal cells (especially blue-green algae and diatoms) and their extracellular products
(Plummer and Edzwald, 2001). There is a good relationship between total THM formation
potential (TTHMFP) and total organic carbon (TOC) in water (Fig. 6.10; LeChevallier et al.,
1992). Disinfection byproducts include trihalomethanes (THM) such as chloroform
(CHCl3), bromodichloromethane (CHBrCl,), dibromochloromethane (CHBr,Cl), and
bromoform (CHBr3), haloacetic acids (monochloroacetic acid, monobromoacetic acid,
dichloroacetic acid, dibromoacetic acid, trichloroacetic acid) and halocetonitriles. The
DBPs are suspected mutagens/carcinogens and teratogens. Chlorohydroxyfuranones,
especially 3-chloro-4-(dichloromethyl)-5-hydroxy-2(SH)-furanone (designated as MX)
have also been identified as chlorination byproducts. The MX is a potent mutagen and
a suspected carcinogen, but its effect on human health remains to be elucidated (Huixian
etal., 2002; Meier et al., 1987). There is also the possibility of an association of water chlori-
nation with increased risk of cardiovascular diseases (Craun, 1988). Swimmers can also
become exposed to trihalomethanes via dermal absorption or inhalation. The estimated
risk due to swimming in a pool contaminated with DBP such as chloroform is 2.5 excess
cancer cases per 100,000 exposed bathers as compared to 0.6 cases per 100,000 from
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Figure 6.10 Relationship between total THM formation potential (TTHMFP) and total organic
carbon (TOC). From LeChevallier et al. (1992). (Courtesy of the American Water Works Association.)

ingestion of contaminated drinking water (D. Ambroise, T. Francais, M. Joyeux and
M. Morlot, unpublished data). These findings led the U.S. EPA to establish a maximum con-
taminant level (MCL) of 80 pg/L for THM and 60 pg/L for haloacetic acids in finished
drinking water. Because water treatment with chloramines does not produce any trihalo-
methanes, consumers drinking chloraminated water appear to experience less bladder
cancers than do those consuming chlorinated water (Zierler et al., 1987).

There are three main approaches for reducing or controlling DBP in drinking water
(Wolfe et al., 1984):

1.

Removal or reduction of DBP precursors (e.g., natural organic matter, including
humic substances, algae and their extracellular products) before disinfection:
Organic carbon concentrations can be reduced by enhanced coagulation, granular
activated carbon or membrane filtration, but this practice can also lead to an increase
in brominated THMs (Black et al., 1996). A combination of coagulation, ozonation,
and biofiltration can effectively reduce trihalomethane and haloacetic acid for-
mation potential (Chaiket et al., 2002). Natural organic matter (NOM), the main
precursor of DBPs, can also be removed by iron oxide coated filtration media
(Chang et al., 1997).

Removal of DBPs in the water treatment plant. In homes, THMs can be volatilized
upon boiling tap water. Laboratory tests have shown that the level of haloacetic
acids can be reduced via biodegradation involving aquatic bacteria, and adsorption
to granular activated carbon. An increase in the number of halogen atoms decreases
biodegradation but enhances adsorption (Zhou and Xie, 2002).

Use of alternative disinfectants that do not generate THMs (e.g., chloramination,
ozone, or UV irradiation).

6.3.7 Chloramination

Chloramination is the disinfection of water with chloramine in lieu of free chlorine.
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6.3.7.1 Chloramine Chemistry. In aqueous solutions, HOCI reacts with ammonia
and forms inorganic chloramines according to the following equations (Snoeyink and
Jenkins, 1980):

NH; + HOCI — NH,Cl +H,0 6.7)
monochloramine

NH,Cl + HOCl — NHCI, +H,0 (6.8)
dichloramine

NHCI, + HOCl — NCI; +H,0 (6.9)

trichloramine

The proportion of the three forms of chloramines greatly depends on the pH of the
water. Monochloramine is predominant at pH > 8.5. Monochloramine and dichloramine
coexist at a pH value of 4.5-8.5 and trichloramine occurs at pH < 4.5. Figure 6.11
(Wolfe et al., 1984) shows the effect of pH on the distribution of chloramines. Mono-
chloramine is the predominant chloramine formed at the pH range usually encountered
in water and wastewater treatment plants (pH = 6-9). In water treatment plants the for-
mation of monochloramine is desirable because dichloramine and trichloramines impart
an unpleasant taste to the water.

The mixing of chlorine and ammonia produces a chlorine dose-residual curve displayed
in Figure 6.12 (Kreft et al., 1985). In the absence of chlorine demand, a chlorine dose of
1 mg/L produces a chlorine residual of 1 mg/L. However, in the presence of ammonia,
the chlorine residual reaches a peak (formation of mostly monochloramine; chlorine to
ammonia-N ratio = 4:1to 6: 1) and then decreases to a minimum called the breakpoint.
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Figure 6.11 Distribution of chloramine species with pH. From Wolfe et al. (1984). (Courtesy of
the American Water Works Association.)
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Figure 6.12 Dose—demand curve for chlorine—ammonia reaction after 1 hour at pH 7-8. From
Kreft et al. (1985). (Courtesy of the American Water Works Association.)

The breakpoint, where the chloramine is oxidized to nitrogen gas, occurs when the chlor-
ine to ammonia-N ratio is between 7.5:1 and 11: 1.

2NH; + 3HOCI — N; 4+ 3H,0 + 3HCI (6.10)

Addition of chlorine beyond breakpoint chlorination ensures the existence of a free
available residual.

6.3.7.2 Biocidal Effect of Inorganic Chloramines. During the 1940s, Butterfield
and collaborators showed that free chlorine inactivated enteric bacteria much faster than
did inorganic chloramines. Furthermore, the bactericidal activity of chloramines increased
with temperature and hydrogen ion concentration (Wattie and Butterfield, 1944). Similar
observations were made with regard to viruses (Kelly and Sanderson, 1958) and protozoan
cysts (Stringer and Kruse, 1970). Mycobacteria, some enteric viruses (e.g., hepatitis
A virus, rotaviruses), and protozoan cysts are, however, quite resistant to chloramines
(Pelletier and DuMoulin, 1988; Rubin, 1988; Sobsey et al., 1988). Thus, it was
recommended that drinking water should not be disinfected with only chloramines
unless the source water is of good quality (Sobsey, 1989). The inactivation of pathogens
and parasites with chloramines is summarized in Table 6.2 (Sobsey, 1989).

6.3.7.3 Advantages and Disadvantages of Chloramination. The Denver
Water Department has been successfully using chloramination for more than 70 years for
water treatment (Dice, 1985), and many plants with high coliform counts in the distribution
system have switched from free chlorine to chloramines. Approximately 30 percent of U.S.
drinking water plants use chloramines for disinfection (AWWA, 2000; Betts, 2002). Chlora-
mines offer several benefits, including lower THMs such as trihalomethanes and haloacetic
acids, lower coliform regrowth in distribution pipes, and improved maintenance of disinfec-
tant residual (Norton and LeChevallier, 1997). Although less effective disinfectants than free
chlorine, they appear to be more effective in controlling biofilm microorganisms because
they interact poorly with capsular polysaccharides. Hospitals using free chlorine as residual
disinfectant are 10 times more likely to experience outbreaks of Legionnaires’ disease than
those using monochloramine (Kool et al., 2000). Thus, it has been suggested to use free
chlorine as a primary disinfectant in water distribution systems and to convert the residual
to monochloramine if biofilm control is the goal (LeChevallier et al., 1990).
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TABLE 6.2. Inactivation of Health-Related Microorganisms in Water by Chloramines:
Ct Values”

Microbe Water Temp. (°C) pH Est Ct
Bacteria
Escherichia coli BDF 5 9.0 113
Coliforms Tap + 1% 20 6.0 8.5
Salmonella typhimurium, Shigella sonnei Sewage
Mpycobacterium fortuitum BDF 20 7.0 2,667
M. avium BDF 17 7.0 ND
M. intracellulare BDF 17 7.0 ND
Viruses
Polio I BDF 5 9.0 1,420
Polio I Primary effluent 25 7.5 345
Hepatitis A BDF 5 8.0 592
Coliphage MS2 BDF 5 8.0 2,100
Rotavirus SA11
Dispersed BDF 5 8.0 4,034
Cell-associated BDF 5 8.0 6,124
Protozoan cysts
Giardia muris BDF 3 6.5-7.5 430-580
Giardia muris BDF 5 7.0 1,400

BDF, buffered-demand free water; ND, no data available.
“Adapted from Sobsey (1989).

However, chloramination may promote the growth of nitrifying bacteria, which convert
ammonia to nitrite and nitrate (Wilczak et al., 1996). Ammonia oxidizing bacteria (AOB)
produce nitrite, which may exert a chloramine demand, thus contributing to the deterio-
ration of water quality in drinking water distribution systems. Using molecular techniques,
Regan et al. (2002) studied the diversity of ammonia oxidizing bacteria (AOB) and nitrite
oxidizing bacteria (NOB) in a pilot-scale chloraminated drinking water treatment system.
The AOB found in this system were Nitrosomonas (N. oligotropha and N. urea) along
some Nitrosospira-like organisms. The NOB community was comprised of Nitrospira
and to a lesser extent Nitrobacter. Thus, the presence of Nitrospira-like NOBs may
help lower the nitrite concentration and, hence, reduce the chloramine demand in the dis-
tribution system (see Section 6.3.7.4, Toxicology of Chloramines, for further details).

6.3.7.4 Toxicology of Chloramines. As regards the toxicology of chloramines,
dichloramine and trichloramine have offensive odors and have a threshold odor concen-
tration of 0.8 and 0.02 mg/L, respectively (Kreft et al.,1985). Chloramines cause hemo-
lytic anemia in kidney hemodialysis patients (Eaton et al., 1973), but no effect was
observed in animals or humans ingesting chloramines. Chloramines are mutagenic to bac-
teria and initiate skin papillomas in mice. Monochloramine can also react with dimethy-
lamine and other precursors to form N-nitrosodimethylamine (NDMA), which has been
classified as a potential human carcinogen by the U.S. EPA (Choi and Valentine, 2002).
Two NDMA appears to be a byproduct of the chloramination of water and wastewater
(Najm and Trussell, 2001). It has been detected in drinking water wells at levels
ranging from 70 to 3000 ng/L. In bench-scale tests it was found that up to 98 percent
of NDMA can be removed in drinking water treated with pulsed UV at an applied dose
of 11.2 kW -h/1000 gal (Liang et al., 2003).



