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Foreword

International concern in scientifi c, industrial, and governmental communi-
ties over traces of xenobiotics in foods and in both abiotic and biotic envi-
ronments has justifi ed the present triumvirate of specialized publications in 
this fi eld: comprehensive reviews, rapidly published research papers and 
progress reports, and archival documentations. These three international 
publications are integrated and scheduled to provide the coherency essen-
tial for nonduplicative and current progress in a fi eld as dynamic and 
complex as environmental contamination and toxicology. This series is 
reserved exclusively for the diversifi ed literature on “toxic” chemicals in 
our food, our feeds, our homes, recreational and working surroundings, our 
domestic animals, our wildlife and ourselves. Tremendous efforts worldwide 
have been mobilized to evaluate the nature, presence, magnitude, fate, and 
toxicology of the chemicals loosed upon the earth. Among the sequelae of 
this broad new emphasis is an undeniable need for an articulated set of 
authoritative publications, where one can fi nd the latest important world 
literature produced by these emerging areas of science together with docu-
mentation of pertinent ancillary legislation.

Research directors and legislative or administrative advisers do not have 
the time to scan the escalating number of technical publications that may 
contain articles important to current responsibility. Rather, these individ-
uals need the background provided by detailed reviews and the assurance 
that the latest information is made available to them, all with minimal 
literature searching. Similarly, the scientist assigned or attracted to a new 
problem is required to glean all literature pertinent to the task, to publish 
new developments or important new experimental details quickly, to inform 
others of fi ndings that might alter their own efforts, and eventually to 
publish all his/her supporting data and conclusions for archival purposes.

In the fi elds of environmental contamination and toxicology, the sum of 
these concerns and responsibilities is decisively addressed by the uniform, 
encompassing, and timely publication format of the Springer triumvirate:

Reviews of Environmental Contamination and Toxicology [Vol. 1 through 
97 (1962–1986) as Residue Reviews] for detailed review articles 
concerned with any aspects of chemical contaminants, including pesti-
cides, in the total environment with toxicological considerations and 
consequences.

Bulletin of Environmental Contamination and Toxicology (Vol. 1 in 1966) 
for rapid publication of short reports of signifi cant advances and 
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discoveries in the fi elds of air, soil, water, and food contamination and 
pollution as well as methodology and other disciplines concerned 
with the introduction, presence, and effects of toxicants in the total 
environment.

Archives of Environmental Contamination and Toxicology (Vol. 1 in 1973) 
for important complete articles emphasizing and describing original 
experimental or theoretical research work pertaining to the scientifi c 
aspects of chemical contaminants in the environment.

Manuscripts for Reviews and the Archives are in identical formats and 
are peer reviewed by scientists in the fi eld for adequacy and value; manu-
scripts for the Bulletin are also reviewed, but are published by photo-offset 
from camera-ready copy to provide the latest results with minimum delay. 
The individual editors of these three publications comprise the joint Coor-
dinating Board of Editors with referral within the Board of manuscripts 
submitted to one publication but deemed by major emphasis or length more 
suitable for one of the others.

Coordinating Board of Editors
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Preface

The role of Reviews is to publish detailed scientifi c review articles on all 
aspects of environmental contamination and associated toxicological con-
sequences. Such articles facilitate the often-complex task of accessing and 
interpreting cogent scientifi c data within the confi nes of one or more closely 
related research fi elds.

In the nearly 50 years since Reviews of Environmental Contamination 
and Toxicology (formerly Residue Reviews) was fi rst published, the number, 
scope and complexity of environmental pollution incidents have grown 
unabated. During this entire period, the emphasis has been on publishing 
articles that address the presence and toxicity of environmental contami-
nants. New research is published each year on a myriad of environmental 
pollution issues facing peoples worldwide. This fact, and the routine dis-
covery and reporting of new environmental contamination cases, creates an 
increasingly important function for Reviews.