190 WATER AND WASTEWATER DISINFECTION

In the aquatic environment, chloramines are toxic to fish and invertebrates. At 20°C, the
96 h LCsq of monochloramine ranges from 0.5 to 1.8 mg/L. One of the mechanisms of
toxicity to fish is the irreversible oxidation of hemoglobin to methemoglobin, which has
a lower oxygen-carrying capacity (Groethe and Eaton, 1975; Wolfe et al., 1984).

6.4 CHLORINE DIOXIDE

6.4.1 Chemistry of Chlorine Dioxide Byproducts

Chlorine dioxide (ClO,) use as a disinfectant in water treatment is becoming widespread
because it does not appear to form trihalomethanes, nor does it react with ammonia to form
chloramines. Because it cannot be stored in compressed form in tanks, chlorine dioxide
must be produced at the site; it is generated from chlorine gas reacting with sodium
chlorite:

2NaClO; + Cl, — 2CIO; + 2 NaCl (6.11)

The ClO, does not hydrolyze in water but exists as a dissolved gas. In alkaline sol-
utions, it forms chlorite and chlorate:

2Cl0, +20H™ — CIO; + ClO; + H,0 (6.12)

Chlorite is the predominant species formed in water treatment plants. The U.S. EPA
maximum contaminant level for chlorite is 1 mg/L. To reduce THM formation, ClO,
can be used as a preoxidant and a primary disinfectant and is followed by the addition
of chlorine to maintain a residual (Aieta and Berg, 1986).

6.4.2 Effect of Chlorine Dioxide on Microorganisms

Chlorine dioxide is a fast and effective microbial disinfectant and is equal or superior to
chlorine in inactivating bacteria and viruses in water and wastewater (Aieta and Berg,
1986; Bitton, 1980a; Longley et al., 1980; Narkis and Kott, 1992). It is also effective in
the destruction of cysts of pathogenic protozoa such as Naegleria gruberi (Chen et al.,
1985). As shown for human and simian rotaviruses, the virucidal efficiency of chlorine
dioxide increases as the pH is increased from 4.5 to 9.0 (Chen and Vaughn, 1990). Bac-
teriophage f2 inactivation is also much higher at pH 9.0 than at pH 5.0 (Noss and Olivieri,
1985) (Fig. 6.13). Inactivation of health-related microorganisms (Ct values) by chlorine
dioxide is summarized in Table 6.3. The Cty9.9¢, for Mycobacterium avium ranged from
2 to 11, depending on the strain under consideration (Taylor et al., 2000). As regards
C. parvum, Ct values ranging from 75 to 1000 mg.min/L to obtain a 2—log,g inactivation
were recently reported for oocysts obtained from different suppliers (the suspending
medium was deionized water at 21°C and pH 8) (Fig. 6.14; Chauret et al., 2001).
Giardia lamblia was more sensitive to ClO, and displayed a 3—log;, inactivation at a
Ct value of 15. As regards Bacillus subtilis spores, a 2.0 log; inactivation required Ct
values of 100 and 25 at pH 6 and 8, respectively. It was suggested that bacterial spores
could be used as indicators for C. parvum inactivation (Radziminski et al., 2002).

6.4.3 Mode of Action of Chlorine Dioxide

The primary mode of action of chlorine dioxide involves the disruption of protein
synthesis in bacterial cells (Bernarde et al., 1967; Russel et al., 1997). The disruption
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Figure 6.13 Inactivation of bacteriophage {2 by chlorine dioxide as a function of pH. Adapted
from Noss and Olivieri (1985).

of the outer membrane of gram-negative bacteria has also been observed (Berg
et al., 1986).

An examination of the mechanisms of viral inactivation by chlorine dioxide has
revealed contradicting results (Vaughn and Novotny, 1991). Work with {2 bacterial
phage has shown that the protein coat is the primary target of the lethal action of chlorine
dioxide (Noss et al., 1986; Olivieri et al., 1980). The loss of attachment of this phage to its
host cell paralleled virus inactivation (Noss et al., 1986). Specifically, degradation of tyro-
sine residues within the protein coat appears to be the primary site of action of chlorine
dioxide in f2 phage (Noss et al., 1986). The disruption of the viral protein coat was
suggested in regard to other viruses such as poliovirus (Brigano et al., 1979). Some
other investigators have concluded that the primary site of action of chlorine dioxide is
the viral genome (Alvarez and O’Brien, 1982; Taylor and Butler, 1982).

6.4.4 Toxicology of Chlorine Dioxide

Chlorine dioxide interferes with the thyroid function and produces high serum cholesterol
in animals fed a diet low in calcium and rich in lipids (Condie, 1986). Chlorine dioxide has
two inorganic byproducts, chlorite (ClO,) and chlorate (ClOj3). Chlorite is of greater
health concern than chlorate and both may combine with hemoglobin to cause methemo-
globinemia. The U.S. EPA limits the chlorite concentration to 1 mg/L. Reduced sulfur
compounds and ferrous ions can be used to remove chlorite from water and wastewater.
The reduction of chlorite to chloride ion by ferrous ions is shown in Eq. 6.13 (Katz and
Narkis, 2001).

4Fe’* +ClO; 4+ 10H,0 — 4Fe(OH)y, + ClI~ + 8H* (6.13)
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TABLE 6.3. Inactivation of Health-Related Microorganisms in Water by
Chlorine Dioxide”: Ct values

ClO,
Residual ~ Temp. Temp. %
Microbe Medium (mg/L) (°C) pH (min) Reduction Ct
Bacteria
E. coli BDF’ 0.3-0.8 5 70 0.6-1.8 99 0.48
Fecal coliforms Effl. 1.9 ? ? 10 99.94 ND
Fecal streptococci  Effl. 1.9 ? ? 10 99.5 ND
C. perfringens Effl. 1.9 ? ? 10 0 ND
L. pneumophila BDF 0.35-0.5 23 ? 15 99.9-99.99 ND
K. pneumonia BDF 0.12 23 ? 15 99.3-99.7 ND
B. subtilis spores 6 99 100
B. subtilis spores 8 99 25
Viruses
Coliphage 2 BDF 1.5 5 7.2 2 99.994 ND
Polio 1 BDF 04-143 5 7.0 0.2-11.2 99 0.2-6.7
Polio 1 Effl. 1.9 ? ? 10 99.4 ND
Rota SA11:
Dispersed BDF 0.5-1.0 5 6.0 0.2-0.6 99 0.2-0.3
Cell-assoc. BDF 0.45-1.0 5 6.0 12-48 99 1.0-2.1
Hepatitis A BDF 0.14-0.23 5 6.0 8.4 99 1.7
Hepatitis A BDF 0.2 5 9.0 <0.33 >99.9 <0.04
Coliphage MS2 BDF 0.15 5 6.0 34 99 5.1
Coliphage MS2 BDF 0.15 5 — <033 >99.95 <0.03
Protozoan cysts
N. gruberi BDF 0.8-1.95 5 7.0 7.8-19.9 99 15.5
N. gruberi BDF 0.46-1.0 25 50 54-132 99 6.35
N. gruberi BDF 042-1.1 25 9.0 25-6.7 99 291
G. muris BDF 0.1-5.55 5 7.0 1.3-168 99 10.7
G. muris BDF 0.26-1.2 25 50 4.0-24 99 5.8
G. muris BDF 0.21-1.12 25 7.0 3.3-28.8 99 5.1
G. muris BDF 0.15-0.81 25 9.0 2.1-19.2 99 2.7
G. lamblia Deionized 21 8.0 99.9 15
water
C. parvum Deionized 21 8.0 99 75-1000
water

“Adapted from Sobsey (1989), Chauret et al. (2001) and Radziminski et al. (2002).
’BDF = buffered-demand free water.

Chlorination of urban wastewater with chlorine dioxide was shown to lead to the
formation of mutagenic compounds, as demonstrated by the Ames mutagenicity test
(Monarca et al., 2000).

6.5 OZONE

6.5.1 Introduction

Ozone is produced by passing dried air between electrodes separated by an air gap and a
dielectric and by applying an alternating current with the voltage ranging from 8000 to
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Figure 6.14 Chlorine dioxide inactivation of Cryptosporidium parvum oocysts from three
different sources (comparison with Bacillus subtilis spores). Adapted from Chauret et al. (2001).

20,000 V (Fig. 6.15). Ozone was first introduced as a strong oxidizing agent for the
removal of taste, color, and odors. The first water treatment plant using ozone started oper-
ations in 1906 in Nice, France. This oxidant is now used as a primary disinfectant to inac-
tivate pathogenic microorganisms and for the oxidation of iron and manganese, taste- and
odor-causing compounds, color, refractory organic compounds, and THM precursors. Pre-
ozonation also lowers THM formation potential, and promotes particle coagulation during
water treatment (Chang and Singer, 1991); it is also used in combination with activated
carbon treatment. Ozone breaks down complex compounds into simpler ones, some of
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¢ Oq
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Figure 6.15 Basic ozonator configuration. From McCarthy and Smith (1974). (Courtesy of the

American Water Works Association.)



194 WATER AND WASTEWATER DISINFECTION

which may serve as substrates for microbial growth in water distribution systems
(Bancroft et al., 1984). In the United States, several wastewater treatment plants are
using ozone mostly as an oxidant and a few of them use it as a disinfectant. Ozone can
be applied at various points of a conventional water treatment plant, depending on the
type of use (AWWA, 1985b; Rice, 1989). Its effectiveness as a disinfectant is not
controlled by pH and it does not interact with ammonia (Driedger et al., 2001).

Ozonation is more expensive than chlorination or even UV disinfection. Power use is
the most expensive operation cost item. Because ozone does not leave any residual in
water, ozone treatment is sometimes combined with postchlorination. A synergistic
effect was observed in sequential disinfection schemes that use ozone as a primary dis-
infectant, and free chlorine or monochloramine as a secondary disinfectant. Ozone pre-
treatment increases the inactivation rate and removes the characteristic lag phase
associated with monochloramine or free chlorine disinfection (Rennecker et al., 2000).
With the sequential addition of ozone and free chlorine, the enhancing effect decreases
with an increase in pH (Driedger et al., 2000).

6.5.2 Effect of Ozone on Indicator and Pathogenic Microorganisms

Ozone is a much more powerful oxidant than chlorine. The standard oxidation potential of
ozone is 2.07 eV as compared with a potential of 1.36 eV for chlorine or 0.95 eV for chlor-
ine dioxide (Acher et al., 1997). The threshold ozone concentration above which bacterial
inactivation is very rapid is only 0.1 mg/L. The Ct values for 99 percent inactivation are
very low and range between 0.001 and 0.2 for E. coli and from 0.04 to 0.42 for enteric
viruses (Engelbrecht, 1983; Hall and Sobsey, 1993).

Ozone appears to be more effective against human and simian rotaviruses than chlorine,
monochloramine, or chlorine dioxide (Chen and Vaughn, 1990; Korich et al., 1990). The
ozone concentration required to inactivate 99.9 percent of enteroviruses in water (25°C,
pH 7.0) in 10 min varied between 0.05 and 0.6 mg/L (Engelbrecht, 1983). The Ctg9.94
for Mycobacterium avium exposed to ozone ranged from 0.10 to 0.17, depending on the
strain (Taylor et al., 2000). The resistance of a number of microorganisms to ozone was
as follows: Mycobacterium fortuitum > poliovirus type 1 > Candida parapsilosis >
E. coli > Salmonella typhimurium (Fig. 6.16; Farooq and Akhlaque, 1983). Suspended
solids (e.g., clays, sludge solids) significantly reduce viral inactivation by ozone. The
protective effect of solids is illustrated in Figure 6.17 (Kaneko, 1989).

We have seen that Cryptosporidium oocysts are very resistant to chlorination. Ozone, at
a concentration of 1.1 mg/L, totally inactivates Cryptosporidium parvum oocysts in 6 min
at levels of 10* oocysts/mL (Peeters et al., 1989). The extent of inactivation of C. parvum
with ozone is displayed in Figure 6.18 (Driedger et al., 2000). Cysts of Giardia lamblia
and G. muris are also effectively inactivated by ozone (Fig. 6.19; Wickramanayake
et al., 1985). At pH 7, at 5°C, more than 2—log reduction of the viability of G. lamblia
cysts is achieved in a few minutes with <0.5 mg ozone/L.

Temperature greatly affects the effectiveness of ozonation. The resistance of
G. lamblia cysts to ozone increased when the temperature was lowered from 25 to 5°C
(Wickramanayake et al., 1985). A similar phenomenon was observed for Cryptosporidium
oocysts (Joret et al., 1992; Rennecker et al., 2000; Fig. 6.20) and for B. subtilis spores
(Driedger et al., 2001).

The PEROXONE process, using a mixture of ozone and hydrogen peroxide, has been
investigated for controlling taste and odors, disinfection byproducts, and microbial patho-
gens. It appears that the inactivation efficiency of PEROXONE (H,0,:03 < 0.3) is
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Figure 6.16 Inactivation of various microorganisms by ozone in an activated sludge effluent.
Adapted from Farooq and Akhlaque (1983).

similar to that of ozone alone. However, PEROXONE is superior to ozone for the oxi-
dation of taste- and odor-causing compounds (Ferguson et al., 1990).

6.5.3 Mechanisms of Ozone Action

In aqueous media, ozone produces free radicals that inactivate microorganisms. Ozone
affects the permeability, enzymatic activity, and DNA of bacterial cells (Hamelin et al.,
1978; Ishizaki et al., 1987), and guanine or thymine, or both, appear to be the most sus-
ceptible targets of ozone (Ishizaki et al., 1984). As shown in poliovirus, ozone inactivates
viruses by damaging the nucleic acid core (Roy et al., 1981). The protein coat is also
affected (De Mik and De Groot, 1977; Riesser et al., 1977; Sproul et al., 1982), but the
damage may be small and may not significantly affect the adsorption of poliovirus to
its the host cell (VP4, a capsid polypeptide responsible for attachment to the host cell,
was not affected by ozone). For rotaviruses, ozone alters both the capsid and RNA core
(Chen et al., 1987).

Ozone does not appear to cause damage to bacterial spore DNA, but rather to the
spore’s inner membrane (Young and Setlow, 2004).

6.5.4 Toxicology of Ozonation Byproducts

We have discussed the formation of mutagenic/carcinogenic compounds after chlori-
nation of water and wastewater. Less is known regarding ozonation byproducts. Bypro-
ducts of concern are bromate (BrO3 ), an animal carcinogen produced by the reaction of
bromide ion with molecular ozone and hydroxyl radicals as well as aldehydes and keto
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Figure 6.17 Effect of suspended solids on poliovirus inactivation by ozone. Adapted from Kaneko
(1989).

acids resulting from the reaction of ozone with natural organic matter (von Gunten, 2003).
The current limit of bromate in the United States and European Union (EU) is 10 pg/L.
The health significance of ozonation byproducts remains largely unknown (U.S. EPA,
1989¢). Preozonation of algal suspensions with 1-3 mg/L ozone increased the formation
of disinfection byproducts (trihalomethanes and haloacetic acid) (Plummer and Edzwald,
2001). Recent studies show, using the Ames test for mutagenicity, that the ozonation of
urban wastewater produces mutagenic compounds (Monarca et al., 2000). These com-
pounds can be removed by granular activated carbon (GAC) treatment (Bourbigot
et al., 1986; van Hoof et al., 1985; Matsuda et al., 1992; Rice, 1989). Ozonation may
also increase effluent toxicity, as shown with the Ceriodaphnia dubia toxicity assay, but
the alteration appears to be site-specific (Blatchley et al., 1997).

Another approach to oxidant disinfection is the use of a mixture of oxidants (free chlor-
ine, chlorine dioxide, ozone, hydrogen peroxide, and other unknown oxidants) generated
on site by the electrolysis of a sodium chloride solution. In laboratory studies, the mixed
oxidant solution was shown to be more effective than free chlorine and inactivated more
than 99.9 percent of Cryptosporidium parvum oocysts in 4 h (Venczel et al., 1997).
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Figure 6.18 Primary inactivation of Cryptosporidium parvum with ozone at pH 7 and 20°C.
From Driedger et al. (2000).

6.6 ULTRAVIOLET LIGHT

6.6.1 Introduction

Ultraviolet (UV) light is the portion of the electromagnetic spectrum that is located
between visible light and X-rays. It is broken down into UV-A (315-400 nm), UV-B
(280-315 nm), UV-C (200-280 nm), and vacuum UV (100-200 nm). Germicidal
activity is due to radiation at wavelengths ranging from 245 to 285 nm (U.S. EPA, 1999).

Ultraviolet biocidal properties were discovered at the beginning of the twentieth
century. Ultraviolet disinfection was then considered for treating water in Henderson,
Kentucky, but was abandoned in favor of chlorination. Owing to technological improve-
ments, this disinfection alternative is now regaining popularity, particularly in Europe
(Wolfe, 1990).

There are two categories of UV lamps (Mofidi et al., 2001):

. Continuous-wave emission lamps, which include low-pressure (10> to 102 torr)
mercury lamps with a peak emission at 253.7 nm, and medium-pressure (10* to
10* torr) mercury lamps, which emit light at 185 nm to more than 300 nm.

- Pulsed emission lamps, which produce pulsed light (30 pulses/s) over a wide spec-
trum (polychromatic) ranging from 185 nm to more than 800 nm.

Ultraviolet disinfection systems use mercury lamps enclosed in quartz tubes. The tubes
are immersed in flowing water in a tank and allow passage of UV radiation at the germi-
cidal wavelength of 253.7 nm. However, transmission of UV by quartz decreases upon
continuous use. Therefore, the quartz lamps must be regularly cleaned, using mechanical,
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Figure 6.19 Inactivation of Giardia lamblia cysts by ozone. Adapted from Wickramanayake et al.
(1985).

chemical, and ultrasonic cleaning methods. Teflon® has been proposed as an alternative to
quartz, but its transmission of UV radiation is lower that in quartz systems.

6.6.2 Mechanism of UV Damage

Ultraviolet radiation damages microbial DNA at a wavelength of approximately 260 nm.
It causes thymine and cytosine dimerization, which blocks DNA replication and effec-
tively inactivates microorganisms. Thymine dimers are more prevalent due to the
higher absorbance of thymine in the germicidal range. Studies with viruses have demon-
strated that the initial site of UV damage is the viral genome, followed by structural
damage to the virus coat (Nuanualsuwan and Cliver, 2003; Rodgers et al., 1985). The
damage caused by UV radiation is repaired by bacteria, using two basic repair systems:
excision repair which occurs in the dark, and photoreactivation which requires light
(see Section 6.6.4 for more details on photoreactivation).

6.6.3 Inactivation of Pathogens and Parasites by UV Radiation

Microbial inactivation is proportional to the UV dose, which is expressed in uW s/ cm?’.
The inactivation of microorganisms by UV radiation can be represented by the following
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Figure 6.20 Effect of temperature on inactivation of Cryptosporidium parvum with ozone at
pH 7. From Renneker et al. (2000).

equation (Luckiesh and Holladay, 1944; Severin, 1980).
N, /Ny = e KPat (6.14)

where Ny = initial number of microorganisms (no. per mL); N, = number of surviving
microorganisms (no. per mL); K = inactivation rate constant (timefl); P,= UV light
intensity reaching the organisms (WW/ cm?); and 1 = exposure time in seconds.

The above equation is subject to several assumptions, one of which is that the logarithm
of the survivor fraction should be linear with regard to time (Severin, 1980). In environ-
mental samples, however, the inactivation kinetics is not linear with time, which may be
due to resistant organisms among the natural population and to differences in flow patterns.

The efficacy of UV disinfection depends on the applied dose and the type of microorgan-
ism under consideration. The UV dose is given by the following equation (U.S. EPA, 1999):

D=1t (6.15)
where D = UV dose in mW - s/crn2 (1 mW -s = 1 mJ); I = intensity in mW/cm2; and t =
exposure time in seconds.

In general, the resistance of microorganisms to UV follows the same pattern as with
chemical disinfectants and is as follows (Chang et al., 1985) (Fig. 6.21):

Protozoan cysts > Bacterial spores > Viruses > Vegetative bacteria

This trend is supported by Table 6.4 (Wolfe, 1990), which shows the approximate UV
dose in pW -s/ cm?® (equivalent pJ / cm?) for 90 percent inactivation of microorganisms.
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Figure 6.21 Relative UV dose required to inactivate 99.9 percent of various microorganisms
compared to that for Escherichia coli. From Chang et al. (1985). (Courtesy of the American
Society of Microbiology.)