The staggering volume of scientifi c literature demands remedy by which 
data can be synthesized and made available to readers in an abridged form. 
Reviews addresses this need and provides detailed reviews worldwide to 
key scientists and science or policy administrators, whether employed by 
government, universities or the private sector.

There is a panoply of environmental issues and concerns on which 
many scientists have focused their research in past years. The scope of this 
list is quite broad, encompassing environmental events globally that affect 
marine and terrestrial ecosystems; biotic and abiotic environments; impacts 
on plants, humans and wildlife; and pollutants, both chemical and radio-
active; as well as the ravages of environmental disease in virtually all 
environmental media (soil, water, air). New or enhanced safety and 
environmental concerns have emerged in the last decade to be added to 
incidents covered by the media, studied by scientists, and addressed by 
governmental and private institutions. Among these are events so striking 
that they are creating a paradigm shift. Two in particular are at the center 
of ever-increasing media as well as scientifi c attention: bioterrorism 
and global warming. Unfortunately, these very worrisome issues are now 
super-imposed on the already extensive list of ongoing environmental 
challenges.

The ultimate role of publishing scientifi c research is to enhance under-
standing of the environment in ways that allow the public to be better 
informed, The term “informed public” as used by Thomas Jefferson in the 
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age of enlightenment conveyed the thought of soundness and good judg-
ment. In the modern sense, being “well informed” has the narrower meaning 
of having access to suffi cient information. Because the public still gets most 
of its information on science and technology from TV news and reports, the 
role for scientists as interpreters and brokers of scientifi c information to 
the public will grow rather than diminish.

Environmentalism is the newest global political force, resulting in the 
emergence of multi-national consortia to control pollution and the evolu-
tion of the environmental ethic. Will the new politics of the 21st century 
involve a consortium of technologists and environmentalists, or a progres-
sive confrontation? These matters are of genuine concern to governmental 
agencies and legislative bodies around the world.

For those who make the decisions about how our planet is managed, 
there is an ongoing need for continual surveillance and intelligent con-
trols, to avoid endangering the environment, public health, and wildlife. 
Ensuring safety-in-use of the many chemicals involved in our highly indus-
trialized culture is a dynamic challenge, for the old, established materials 
are continually being displaced by newly developed molecules more accept-
able to federal and state regulatory agencies, public health offi cials, and 
environmentalists.

Reviews publishes synoptic articles designed to treat the presence, 
fate, and, if possible, the safety of xenobiotics in any segment of the envi-
ronment. These reviews can either be general or specifi c, but properly lie 
in the domains of analytical chemistry and its methodology, biochemistry, 
human and animal medicine, legislation, pharmacology, physiology, toxicol-
ogy and regulation. Certain affairs in food technology concerned spe-
 cifi cally with pesticide and other food-additive problems may also be 
appropriate.

Because manuscripts are published in the order in which they are 
received in fi nal form, it may seem that some important aspects have been 
neglected at times. However, these apparent omissions are recognized, 
and pertinent manuscripts are likely in preparation or planned. The fi eld is 
so very large and the interests in it are so varied that the Editor and 
the Editorial Board earnestly solicit authors and suggestions of under-
represented topics to make this international book series yet more useful 
and worthwhile.

Justifi cation for the preparation of any review for this book series is that 
it deals with some aspect of the many real problems arising from the pres-
ence of foreign chemicals in our surroundings. Thus, manuscripts may 
encompass case studies from any country. Food additives, including pesti-
cides, or their metabolites that may persist into human food and animal 
feeds are within this scope. Additionally, chemical contamination in any 
manner of air, water, soil, or plant or animal life is within these objectives 
and their purview.

viii Preface



Manuscripts are often contributed by invitation. However, nominations 
for new topics or topics in areas that are rapidly advancing are welcome. 
Preliminary communication with the Editor is recommended before volun-
teered review manuscripts are submitted.