The UV doses required for 4-log reduction of bacterial phages were 750 J/ m?, 100 J / m?,
and 290J /m2 for MS2, PhiX174, and B40-8 (phage infecting Bacteroides fragilis),
respectively (Sommer et al., 2001). It appears that phage MS2 can be considered as a con-
servative indicator of virus or parasite inactivation by UV irradiation. A 3-log inacti-
vation of enteroviruses (echovirus 1, echovirus 2, poliovirus 1, coxsackievirus B3 and
B5) occurs at UV doses of 20-27 mW - s/ cm?’. However, adenovirus type 2 displayed
the highest resistance to UV, requiring a dose of 119 mW - s/ cm? for a 3—log inactivation
(Gerba et al., 2002). This was confirmed in a pilot-scale study reporting adenovirus
persistence in UV-treated wastewater tertiary effluents. A dose of approximately
170 mW -s/cm” was necessary for a 4—log inactivation of adenoviruses 2 and 15
(Thompson et al., 2003). Hepatitis A virus requires a UV dose of 3.7 mW s/ cm? for
1-log inactivation (Wolfe, 1990), but necessitates 20 mW~s/cm2 to achieve a 3-log
reduction (Battigelli et al., 1993). A 4-log reduction of poliovirus requires a dose
ranging between 20 and 35 mJ/cm2 (Battigelli et al., 1993; Harris et al., 1987; Meng
and Gerba, 1996; Sommer et al., 1989).

As regards protozoan parasites, a 3.9-logj, inactivation was obtained for
Cryptosporidium at a dose of 19 mJ /cm2, using a medium pressure UV lamp and
animal infectivity assays (Bukhari et al., 1999). A UV dose of 11 mJ /cm2 led to a
2-log inactivation of C. parvum (genotype 2 lowa isolate) using pulsed UV light
or medium-pressure UV lamps and cell culture infectivity assays (Mofidi et al., 2001).
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TABLE 6.4. Approximate Dosage for 90%
Inactivation of Selected Microorganisms by UV

Microorganism Dosage (LW s/ cm?
Bacteria
Escherichia coli 3,000
Salmonella typhi 2,500
Pseudomonas aeruginosa 5,500
Salmonella enteritis 4,000
Shigella dysenteriae 2,200
Shigella paradysenteriae 1,700
Shigella flexneri 1,700
Shigella sonnei 3,000
Staphylococcus aureus 4,500
Legionella pneumonphila 380
Vibrio cholerae 3,400
Viruses
Poliovirus I 5,000
Coliphage 3,600
Hepatitis A Virus 3,700
Rotavirus SA 11 8,000
Protozoan cysts
Giardia muris 82,000
Cryptosporidium parvum 80,000
Giardia lamblia 63,000
Acanthamoeba castellanii 35,000

“Adapted from Wolfe (1990), and Rice and Hoff (1981).

Cryptosporidium parvum oocysts were found to be sensitive to both low-pressure and
medium-pressure UV radiation, displaying a 3-log;o inactivation at a UV dose of
3mlJ /cm2 (Clancy et al., 2000; Shin et al., 2001). Similar results were obtained for
Giardia lamblia cysts (Mofidi et al., 2002). In another study with Giardia lamblia, it
was found that 10 and 20 mJ/ cm? were required to obtain 2—log;y and 3—log;, inacti-
vation, respectively (Campbell and Wallis, 2002). A comparison of the sensitivity of
five strains of C. parvum oocysts (Iowa, Moredun, Texas A&M strain, Maine, and
Glasgow) showed that a UV dose of 10 mJ/ cm” was sufficient to cause at least 4-logg
inactivation in all strains (Clancy et al., 2004).

Encephalitozoon intestinalis (microsporidia) spores, at a UV dose of 3 mJ /cmz,
showed an inactivation of 1.6—2.0 log;y whereas at 6 mJ /cm2 more than 3.6—log;( of
microsporidia were inactivated (Huffman et al., 2002).

6.6.4 Variables Affecting UV Action

Many variables (e.g., suspended particles, organic matter, color) in wastewater effluents
affect UV transmission in water and, thus, the dose necessary for disinfection (Harris
et al., 1987; Severin, 1980). Several organic and inorganic chemicals (e.g., humic sub-
stances, phenolic compounds, lignin sulfonates from the pulp and paper mill industry,
iron, manganese) interfere with UV transmission in water.

Microorganisms are partially protected from the harmful UV radiation when
embedded within particulate matter (Oliver and Cosgrove, 1977; Harris et al., 1987a, b;
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Qualls et al., 1983; 1985). Coliform inactivation tests with UV showed that the inacti-
vation efficiency decreased when particles with size of 7 um or larger were present in ter-
tiary effluents (Jolis et al., 2001). Suspended solids only partially protect microorganisms
from the lethal effect of UV radiation. This is because suspended particles in water and
wastewater absorb only a portion of the UV light (Bitton et al., 1972). Wastewater
solids absorb 75% of the light, and scattering accounts for the remaining 25% (Qualls
et al., 1983; 1985). Most clay minerals do not exert much protection to microorganisms
because they scatter most of the UV light. It is known that their protective effect
depends on their specific absorption and scattering of UV radiation, and decrease with
an increase of light scattering (Bitton et al., 1972). Thus, flocculation followed by filtration
of effluents through sand or anthracite beds to remove interfering substances should
improve UV disinfection efficiency (Dizer et al., 1993).

Microorganisms have DNA repair processes, including photoreactivation and excision
repair. Photoreactivation (i.e., photo repair) may occur after exposure of UV-damaged
microbial cells to visible light at wavelengths of 300—500 nm (Jagger, 1958). DNA
damage can also be repaired in the dark by the cell excision repair system (i.e., dark
repair). Several enzymes are involved in excision repair. The UV-damaged DNA
segment is excised and replaced by a newly synthesized segment. The potential for
UV-damaged bacteria to undergo repair after UV irradiation has been demonstrated
(Carson and Petersen, 1975; Mechsner et al., 1990; Zimmer et al., 2003). Under laboratory
conditions, it was shown that E. coli exposed to UV radiation at doses ranging from 3 to
10 mJ/ cm” underwent photorepair when exposed to a low-pressure UV source, but no
repair was detected following exposure to a medium-pressure UV source (Zimmer and
Slawson, 2002). Figure 6.22 shows the photoreactivation of E. coli following exposure
to UV at 10 mJ/ cm? (Zimmer et al., 2003). No photo or dark repairs were observed in
Cryptosporidium parvum exposed to low-pressure or medium-pressure UV radiation
(Shin et al., 2001; Zimmer et al., 2003). It was demonstrated that, although photoreactiva-
tion and dark repair occurred in Cryptosporidium oocysts, their infectivity was not
restored (Morita et al., 2002).
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Figure 6.22 Photoreactivation of Escherichia coli following exposure to UV at 10 mJ/cm?. From
Zimmer et al. (2003).
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Photoreactivation was demonstrated in a full-scale wastewater treatment plant using
UV disinfection. However, although total and fecal coliforms were photoreactivated,
fecal streptococci showed no or slight photoreactivation (Baron, 1997; Harris et al.,
1987a,b; Whitby et al., 1984). Legionella pneumophila treated by UV irradiation
was also photoreactivated following exposure to visible light (indirect sunlight).
Photoreactivation has also been demonstrated for sunlight-damaged natural viruses in
seawater, although no repair was observed for bacterial phages in wastewater (Baron,
1997; Weinbauer et al., 1997).

6.6.5 Ultraviolet Disinfection of Water and Wastewater

6.6.5.1 Potable Water. Ultraviolet disinfection is particularly useful for potable
water (Wolfe, 1990). Because groundwater accounts for about 50 percent of waterborne
diseases in the United States, UV is a potential useful disinfectant for this resource.
Europe has more than 2000 drinking water facilities using UV disinfection as compared
to 500 in North America (Parrotta and Bekdash, 1998). This disinfectant is particularly
efficient against viruses that are major agents of waterborne diseases in groundwater
(Craun, 1986a, b). A drinking water plant using UV disinfection in London treats up to
14.5 MGD. In hospitals, chlorine is added to maintain a disinfectant residual after UV
irradiation. Continuous UV irradiation rapidly inactivates Legionella in plumbing
systems and in circulating hot tubs and whirlpools (Gilpin, 1984; Muraca et al., 1987).
At a dose of 30 mW - s/ cm? (30 mJ / cm?), UV reduces Legionella pneumophila by 4—5
logs within 20 min in a hospital water distribution system (Muraca et al., 1987) while a
dose of 38,000 W -s/cm? is necessary for inactivating Bacillus subtilis spores (Parrotta
and Bekdash, 1998). Although this dose is ineffective in inactivating Giardia lamblia
cysts, which require a dose of 63 mW-s/cm2 for 1-log reduction in cyst viability
(Rice and Hoff, 1981), it is much higher than the minimum dose of 16 mW-s/cm2
recommended by the U.S. Public Health Service for disinfection of water with ultraviolet
irradiation (U.S. DHEW, 1967). In Europe some countries are recommending a minimum
UV dose (radiant exposure) of 40 mJ /cm” (40 mW - s/cm?) and the proposed guideline for
North America may range between 50 and 100 mJ /cm2 for reclaimed drinking water
(Anderson et al., 2003; National Water Research Institute, 2000).

Small portable UV disinfection devices, capable of treating drinking water at a flow rate
of about 4 gal/min, are being considered in small villages in rural areas of developing
countries (Reuther, 1996). These units provide a low-cost alternative to chlorination
which requires more expert supervision.

6.6.5.2 Wastewater Effluents. Ultraviolet disinfection of wastewater effluents is
now an economically competitive alternative to chlorination or ozonation and does not
generate toxic or genotoxic byproducts as shown for chlorination. Several UV disinfection
systems have been built or are in the planning stage. Problems encountered include the
difficulty for measuring the UV dose necessary for disinfection of wastewater effluents.
Models as well as bioassays using Bacillus subtilis spores or RNA phage MS2 have
been proposed for the determination of the effective UV dose for disinfection (Havelaar
et al., 1990b; Qualls and Johnson, 1983; Qualls et al., 1989; Wilson et al., 1992). MS2
displays higher resistance to UV irradiation than enteric viruses (e.g., hepatitis A virus,
rotavirus) or C. parvum oocysts (Battigelli et al., 1993; Shin et al., 2001; Wiedenmann
et al., 1993). However, as regards UV inactivation of C. parvum oocysts, MS2 is con-
sidered as too conservative (Mackey et al., 2002). Spores of the B. subtilis strain ATCC
6633 are currently the European dosimetry standards for UV disinfection of drinking
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TABLE 6.5. Inactivation of Microorganisms, Using the Multitubular

Photoreactor
Microorganism Initial Count Final Count”
(UV Dose Needed) (No. per 100 mL) (No. per 100 mL)
Escherichia coli 1.5 x 10% 0
Streptococcus faecalis

(10,000 WW -s/cm?) 7.6 x 10° 0
Enterococci 9.3 x 10° 0
Poliovirus

(21,000 wW -s/cm?) 2 x 10° 0

“The exposure time at a flow rate of 5m> h™! was 2 s.
Adapted from Acher et al. (1997).

water. The D value (UV dose to reduce spore viability by a factor of 10) for this strain is
1207/ m? (Hoyer, 2000; Nicholson and Galeano, 2003).

The U.S. Public Health Service minimum dose of 16 mW -s/cm? leads to more than
3-log reduction of coliforms in wastewater effluents. The wide variation observed in
coliform inactivation by UV in wastewater is probably due to the varying proportions of
solids-associated coliforms in the effluents (Qualls et al., 1985). Ultraviolet disinfection,
investigated in a full-scale plant in Ontario, Canada, was shown to be as efficient as chlori-
nation in respect to the inactivation of total coliforms, fecal coliforms, and fecal streptococci
(Whitby et al., 1984). Moreover, it was superior to chlorination for the inactivation of
Clostridium perfringens and coliphages. In tertiary treated wastewater effluents subjected
to filtration, a UV dose of approximately 75 wW - s/ cm? was sufficient to reduce the concen-
tration of fecal coliforms, fecal streptococci, enterococci, MS2 phage, and poliovirus type 1
by 4 logs (Oppenheimer et al., 1997). New UV-based devices are being proposed to over-
come the interference due to effluent turbidity, thus allowing the treatment of poor quality
effluents. One of these devices is the patented multitubular photoreactor, which consists of
a transparent quartz pipe (through which the wastewater is passed at a flow rate of <5 m® /h)
surrounded by eight UV lamps. Preliminary results show that this device efficiently inacti-
vates microorganisms in wastewater effluents (Acher et al., 1997) (Table 6.5).

Simultaneous addition of ozone and UV is not additive with regard to inactivation of
fecal coliforms in wastewater effluents. However, inactivation of the bacterial indicators
is increased if UV irradiation precedes or follows ozonation (Venosa et al., 1984).

Ultraviolet disinfection can also be coupled with a novel photocatalytic oxidation
(PCO) technology, which consists of using TiO,—Fe,O; as photocatalysts and a
ceramic membrane for the recovery of catalyst particles. A 2—-log removal of E. coli
was obtained at a DO level of 21.3 mg/L, a hydraulic retention time (HRT) of 60 s,
and a bacterial concentration of 10° CFU/mL (Sun et al., 2003).

6.6.6 Some Advantages and Disadvantages of UV Disinfection

There are several advantages of disinfecting water and wastewater with UV irradiation
(Sobsey, 1989; Wolfe, 1990):

1. Efficient inactivation of bacteria and viruses in potable water. Higher doses are
required for protozoan cysts.

2. No production of known undesirable mutagenic/carcinogenic or toxic byproducts;
no adverse effects were observed in rainbow trout exposed to UV-treated effluents
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TABLE 6.6. Disinfection Byproducts in Chlorinated and UV-Irradiated Filtered

Secondary Effluent”

Filtered Chlorinated UV-Treated
Compound Detected Effluent (ng/L) Effluent (ng/L) Effluent (pg/L)
Chloroform 2.7 21 29
Dibromochloromethane 0.9 22 0.8
Dichlorobromomethane 1.1 27 1.0
Bromoform <0.5 2.7 <0.5
Acetaldehyde <5 21 7.0
Formaldehyde <0.5 24 8.0

“Adapted from Oppenheimer et al. (1997).

3,
4,
5,

(Oliver and Carey, 1976). Similarly, fish and Ceriodaphnia acute and chronic tox-
icity assays did not show any toxicity for a UV-treated tertiary effluent in a full-scale
wastewater treatment plant, but did produce chronic toxicity for a chlorinated efflu-
ent from the same plant (Oppenheimer et al., 1997). Depending on the concentration
of natural organic matter (NOM), UV-treated water can become toxic due to the for-
mation of carboxylic acids, ketoacids, and aldehydes, and to the release of NOM-
associated heavy metals (e.g., copper) (Parkinson et al., 2001). Chemical analysis
for disinfection byproducts after chlorination or UV irradiation showed that no
trihalomethanes were produced in the UV-treated effluent, and aldehyde concen-
trations were higher in the chlorinated effluent than in the UV-irradiated effluent
(Oppenheimer et al., 1997) (Table 6.6). The available data allow us to rank the
effect of disinfectants on effluent toxicity in the following order: chlorination/
dechlorination > ozonation > UV irradiation.

No taste and odor problems.

No need to handle and store toxic chemicals.

Small space requirement by UV units.

Disadvantages of UV disinfection include the following:

1.

W N
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No disinfectant residual in treated water (therefore, a postdisinfectant such as
chlorine should be added).

. Difficulty in determining UV dose.
. Biofilm formation on the lamp surface (however, modern UV units are designed to

prevent fouling by microorganisms).

. Lower disinfection in high-turbidity effluents.

. Problems in maintenance and cleaning of UV lamps.

. Potential problem due to photoreactivation of UV-treated microbial pathogens.

. Cost of UV disinfection: UV disinfection is becoming competitive with chlorination

at a dose of 40 mW - s/ cm? (Parrotta and Bekdash, 1998).

6.6.7 Other Technologies Based on Photoinactivation

6.6.7.1 Use of Solar Radiation for Disinfection of Drinking Water.

In remote

areas with no access to treated drinking water, solar radiation has been considered for
disinfecting water. A solar radiation intensity of >600 W/ m? for 5h is necessary for
an adequate reduction of bacterial indicators and pathogens (e.g., Vibrio cholerae,
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Salmonella typhi, and so on) (Odeymi, 1990). Transparent plastic bottles exposed to sun-
shine in equatorial climates for 7 h can raise the drinking water temperature to 55°C,
causing the total eradication of E. coli (Joyce et al., 1996). No data are available so far
on the inactivation of parasites.

The Solar Water Disinfection (SODIS) process, sponsored by EAWAG (Swiss Federal
Institute for Environmental Science and Technology), is a point-of-use treatment system
that uses solar radiation to inactivate waterborne pathogens. It has been adopted by several
developing countries (e.g., Latin American countries, Sri Lanka, Indonesia, Thailand) and
will probably be helpful in reducing waterborne diseases in those countries. The process is
simple and consists of partially filling transparent plastic bottles (preferably made of poly-
ethylene terephtalate), shaking the bottles to saturate the water with oxygen, and exposing
them to solar radiation for 6 h if the sky is bright or partially cloudy, or for two consecutive
days if the sky is 100 percent cloudy. The exposure time is also dependent on ambient
temperature. Pathogen inactivation is due to the synergistic effects of UV-A (wavelength
150-400 nm) and increased water temperature. Furthermore, inactivation can also be due
to the highly reactive species such as superoxides (O, ), hydrogen peroxides (H,0,), and
hydroxyl radicals (OH®). However, SODIS efficacy can be reduced by low ambient air
temperature, turbidity (should be less than 30 NTU) and topography (lower inactivation
at higher elevations (Oates et al., 2003; www.sodis.ch; Wegelin et al., 1994; Wegelin
and Sommer, 1998). A mathematical model, based on satellite-derived data, was devel-
oped to simulate monthly mean, minimum, and maximum 5 h averaged peak solar radi-
ation intensities in Haiti. Based on the threshold of 3—-5h of solar radiation above
500 W/ m?, the model suggested that SODIS can be used all year round in Haiti (Oates
et al., 2003).

A low-cost portable unit based on disinfection by solar radiation was recently tested for
wastewater and river water. A 2—log coliform inactivation was obtained after about
40 min (Caslake et al., 2004). A new SODIS reflective solar disinfection pouch made of
food-grade packaging material helped achieve a 5—log reduction of E. coli and a 3.5—
log reduction of phage MS2 following 6 h-exposure to sunlight (Walker et al., 2004).

6.6.7.2 Photodynamic Inactivation. Photodynamic inactivation (photochemical
disinfection) consists of the use of visible light or sunlight as the energy source, O,,
and a sensitizer dye such as methylene blue, rose bengal, or eosin. It is based on the trans-
fer of sunlight energy to oxygen, producing oxidative species (e.g., singlet oxygen), which
inactivate pathogens. This approach was studied under laboratory conditions (Acher and
Juven, 1977; Gerba et al., 1977) and in pilot plants (Acher et al., 1990; 1994; Eisenberg
et al., 1987). Photochemical disinfection of wastewater effluents under field conditions
achieved microbial reductions of 1.8—log for poliovirusl, 3.0—log for coliforms, 3.1—
log for fecal coliforms, and 3.7—-log for enterococci in approximately 1 h under alkaline
conditions. These reductions necessitate a light intensity of 700-2100 uE m ™2 s ',
a methylene blue level of 0.8—-0.9 ppm, pH = 8.7-8.9, and a DO level of 4.5-5.5 mg/L
(Acher et al., 1990). A pilot plant with a flow rate of 50 m® /h and a disinfection time
of 35 min, led to 4-5 log reduction of microorganisms. There is, however, no need to
remove methylene blue after the oxidative treatment if the dye is immobilized on a
support (Acher et al., 1994; 1997).

Titanium dioxide (TiO,), in combination with fluorescent light or sunlight, has also
been considered for the photocatalytic oxidation and hence inactivation of pathogenic
microorganisms in water and wastewater. This disinfection process requires relatively
long contact times since a 2—log reduction of poliovirus and coliform bacteria in
wastewater is achieved after 30 min and 150 min, respectively (Watts et al., 1995).
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TiO, photocatalysis not only results in the inactivation of E. coli, but also degrades the
endotoxin released from the cells (Sunada et al., 1998).

6.7 WASTEWATER IRRADIATION AND OTHER EMERGING
DISINFECTION TECHNOLOGIES

In Chapter 12, we will discuss the treatment of wastewater sludges by gamma radiation
(cesium-137 or cobalt-60) or high energy electron beams. Research is now focusing on
the effectiveness of this technology in the disinfection of wastewater as well as in the
removal of organic matter (BOD and COD). Disinfection of raw wastewater with
gamma radiation (60Co source), at a dose of 463 krad, resulted in 3—log inactivation for
coliphage and 4- to 5-log inactivation for coliforms and heterotrophic plate count
(Farooq et al., 1992) (Fig. 6.23). Wastewater treatment with high-energy electrons was
less effective than gamma radiation and resulted in 2— to 3—log inactivation for the
three categories of microbial indicators (Farooq et al., 1992) (Fig. 6.24). Similarly, 4—
to 5—log reduction of coliform bacteria was obtained following irradiation of raw
sewage with a dose of 200 krad (Rawat et al., 1998).

Emerging disinfection/removal technologies include the use of pulsed UV irradiation,
microfiltration, sonication, and electroporation. The latter involves the perforation of
microbial cell walls in an electric field (Marshall, 1998).