Summerfi eld, North Carolina D.M.W.
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I. Introduction

Coal is a complex heterogeneous mixture of organic and inorganic con-
stituents of allothigenic or authigenic origin. Besides major (>1%) and 
minor (0.1%–1%) elements in coal, elements such as As, Se, and Hg occur 
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2 L. Guijian et al.

commonly as trace elements (<1,000 ppm) associated with both organic 
(e.g., polyaromatic hydrocarbons, PAhs) and inorganic matter (Swaine 2000; 
Liu et al. 1999; Finkelman 1995). PAHs in coal are the major source of 
organic pollution and may become easily accessible during combustion, 
coking, pyrolysis, and other coal preparation processes to make the coal 
consistent in quality and suitable for selling.

Coal is primarily used as a solid fuel to produce heat through com-
bustion. World coal consumption is about 5,800 million short tons annually, 
of which about 75% is used for electricity production, and while the remain-
der is used mainly for heating and indoor cooking. China is the largest 
coal producer and consumer in the world (Liu et al. 1999). It has been 
estimated that more than 75% of the energy production in China is 
based on coal (Chen BH et al. 2004), and more than 400 million people in 
China rely on coal for their domestic energy needs, such as heating and 
daily cooking. Because of the limited petroleum and natural gas reserves, 
and the signifi cant coal reserves (1,000 billion t), in China, it is likely 
that this coal-based, relatively cheap energy structure will continue for 
the foreseeable future (Ni 2000; Xu et al. 2000; Zhong and Wang 2000; 
Liu et al. 2004a,b).

Because of incomplete combustion, large amounts of PAHs are formed 
and emitted during coal usage. The main pathways for PAHs to enter 
human bodies are by breathing polluted air or through the food chain. 
Various forms of PAHs in coal or from coal combustion may affect humans, 
especially indoor coal combustion. Additionally, PAHs in raw coal can 
reduce or even poison the activity of catalysts in the refi nery, making the 
stockpile of liquid product unstable, such as allochromatic or color change 
or odor (Chen et al. 2005; Liu and Zheng 2007). Ezatti et al. (2002) esti-
mated that, in 2000, global mortality from indoor air pollution from solid 
fuels (such as wood, charcoal, crop residues, but mainly coal), was more 
than 1.6 million persons. This rate of severe global mortality together 
with combustion-induced diseases such as pneumoconiosis, dermatosis, and 
other relevant diseases indicate an urgent need to take immediate action 
against indoor air pollution, especially in developing regions.

Many studies on PAHs extraction and measurement, distribution, species, 
and emission from coal use, especially for burning, have intensifi ed in 
recent years, because of a growing awareness of the potential effects of 
PAHs on the environment, and also as advanced analytical techniques 
have been developed. In China, there is considerable concern about car-
bonaceous aerosol emissions from coal combustion because of the poten-
tial infl uence on climate change (Jacobson 2002) and adverse effects on 
human health (Lighty et al. 2000; Liu and Zheng 2007; Chuang et al. 
1992; Chen et al. 2005). Therefore, roughly one-fourth of the global 
anthropogenic carbonaceous emissions is believed to originate in China, 
of which about 70% is the result of coal burning (Cooke et al. 1999; 
Liu et al. 2000).
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II. Species of PAHs

The U.S. Environmental Protection Agency (EPA) has identifi ed 1408 haz-
ardous waste sites as the most serious in the nation. These sites make up 
the National Priorities List (NPL) and are the sites targeted for long-term 
federal cleanup activities. PAHs have been found in at least 600 of the sites 
on the NPL. However, the number of NPL sites evaluated for PAHs is not 
known (USEPA 1997). As EPA evaluates more sites, the number of sites at 
which PAHs are found may increase. This information is important because 
exposure to PAHs may cause harmful health effects and because these sites 
are potential or actual sources of human exposure to PAHs.