Another oxidizing agent is peracetic acid, which has been used in the food and pharma-
ceutical industries as well as in wastewater treatment alone or in combination with other
disinfectants. Its use in the disinfection of wastewater effluents in a full-scale plant has
resulted in more than 97 percent reduction of total coliforms, E. coli and enterococci.
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Figure 6.23 Disinfection of raw wastewater with gamma irradiation. From Farooq et al. (1992).
(Courtesy of Pergamon Press.)
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Figure 6.24 Disinfection of raw wastewater with electron beams. From Farooq et al. (1992).
(Courtesy of Pergamon Press.)

Peracetic acid also led to a reduction in Salmonella levels. Inactivation increased with
temperature but decreased with an increase in BOD level (Stampi et al., 2001).

Another approach is the physical removal of microorganisms by microfiltration using
membrane bioreactors. Membranes remove efficiently the particulate matter in waste-
water, and their small pore size also allows the physical removal of microorganisms. A
set of three 0.4 wm pore size polyethylene membranes achieved up to a 7—log removal
of fecal coliforms, 5—log removal of fecal streptococci, and 5.9—-log removal of phage
from settled wastewater. Phage removal efficiency increased as filtration resistance
across the membrane increased. The increased resistance was due to biofilm accumulation
on the membrane (Ueda and Horan, 2000).

Owing to toxicological problems linked to the use of chemical disinfectants (e.g., chlor-
ine), disinfection using physical treatments is potentially attractive. Ultrasound is known
to cause damage to microbial cells (e.g., cell lysis, damage to membrane integrity). A
preliminary study on disinfection of wastewater has shown that a 20 kHz ultrasound
unit, operated at 700 W /L, causes a 4—log units inactivation of fecal coliforms within
6 min. Approximately half of the inactivation was due to thermal effects resulting from
ultrasound treatment (Madge and Jensen, 2002). A 20 kHz ultrasound inactivated more
than 90 percent Cryptosporidium oocysts within 1.5 min under laboratory conditions
(Ashokkumar et al., 2003).

6.8 WEB RESOURCES

http: //www.epa.gov/enviro/html /icr/dbp.html (disinfection byproducts from U.S. EPA)
http: / /cfpub.epa.gov/ncea/cfm /recordisplay.cfm?deid=2829 (chloramines)

http: //www.epa.gov/owmitnet/mtb/chlo.pdf (chlorine disinfection)

http: / /www.epa.gov /pesticides /factsheets /chemicals/chlorinedioxidefactsheet.htm
(disinfection with chlorine dioxide)

http: //www.epa.gov/owm/mtb /uv.pdf (UV disinfection)

www.sodis.ch (Solar Disinfection (SODIS) process)
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6.9 QUESTIONS AND PROBLEMS

1. Pathogens decrease exponentially when exposed to a disinfectant. The decrease is
described by Chick’s law:

]l‘lN,/No = —kt

where Ny = initial number of pathogens (cells/L); N, = number of pathogens after
time ¢ (cells/L); ¢ = duration of disinfection; k = empirical constant (t_l).

The following data were obtained in a disinfection experiment dealing with inac-
tivation of poliovirus

Time (s) N/Ny
4 1/13
8 1/158
12 1/2000

From Floyd et al. (1978).

(a) Plot —In(N/Ny) vs. time
(b) Calculate the k value
(c) Calculate the time required for a 1/5000 reduction of poliovirus.

2. As regards the effect of pH on disinfection efficiency, what is the difference
between chorine and chlorine dioxide?

. Why is chloramination recommended for water distribution systems?

. Why does chloramination promote the growth of nitrifying bacteria?

. What are some advantages and disadvantages of disinfection with ozone?
. What is the ozonation byproduct of most concern at the present time?

. Give the categories of UV lamps used in disinfection studies.

. What are the main factors affecting the efficiency of UV disinfection?

O 0 3 N Lt AW

. Define photodynamic inactivation.

10. Summarize the toxicological problems associated with disinfection (covers chlor-
ine, chlorine dioxide, ozone, UV).
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7.1 INTRODUCTION

In mid-nineteenth century England, waterborne diseases such as cholera were rampant and
several epidemics in London resulted in thousands of victims. Increasing awareness of the
role of microorganisms in diseases led to an enhanced demand for wastewater treatment.
This has resulted in the passage of pieces of legislation that encouraged the construction of
wastewater treatment plants (Guest, 1987). The practice of wastewater treatment started at
the beginning of the twentieth century. By the end of the nineteenth century, the British
Royal Commission on Sewage Disposal proposed that the goal of wastewater treatment
should be to produce a final effluent of 30 mg/L of suspended solids and 20 mg/L of
biochemical oxygen demand (BOD) (Sterritt and Lester, 1988).

Today, there are more than 15,000 wastewater treatment facilities in the United States,
80 percent of which are small plants (<1 MGD). These plants treat approximately 37
billion gallons of wastewater per day. About 75 percent of the facilities have secondary
treatment or greater (Ouellette, 1991; U.S. EPA, 1989f). These plants have been constructed
to treat both domestic and industrial wastes. Nontoxic wastes are contributed mainly by the
food industry and by domestic sewage, whereas toxic wastes are contributed by coal pro-
cessing (phenolic compounds, ammonia, cyanide), petrochemical, (oil, petrochemicals,
surfactants), pesticide, pharmaceutical, and electroplating (toxic metals such as cadmium,

Wastewater Microbiology, Third Edition, by Gabriel Bitton
Copyright © 2005 John Wiley & Sons, Inc.
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copper, nickel, zinc) industries (Kumaran and Shivaraman, 1988). Biodegradation and
toxicity of these chemicals will be discussed in Chapters 19 and 20. As many of these
plants may fail to meet the desired criteria, pretreatment steps are required at industrial
sites before the entry of the waste into municipal wastewater treatment plants.

The major contaminants found in wastewater are biodegradable organic compounds,
volatile organic compounds, recalcitrant xenobiotics, toxic metals, suspended solids,
nutrients (nitrogen and phosphorus), and microbial pathogens and parasites (Fig. 7.1).
In the beginning, the requirements for treatment plants were to remove organic matter
and suspended solids. Research efforts are now being focused on the removal of nutrients
(N, P), odors, volatile organic compounds, metals, and toxic organics after their passage
through wastewater treatment plants.

There are several objectives of waste treatment processes:

1. Reduction of the organic content of wastewater (i.e., reduction of BOD).

2. Removal/reduction of trace organics that are recalcitrant to biodegradation and may
be toxic or carcinogenic (see Chapters 18 and 19).

Suspended solids I
Biodegradable organics '
Pathogens and parasites I
Nutrients I
Priority pollutants I
Refractory organics I
Heavy metals I
Dissolved inorganics I

Figure 7.1 Major contaminants in wastewater. Adapted from Metcalf and Eddy (1991).

3. Removal/reduction of toxic metals.

Contaminants of concern
in wastewater treatment
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4. Removal/reduction of nutrients (N, P) to reduce pollution of receiving surface waters
or groundwater if the effluents are applied onto land (see Chapters 8, 10, and 11).

5. Removal or inactivation of pathogenic microorganisms and parasites.

7.2 COMPOSITION OF DOMESTIC WASTEWATER

Domestic wastewater is a combination of human and animal excreta (feces and urine) and
gray water resulting from washing, bathing, and cooking. People excrete 100—500 g wet
weight of feces and between 1 and 1.3 L of urine per capita per day. Each person contrib-
utes 15-20 g BODs/day (Feachem et al., 1983; Gotaas, 1956; Sterritt and Lester, 1988).
Other characteristics of human feces and urine are displayed in Table 7.1 (Feachem et al.,
1983; Gotaas, 1956; Polprasert, 1989). The chemical characteristics of untreated domestic
wastewater are displayed in Table 7.2 (Metcalf and Eddy, 1991).

Domestic wastewater is composed mainly of proteins (40—60 percent), carbohydrates
(25-50 percent), fats and oils (10 percent), urea derived from urine, and a large number of
trace organic compounds that include pesticides, surfactants, phenols, and priority pollu-
tants. The latter category comprises nonmetals (As, Se), metals (e.g., Cd, Hg, Pb), benzene
compounds (e.g., benzene, ethylbenzene), and chlorinated compounds (e.g., chloroben-
zene, tetrachloroethene, trichloroethene) (Metcalf and Eddy, 1991). The bulk of organic
matter in domestic wastewater is easily biodegradable and consists mainly of carbo-
hydrates, amino acids, peptides and proteins, volatile acids, and fatty acids and their
esters (Giger and Roberts, 1978; Painter and Viney, 1959).

In domestic wastewaters, organic matter occurs as dissolved organic carbon (DOC) and
particulate organic carbon (POC). Particulate organic carbon represents approximately
60 percent of organic carbon and some of it is of sufficient size to be removed via sedi-
mentation (Rickert and Hunter, 1971) (Fig. 7.2). In fixed-film processes, DOC is directly
absorbed by the biofilm, whereas POC is adsorbed to the biofilm surface to be sub-
sequently hydrolyzed by microbial action (Sarner, 1986).

Three main tests are used for the determination of organic matter in wastewater. These
include biochemical oxygen demand (BOD), total organic carbon (TOC), and chemical
oxygen demand (COD). Trace organics are detected and measured, using more sophisti-
cated instruments such as gas chromatography and mass spectroscopy.

TABLE 7.1. Composition of Human Feces and Urine®

Component Feces Urine
Quantity (wet) per person per day 100-400 g 1.0-1.31 kg
Quantity (dry solids) per person per day 30-60 g 50-70 g
Moisture content 70-85% 93-96%
Approximate composition (percent 88-97 65-85
dry weight) organic matter
Nitrogen (N)% 5.0-7.0 15-19
Phosphorus (as P,Os)% 3.0-5.4 2.5-5.0
Potassium (as K,0)% 1.0-2.5 3.0-4.5
Carbon (C)% 44-55 11-17
Calcium (as Ca0)% 4.5 4.5-6.0
C/N ratio 6-10 1
BODs content per person per day 15-20 10g

“From Polprasert (1989).
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TABLE 7.2. Typical Characteristics of Domestic Wastewater”

Concentration

Strong Medium Weak
Parameter (mg/L) (mg/L) (mg/L)
BODs 400 220 110
COD 1000 500 250
Organic N 35 15 8
NH;-N 50 25 12
Total N 85 40 20
Total P 15 8 4
Total solids 1200 720 350
Suspended solids 350 220 100

“From Metcalf and Eddy Inc. (1991).

Biochemical Oxygen Demand

Biochemical oxygen demand (BOD) is the amount of dissolved oxygen (DO) consumed
by microorganisms for the biochemical oxidation of organic (carbonaceous BOD) and
inorganic matter (autotrophic or nitrogenous BOD). The sample must be diluted if the
BOD exceeds 8 mg/L.

7.2.1.1 Carbonaceous BOD (CBOD). Carbonaceous BOD (CBOD) is the amount
of oxygen used by a mixed population of heterotrophic microorganisms to oxidize organic
compounds in the dark at 20°C over a period of 5 days. This is described by the following
general equations:

o
Organic compounds h—2h> CO; + H,O + NHy4 + bacterial mass
eterotrophs

. . (03 .
Bacterial biomass ———— Protozoan biomass + CO,
protozoa

Dissolved organic carbon (42%)

Colioidal
organic carbon

(11%)

R Settleable
Supra colloidal
organic carbon (20%) c();::r;ic carbon

Figure 7.2 Total organic carbon (TOC) size fractions in domestic wastewater. Estimated particles
sizes: settleable, >100 mm; supracooloidal, 1-100 mm; colloidal, 1 nm—1 mm; dissolved, <1 nm.
Adapted from Rickert and Hunter (1971).
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The conversion of bacterial biomass to protozoan biomass proceeds with a yield of
0.78 mg protozoa/mg bacteria (Edeline, 1988).

The BOD test was originally developed to predict the effect of wastewater on receiving
streams and determine their capacity to assimilate organic matter (Gaudy, 1972; Gaudy
and Gaudy, 1988). It is one of the most important tests considered by regulators to
measure the effectiveness of wastewater treatment plants and assess the impact of the
plant effluents on receiving waters. Much has been written on the kinetics of BOD exertion
in wastewater. Figure 7.3 (Gaudy, 1972) shows the existence of a plateau in oxygen uptake
and its length depends on the relationship between prey (bacteria) and predator (protozoa)
microorganisms. Many reasons have been offered for the existence of a plateau during
oxygen uptake: (1) predation by protozoa; (2) a lag period between exogenous respiration
on the substrate and the onset of endogenous respiration; (3) substrate made of various
carbon sources that are metabolized sequentially; and (4) biodegradation of a metabolic
product only after an acclimation period.

Aliquots of wastewater are placed in a 300 mL BOD bottle and diluted in phosphate
buffer (pH 7.2) containing other inorganic elements (N, Ca, Mg, Fe) and saturated with
oxygen. Sometimes, acclimated microorganisms or dehydrated cultures of microorgan-
isms sold in capsule form are added to municipal and industrial wastewaters that may
not have a sufficient microflora to carry out the BOD test. The microbial seed is usually
composed of microorganisms commonly found in the wastewater environment (e.g., Pseu-
domonas, Bacillus, Nocardia, Streptomyces). A nitrification inhibitor is sometimes added
to the sample to determine the carbonaceous BOD, which is exerted solely by hetero-
trophic microorganisms (Fitzmaurice and Gray, 1989). Dissolved oxygen concentration
is determined at time O and after five-day incubation, by means of an oxygen electrode,
chemical procedures (e.g., the Winkler test), or a manometric BOD apparatus (Hammer,
1986). The BOD test is carried out on a series of dilutions of the sample, the dilution
depending on the source of the sample. Other details concerning the BOD test are given
in Standard Methods for the Examination of Water and Wastewater (APHA, 1999).

Substrate,
organic carbon

Oxygen uptake
(B0D)

Indicated parameter

Protozoa

Time

Figure 7.3 Relationship between oxygen consumption, microbial growth, and organic carbon
removal. Adapted from Gaudy (1972).
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When dilution water is not seeded, the BOD value is expressed in mg/L according to
the following equation (APHA, 1999; Hammer, 1986):

D, —D
BOD (mg/L) = —— =2

5 (7.1)

where D = initial DO; Ds = DO at day 5; and P = decimal volumetric fraction of waste-
water used.

The microbial biomass (bacteria and protozoa) consumes oxygen during the five-day
incubation period (carbonaceous BOD). Because of depletion of the carbon source, the
carbonaceous BOD reaches a plateau (Fig. 7.4) called the ultimate carbonaceous BOD.
The relationship between BOD at any time and ultimate carbonaceous BOD is given by
the following equation (Hammer, 1986):

BOD, = L(1 —107%) (7.2)

where L = ultimate BOD (mg/L); k = BOD rate constant with a value of approximately
0.1/day for domestic wastewaters; and k depends on the following (Davis and Cornwell,
1985):

« Type of waste. k varies from 0.15-0.30 in raw wastewater to 0.05-0.10 in surface
water.

« Acclimation of microorganisms to the type of waste analyzed. The BOD test should be
conducted with acclimated microbial seeds.

Nitrification
| Ultimate carbonaceousBOD_ ______/____ _ oween demand
-}
2
5 Standard 5-day
© | BOD value
[ R .
|
|
: Carbonaceous oxygen demand
|
|
|
1
|
I
] ] 1
0 5 10 15

TIME (days)
Figure 7.4 Carbonaceous and autotrophic BOD. From Hammer (1986). (Courtesy of John Wiley.)
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« Temperature. The BOD test is conducted at the standard temperature of 20°C. At
other temperatures, k is given by:

kr = ko6 2 (7.3)

where T = temperature in °C; kr = BOD rate constant at a given temperature T
(day_l); kyo = rate constant at 20°C; and 6 = temperature coefficient = 1.135 at
4 <T<20°Cand = 1.056 at 20 < T < 30°C.

Toxic substances present in wastewater interfere with the BOD test. Another disadvan-
tage of the BOD test is that it overlooks recalcitrant compounds.

The above described method of BOD testing is time consuming and is not amenable to
on-line monitoring. Biosensor-based methods (Liu and Mattiasson, 2002), which do not
have these limitations, are described in Chapter 18.

7.2.1.2 Nitrogenous Oxygen Demand. Autotrophic bacteria such as nitrifying bac-
teria also require oxygen to oxidize NH to nitrate (see Chapter 3). The oxygen demand
exerted by nitrifiers is called autotrophic BOD or nitrogenous oxygen demand (NOD)
(Fig. 7.4). During the determination of BOD of wastewater samples, nitrifiers exert an
oxygen demand and their activity leads to higher BOD values, sometimes resulting in non-
compliance of the wastewater treatment plant with federal or state regulations. It has been
estimated that about 60 percent of the compliance violations in the United States were due
to nitrification occurring during the BOD test (Dague, 1981; Hall and Foxen, 1983). This
phenomenon is significant in nitrified wastewater effluents where nitrifying bacteria may
account for 24—86 percent of the total BOD (Hall and Foxen, 1983; Washington et al.,
1983). The theoretical nitrogenous oxygen demand is 4.57 g oxygen used per g of ammonium
oxidized to nitrate. However, the actual value is somewhat lower because some of the nitro-
gen is incorporated into the bacterial cells (Davis and Cornwell, 1985). The nitrogenous
oxygen demand (NOD) is as follows (Verstraete and van Vaerenbergh, 1986):

NOD (mg/L) = (Available N — Assimilated N) x 4.33 (7.4)

It is thus necessary to carry out an inhibited BOD test to distinguish between carbonaceous
and nitrogenous BOD (APHA, 1989). It is recommended to add 2-chloro-6-(trichloromethyl)
pyridine at a final concentration of 10 mg/L for nitrification inhibition. It has been shown that
this chemical does not suppress the oxidation of organic matter (Young, 1983).

The BODs of municipal wastewaters varies between 100 and 300 mg/L, and much
higher values are found in some industrial wastewaters (Table 7.3). Removal of BOD
may vary from 70 percent in high rate activated sludge to up to 95 percent in extended
aeration activated sludge (see Chapter 8).

7.2.2 Chemical Oxygen Demand

Chemical oxygen demand (COD) is the amount of oxygen necessary to oxidize the organic
carbon completely to CO,, H,O, and ammonia (Sawyer and McCarty, 1967). Chemical
oxygen demand is measured via oxidation with potassium dichromate (K,Cr,O;) in
the presence of sulfuric acid and silver and is expressed in mg/L. Thus, COD is a
measure of the oxygen equivalent of the organic matter as well as microorganisms in
the wastewater (Pipes and Zmuda, 1997). If the COD value is much higher than the
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TABLE 7.3. COD, BODs, and BODs/COD Ratios of Selected Wastewaters”

COD BODs BODs/
(mg/L) (mg/L) CoD
Domestic sewage
Raw 500 300 0.60
After biological treatment 50 10 0.20
Slaughterhouse wastewater 3,500 2,000 0.57
Distillery vinasse 60,000 30,000 0.50
Dairy wastewater 1,800 900 0.50
Rubber factory 5,000 3,300 0.66
Tannery wastewater 13,000 1,270 0.10
Textile dyeing
Raw 1,360 660 0.48
After biological treatment 116 5 0.04
Draft mill effluent
Raw 620 226 0.36
Biologically stabilized 250 30 0.12

“Adapted from Verstraete and van Vaerenbergh (1986).

BOD value, the sample contains large amounts of organic compounds that are not easily
biodegraded.

In untreated domestic wastewater, COD ranges between 250 and 1000 mg/L. For
typical untreated domestic wastewater, the BODs/COD ratio varies from 0.4 to 0.8
(Metcalf and Eddy, 1991). The BODs, COD, and BOD5/COD ratios of some typical
wastewaters are shown in Table 7.3 (Verstraete and van Vaerenbergh, 1986).

7.2.3 Total Organic Carbon

Total organic carbon (TOC) represents the total organic carbon in a given sample and is
independent of the oxidation state of the organic matter. It is determined via oxidation of
the organic matter with heat and oxygen (aeration step is eliminated if VOCs are present in
the sample) or chemical oxidants, followed by the measurement of the CO, liberated with
an infrared analyzer (Hammer, 1986; Metcalf and Eddy, 1991).

7.3 OVERVIEW OF WASTEWATER TREATMENT

Physical forces as well as chemical and biological processes drive the treatment of waste-
water. Treatment methods that rely on physical forces are called unit operations. These
include screening, sedimentation, filtration, or flotation. Treatment methods based on
chemical and biological processes are called unit processes. Chemical unit processes
include disinfection, adsorption, or precipitation. Biological unit processes involve
microbial activity, which is responsible for organic matter degradation and removal of
nutrients (Metcalf and Eddy, 1991).
Wastewater treatment comprises the following four steps (Fig. 7.5):

1. Preliminary treatment. The objective of this operation is to remove debris and
coarse materials that may clog equipment in the plant.