Although there is no defi nitive legislation concerning PAH abatement, 
the EPA has listed 16 PAHs as priority pollutants, the latest being effective 
from 1997 (USEPA 1997): these compounds are naphthalene, acenaph-
thylene, acenaphthene, fl uorene, phenanthrene, anthracene, fl uoranthene, 
pyrene, chrysene, benzo[a]anthracene, benzo[b]fl uoranthene, benzo[k]fl uoran-
thene, benzo[a]pyrene, indeno(1,2,3-c,d)pyrene, benzo(g,h,i)perylene, and 
dibenzo(a,h)anthracene. It is expected that air quality would be improved 
soon if the emission of these PAHs was controlled.

These 16 PAHs were chosen to be included in this profi le because (1) 
more information is available on these than on the others; (2) they are sus-
pected to be more harmful than some of the others and they exhibit harmful 
effects that are representative of the PAHs; (3) there is a greater chance 
that humans will be exposed to these PAHs than to the others; and (4) of 
all the PAHs analyzed, these were the PAHs identifi ed at the highest con-
centrations at NPL hazardous waste sites. In China, 9 PAHs, including 
benzo[a]pyrene, were defi ned as priority PAHs by the State Environmental 
Protection Administration (Yue et al. 2003).

III. PAH Extraction and Measurement

A. Extraction

Various diffi culties exisit in extracting PAH species from coal and coal 
combustion products. Extraction methods have used traditional methods 
(Purushothama et al. 1998; Claessens et al. 1991; Chen et al. 1996; Stephens 
et al. 1994; Leonhardt and stahl 1998; Yu et al. 1995; Hageman et al. 1996; 
Xue et al. 2007; Lee et al. 1981) such as ultrasonic, soxhlet, and other more 
recent extraction methods (e.g., supercritical fl uid extraction and micro-
wave extraction). Soxhlet extraction is the most common method, using 
benzene, benzene-methanol, benzene-hexane, methylene chloride, ether, 
toluene and toluene-methanol. For example, Purushothama et al. (1998) 
carried out an extraction for analysis of PAHs in coal ash. Their work com-
pared various extraction and quantitation techniques for the determination 
of adsorbed PAHs in coal ash. Aliquots of fl y ash from coal combustion 
spiked with four PAHs were extracted, using three solvents, three methods, 
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and three gas chromatography/mass spectrometry (GC/MS) methods. 
The results show the solvents that exert the greatest primary effect are 
CH2Cl2 > toluene > > o-xylene. Highest recoveries were obtained using 
the refl ux slurry extraction procedure with CH2Cl2 and a relatively fast 
(20°/min) temperature ramp to 310°. With both CH2Cl2 and toluene sol-
vents, ultrasonic-assisted extraction affords the best repeatability.

Chen et al. (1996) used batch, soxhlet, and sonication extraction tech-
niques to evaluate the concentration of PAHs in four soils contaminated 
with coal tar. They concluded that no consistent differences were observed 
among the three extraction methods or between the two different chro-
matographic detection systems. The batch extraction technique was consid-
ered the least labor intensive and most cost effective method. The use of 
GC/fl ame ionization detection (FID) with certifi ed calibration standards 
was also found to be adequate for routine analysis of known organic 
compounds. Stephens et al. (1994) obtained higher recoveries in soxhlet 
extraction for coal stack ash. However, when soxhlet and ultrasonic 
extractions were compared for urban atmospheric particulates, they per-
formed the ultrasonic extraction and soxhlet extraction with methanol 
to analyze recovery of PAHs from coal stack ash and used anthracene, 
anthracene-9,10-dione, benz(a)anthracene, and benz(a)anthracene-7,12-
dione as adsorbates. Soxhlet extraction yielded consistently higher 
recoveries of these compounds than ultrasonic extraction from a rela-
tively highcarbon ash (6.17% C). Electron microscopy and bulk carbon 
analyses revealed signifi cant fragmentation of the carbonaceous particles 
(notorious for strong affi nities for PAH) upon sonication. The freshly 
exposed surfaces of the carbonaceous particles are thought to adsorb 
solution-phase PAH during the extraction process, thereby yielding lower 
recoveries of PAH.