2. Primary treatment. Treatment is brought about by physical processes (unit oper-
ations) such as screening and sedimentation.
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3. Secondary treatment. Biological (e.g., activated sludge, trickling filter, oxidation
ponds) and chemical (e.g., disinfection) unit processes are used to treat wastewater.
Nutrient removal also generally occurs during secondary treatment of wastewater.

4. Tertiary or advanced treatment. Unit operations and chemical unit processes are
used to further remove BOD, nutrients, pathogens, and parasites, and sometimes
toxic substances.

The third part of this book will address the following aspects for each unit process:

- Process microbiology. We will examine the types and activity of microorganisms
involved in each process.

« Public health microbiology. Some of the unit processes were specifically designed to
remove pathogenic microorganisms and parasites. We will examine the effectiveness
of each process in removing or inactivation of microbial pathogens and parasites.

7.4 WEB RESOURCES

http: //ga.water.usgs.gov/edu/wuww.html (beginner’s wastewater treatment)

http://www.epa.gov /ebtpages/treawaterpwastewatertreatment.html (EPA  wastewater
treatment topics)

http:/ /ei.cornell.edu/biodeg/wastewater/ (wastewater treatment from Cornell University)
http: //www.dep.state.pa.us/dep/deputate /waterops/ (operator’s information center,
Pennsylvania Department of Environmental Protection)

http: //www.scitrav.com/wwater/waterlnk.htm (collection of web pages on wastewater
treatment)

http: //www.scitrav.com/wwater /waterlnk.htm#microbiology (rich collection of sites on
wastewater microbiology)

http: //www.swopnet.com/engr/ /londonsewers/londontextl.html (a glimpse at London
early sewers, Part 1)

http: //www.swopnet.com/engr/ /londonsewers/londontext2.html (a glimpse at London
early sewers, Part 2)

http: //www.swopnet.com/engr/ /londonsewers/londontext3.html (a glimpse at London
early sewers, Part 3)

http: //www.college.ucla.edu/webproject/micro7 /studentprojects7 /Rader/asludge2.htm
(pictures of the Hyperion Treatment Plant, Playa del Rey, California)

http: / /www.scitrav.com/wwater/waterlnk.htm (collection of web pages on activated sludge)
http: //www.swbic.org/education/env-engr/index.html (online course on water and
wastewater treatment)

http: //www.rpi.edu/dept/chem-eng/Biotech-Environ/FUNDAMNT /streem/envmicro.htm
(general text on waste treatment; diagrams)

http: //www.rpi.edu/dept/chem-eng/Biotech-Environ/FUNDAMNT /streem/microbug.htm
(song about wastewater bugs)

7.5 QUESTIONS AND PROBLEMS

1. BOD of a wastewater sample: 5 mL of wastewater is added to a 300 mL BOD bottle.
Add dilution water to the bottle until obtaining a volume of 300 mL. The initial DO
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concentration was 7.8 mg/L and the final DO concentration was 4.3 mg/L after
five-day incubation.

(a) Calculate the BODs of the sample.
(b) Calculate the ultimate BOD (assuming a k value of 0.1).
. What are some problems of the BOD test?
. Give the different steps involved in wastewater treatment.
. Explain the difference between carbonaceous BOD and autotrophic BOD.

| I SOSN8

. Give two examples of unit operations and two examples of unit processes.

7.6 FURTHER READING

Metcalf & Eddy, Inc. 2003. Wastewater Engineering: Treatment and Reuse, 4th ed./revised by
George Tchobanoglous, Franklin L. Burton, H. David Stensel, McGraw-Hill, Boston.

Cheremisino, N.P. 2002. Handbook of water and wastewater treatment technologies, Butterworth-
Heinemann, Boston, 636 pp.

Grady, C.P.L., Jr., and H.C. Lim. 1980. Biological Waste Treatment: Theory and Applications.
Marcel Dekker, New York, 963 pp.
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8.1 INTRODUCTION

Activated sludge is a suspended-growth process that began in England at the turn of the
century. This process has since been adopted worldwide as a secondary biological treat-
ment for domestic wastewaters. This process consists essentially of an aerobic treatment
that oxidizes organic matter to CO, and H,O, NH,, and new cell biomass. Air is provided
by using diffused or mechanical aeration. The microbial cells form flocs that are allowed to
settle in a clarification tank.

Wastewater Microbiology, Third Edition, by Gabriel Bitton
Copyright © 2005 John Wiley & Sons, Inc.
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8.2 DESCRIPTION OF THE ACTIVATED SLUDGE PROCESS

8.2.1 Conventional Activated Sludge System

A conventional activated sludge process includes (Fig. 8.1) the following:

. Aeration tank. Aerobic oxidation of organic matter is carried out in this tank.
Primary effluent is introduced and mixed with return activated sludge (RAS) to
form the mixed liguor, which contains 1500-2500 mg/L of suspended solids.
Aeration is provided by mechanical means. An important characteristic of the acti-
vated sludge process is the recycling of a large portion of the biomass. This makes
the mean cell residence time (i.e., sludge age) much greater than the hydraulic reten-
tion time (Sterritt and Lester, 1988). This practice helps maintain a large number of
microorganisms that effectively oxidize organic compounds in a relatively short time.
The detention time in the aeration basin varies between 4 and 8 hours.

- Sedimentation tank. This tank is used for the sedimentation of microbial flocs
(sludge) produced during the oxidation phase in the aeration tank. A portion of the
sludge in the clarifier is recycled back to the aeration basin and the remainder is
wasted to maintain a proper F/M (food to microorganisms ratio).

We will now define some operational parameters commonly used in activated sludge
(Davis and Cornwell, 1985; Verstraete and van Vaerenbergh, 1986).

8.2.1.1 Mixed Liquor Suspended Solids (MLSS). The content of the aeration
tank in an activated sludge system is called mixed liqguor. The MLSS is the total
amount of organic and mineral suspended solids, including microorganisms, in the
mixed liquor. It is determined by filtering an aliquot of mixed liquor, drying the filter at
105°C, and determining the weight of solids in the sample.

8.2.1.2 Mixed Liquor Volatile Suspended Solids (MLVSS). The organic
portion of MLSS is represented by MLVSS, which comprises nonmicrobial organic
matter as well as dead and live microorganisms and cellular debris (Nelson and Lawrence,
1980). The MLVSS is determined after heating of dried filtered samples at 600—650°C,
and represents approximately 65—75 percent of MLSS.

PRIMARY

EFFLUENT
pa— - AERATION TANK

A

FINAL CLARIFIER

RETURN ACTIVATED SLUDGE (RAS) EXCESS SLUDGE

Y .

A

Figure 8.1 Conventional activated sludge system.
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8.2.1.3 Food-to-Microorganism Ratio (F/M). The food-to-microorganisms
(F/M) ratio indicates the organic load into the activated sludge system and is expressed
in kilogram BOD per kilogram of MLSS per day (Curds and Hawkes, 1983; Nathanson,
1986). It is expressed as:

_ O xBOD

B Rkt (8.1)
MLSS x V

F/M

where Q = flow rate of sewage in million gallons per day (MGD); BOD = five-day bio-
chemical oxygen demand (mg/L); MLSS = mixed liquor suspended solids (mg/L); and
V = volume of aeration tank (gallons).

The food-to-microorganism ratio is controlled by the rate of activated sludge wasting.
The higher the wasting rate the higher the F/M ratio. For conventional aeration tanks the
F/M ratio is 0.2-0.5 1b BODs/day/Ib MLSS but it can be higher (<1.5) for activated
sludge using high purity oxygen (Hammer, 1986). A low F/M ratio means that the micro-
organisms in the aeration tank are starved, generally leading to a more efficient wastewater
treatment.

8.2.1.4 Hydraulic Retention Time (HRT). Hydraulic retention time is the average
time spent by the influent liquid in the aeration tank of the activated sludge process; it is
the reciprocal of the dilution rate D (Sterritt and Lester, 1988).

1 Vv
HRT = — = — (8.2)
D 0
where V = volume of the aeration tank; Q = flow rate of the influent wastewater into the
aeration tank; and D = dilution rate.

8.2.1.5 Sludge Age. Sludge age is the mean residence time of microorganisms in the
system. While the hydraulic retention time may be in the order of hours, the mean cell resi-
dence time may be in the order of days. This parameter is the reciprocal of the microbial
growth rate u (see Chapter 2). Sludge age is given by the following formula (Hammer,
1986; Curds and Hawkes, 1983):

MLSS x V
Slud days) = 8.3
udge age (days) SS. % Ou £ S50 % Ou (8.3)

where MLSS = mixed liquor suspended solids (mg/L); V = volume of aeration tank (L);
SS. = suspended solids in wastewater effluent (mg/L); Q. = quantity of wastewater
effluent (m3 /day); SS,, = suspended solids in wasted sludge (mg/L); and Q,, = quantity
of wasted sludge (m*/day).

Sludge age may vary from 5 to 15 days in conventional activated sludge. It varies with
the season of the year and is higher in the winter than in the summer season (U.S. EPA,
1987a).

The important parameters controlling the operation of an activated sludge are organic
loading rates, oxygen supply, and control and operation of the final settling tank. This tank
has two functions: clarification and thickening. For routine operation, one must measure
sludge settleability by determining the sludge volume index (SVI) (Forster and Johnston,
1987) (see Chapter 9 for more details).
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8.2.2 Some Modifications of the Conventional Activated Sludge Process

There are several modifications of the conventional activated sludge process (Nathanson,
1986; U.S. EPA, 1977) (Fig. 8.2). These are given in the following subsections.

8.2.2.1 Extended Aeration System (Fig. 8.2a). This process, used in package
treatment plants, has the following features:

1. The aeration time is much longer (about 30 h) than in conventional systems. The
sludge age is also longer and can be extended to >15 days.

2. The wastewater influent entering the aeration tank has not been treated by primary
settling.

3. The system operates at much lower F/M ratio (generally <0.11b BOD/day/Ib
MLSS) than conventional systems (0.2—0.5 1b BOD/day/1b MLSS).

4. This system requires less aeration than conventional treatment and is mainly suitable
for small communities that use package treatment.

8.2.2.2 Oxidation Ditch (Fig. 8.2b). The oxidation ditch consists of an aeration
oval channel with one or more rotating rotors for wastewater aeration. This channel
receives screened wastewater and has a hydraulic retention time of approximately 24 h.

SCREENED AND
DEGRITTED
RAW
WASTEWATER AERATION FINAL EFFLUENT
S TANK CLARIFIER |—
A RETURN SLUDGE EXCESS SLUDGE

SCREENED AND
DEGRITTED
RAW WASTEWATER

—

FFLUENT

AERATION ROTOR
B RETURN SLUDGE EXCESS

>
L >

SLUDGE

Figure 8.2 Some modi