Hageman et al. (1996) used water extraction and conventional extrac-
tions. They carried out subcritical (hot/liquid) water extraction by simply 
placing the sample in an extraction cell, fi lling the cell with water, and 
heating the system in an oven. After a 15- to 60-mm extraction, the cell was 
cooled, the water was removed from the extraction cell, and the solubilized 
organics analyzed using solid-phase microextraction. Quantitative determi-
nations (recoveries typically ranging from ∼60% to 140% compared to 
conventional solvent extraction) of PAHs from soil and air particulate 
matter were achieved using a 250°C extraction step and isotopically labeled 
PAHs as internal standards.

The factors impacting extraction, such as time between 6 and 48 hr 
(Gohda et al. 1993; Naikwadi et al. 1990) have been reported. To analyze 
the infl uence of these factors on extraction of PAHs from coal samples, our 
lab (Xue et al. 2007; Zhang et al. 2005a,b) carried out experiments for 
investigating the impacts on the 16 USEPA priority PAHs extracted from 
raw coal from the Huaibei Mine, China. These were performed with differ-
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ent times, different solvents, and different methods. Major effort was focused 
on fi nding proper extraction conditions of PAHs from raw coal that would 
help in the development of clean coal technologies. In this study, we con-
cluded that extraction time, solvents, and methods will affect the Quantities 
of PAHs extracted from coal samples. The results showed the following 
factors: (1) The total amount of EPA priority PAHs varies from low to high 
with increasing extraction time with ultrasonic-assisted extraction. Thirty 
minutes should be a suitable extraction time because colloids formed as 
time passed. Extracts within 24 and 48 hr contain the identical amount of 
priority PAHs using the soxhlet extraction method. The value at 72 hr is 
higher. Possibly some basic framework was broken and micropores of the 
coal enlarged with prolonged immersion. This extraction condition is diff-
cult to achieve as the solvent is mainly water in the environment. It can be 
concluded that 24 hr is a suitable extraction time for PAHs from raw coal 
using the soxhlet extraction method. (2) CS2 is best for extracting low 
molecular weight PAHs whereas CH2Cl2 is better for extracting high molec-
ular weight PAHs. Both are excellent extraction solvents compared to 
C6H14. CH2Cl2 was found to be a suitable extraction solvent when the toxic-
ity equivalence factor (TEF) was used to characterize the toxic properties 
of PAHs. (3) Both soxhlet and ultrasonic-assisted extraction results give 
similar PAH profi les; however, the ultrasound-assisted results are lower, 
indicating less effi cient extraction.

B. Measurement

In earlier studies, analysis of the extracts was performed by column chro-
matography using a UV detector. Techniques such as packed gas chroma-
tography columns using dexsil and poly(dimethylsiloxane) were used 
(Hanson et al. 1979; Hauser and Pattison 1972; Colier et al. 1995; Wise 
et al. 1995). Hauser and Pattison (1972) used the method to analyze the 
aliphatic fraction of air particulate matter. This method, coupled with aero-
metric data, enables the fi rst direct determination of n-alkanes in air 
particulate matter and extends analytical capability to the C15–C36 range. 
They also used this method to examine ambient air samples for particulate 
matter emanating from coal burning. Colier et al. (1995) studied the exhaust 
from a direct-injection light-duty diesel engine, which was sampled for 
PAHs at three constant speeds and at fi ve load settings for each speed, using 
a total-exhaust solvent-stripping apparatus.

In the 1990s, analytical methods changed signifi cantly. UV/visible absorp-
tion spectrometry was utilized as a general technique for analysis of organic 
particle material in ambient samples (Kister et al. 1996). At the same time, 
fl uorescence spectrometry was developed for PAH sample analysis (Nie 
et al. 1993). Its main advantage over absorption methods of UV/visible was 
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its high sensitivity by a factor of 102–103 (Guilbault 1990); its main disad-
vantage was the interference by trace fl uorescent compounds. Qian and Hsu 
(1992) studied molecular transformation in hydrotreating processes by on-
line liquid chromatography/mass spectrometry. Manoli and Samara (1996) 
and Wise et al. (1995) performed a modifi ed solid-phase extraction tech-
nique using sonication of the adsorbent material instead of the elution 
normally applied and compared with two conventional liquid-liquid extrac-
tion procedures for the determination of the 16 EPA PAHs in municipal 
waste waters by means of HPLC coupled with fl uorescence detection. The 
best results were obtained by use of acetonitrile.

Cleanup of sewage sludge extracts was not found necessary for accurate 
quantifi cation of the major PAH components with fl uorescence detection. 
The precision of the whole analytical procedure from extraction to the fi nal 
determination of PAHs was satisfactory for both wastewater and sewage 
sludge samples. Murayama and Das Gupta (1996) used liquid chromatog-
raphy-electrochemical detection (LC-ED) to determine nitro-substituted 
polynuclear aromatic hydrocarbons that occur in ambient suspended par-
ticulate matter. They proposed a sensitive liquid chromatographic method 
with an unique selectivity: an electrochemical detector operating in the 
reductive mode is followed by a fl uorescence detector. When the NO2 group 
is reduced to the NH2 group, there is a major increase in fl uorescence; nitro-
PAH compounds are essentially nonfl uorescent. A different fl uorescence 
signal or a different chromato fl uorogram is generated by subtracting the 
chromatogram obtained with the electrochemical detector off from that 
obtained with the electrochemical detector on. Applications to diesel engine 
exhaust samples are demonstrated.

Carcia et al. (1994) studied cloud point preconcentration and HPLC 
determination of PAHs with fl uorescence detection. Heaton et al. (1994) 
collected several environmental samples containing PAHs obtained from 
various sources including soil, water, petrochemicals and coal, and all 
samples were analyzed by supercritical fl uid chromatography (SFC) under 
optimized conditions. Their conclusion showed that packed-column SFC is 
shown to be an effi cient and promising method for the rapid monitoring of 
environmental PAHs. Fourier transform infrared spectroscopy was used to 
determine modifi cations induced by the preheating process in the distribu-
tion of families of PAHs in chloroform and pyridine extracts of two bitu-
minous coals from Spain (Kister et al. 1996). Kovalenko et al. (1992) studied 
microscopic organic analysis using two-step laser MS, and Chasey and Aczel 
(1991) used high-resolution MS to determine PAH structure distributions. 
The other techniques such as supercritical fl uid chromatography (Vayiso-
glu-Giray et al. 1998; Heaton et al. 1994) and capillary electrophoresis with 
fl uorescence detection (Nie et al. 1993) were also used to determine PAHs.
Most recent studies use GC/MS to determine PAH species and concen-
tratons (Chen YJ et al. 2004; Xue et al. 2006; Zhang et al. 2005a,b; Wang 
et al. 1994).
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IV. Toxicology and Distribution of PAHs

A. Toxicology

PAHs are highly lipid soluble and are absorbed through the lungs, gut, and 
skin of mammals. PAHs can easily be associated with fi ne particles from 
coal combustion, and the fi ne ashes can be breathed into the lungs and gut, 
along with skin exposure. Studies on lung retention of microcrystalline 
PAHs or PAHs in solution after intratracheal instillation in female rats have 
indicated that they are rapidly cleared from the respiratory tract (Tornquist 
1985). Clearance of the PAHs from the lungs is best described as biphasic. 
For radiolabeled anthracene, benz[a]anthracene, 1-nitropyrene, BaP, 6-
nitrobenzo[a]pyrene, and dibenzo[c,g]carbazole, more than 85% of the 
initial dose was cleared with a half-time of less than 1 hr. The half-times for 
clearance of the residual redioacivity (1%–15% of the dose) ranged from 
26 to 63 hr (Wolff 1989; Weyand and Bevan 1986). However, inhaled PAHs 
are predominantly adsorbed on soot particles (Chen et al. 2005). After 
deposition in the airway, the particles can be eliminated by bronchial clear-
ance. PAHs may be partly removed from the particles during transport on 
the ciliated mucosa and may penetrate into the bronchial epithelium cells 
(WHO 1987).

When PAHs are adsorbed on particles, the respiratory uptake rate is 
lower because the partcles are retained for a long period in the respiratory 
tract (Tornquist 1985). Sun et al. (1984) concluded that radiolabeled BaP 
adsorbed on diesel engine exhaust particles was inhaled by rats, lung clear-
ance of the inhaled particle-associated radioactivity occurred in two phases. 
The initial rapid clearance had a half-time of less than 1 hr. The second, 
long-term component had a half-time of 18 d and represented 50% of the 
radioactivity that had initially been deposited in the lungs.

Some studies showed that PAHs are rapidly and widely distributed in 
the organism because of high lipophilicity (Swartz et al. 1995). For example, 
some authors (Foth et al. 1988; Modica et al. 1983) reported that the 
pattern of distribution of BaP was found to be similar after subcutaneous, 
intraveneous, and intratracheal administration to mice and rats, and 
highest levels were found in the liver. Mammary and other fatty tissues are 
signifi cant storage depots for PAHs, but owing to rapid metabolism no 
signifi cant accumulation seems to take place. Schlede (1970) and Wiersma 
and Roth (1983) reported that the gastrointestinal tract contains relatively 
high levels of metabolites as the result of hepatobiliary excretion. Withey 
et al. (1991, 1992) carried out experiments with mice and showed that 
the distribution of pyrene in tissues was highest in the perirenal fat, 
intermediate in the liver, kidneys, and lungs and lowest in the heart, 
testes, spleen, and brain. Withey et al. (1993) and Neubert and Tapken 
(1988) concluded that BaP can readily cross the placental barrier of 
rats and mice, consistent with the fetal and developmental toxicity of 
the substance.
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According to Van de Wiel et al. (1993) and Foth et al. (1988), following 
metabolism, hepatobiliary excretion and elimination through the feces is 
the major route by which BaP is removed from the body, independent of 
the route of administration. Urine is the other major excretory route, 
although it is quantitatively of minor importance compared to the bile.

Other studies (Hall et al. 1989; Glatt and Oesch 1987; Nebert et al. 1993; 
Graslund and Jernstrom 1989; Bjelogrlic and Kirsi 1991) showed that the 
enzyme system primarily responsible for PAH metabolism is the micro-
somal mixed-function oxidase (MFO) system, which converts the nonpolar 
PAHs into polar hydroxyl and epoxy derivatives. Epoxides are reactive and 
enzymatically metabolized to other compounds, such as dihydrodiols and 
phenols. The enzyme systems that metabolize PAHs are widely distributed 
in the cells and tissues of humans and animals. The highest metabolizing 
capacity is present in the liver, followed by lung, intestinal mucosa, skin, 
brain, hair follicles, erythrocytes, platelets, leukocytes, placenta, and uterus. 
Animal and human fetal tissues have the capcity to metabolize PAHs, but 
at a low rate compared to adult tissues.

Some studies (Graslund and Jernstrom 1989; Cavalieri and Rogan 1985; 
Reddy et al. 1992; Shaw and Connell 1994; Ross et al. 1990, 1991) concluded 
that PAHs exert their mutagenic and carcinogenic activity through bio-
transformation to chemically reactive intermediates that bind covalently to 
cellular macromolecules. Other experiments (Shaw et al. 1994) were carried 
out to explain the implication of covalent binding of PAHs to DNA for 
carcinogenicity in the lung and other tissues of experimental animals.

B. Sources and Distribution of PAHs in the Environment

The sources of PAHs are original from combustion processing (Mitra and 
Bonnie 1995). PAHs are a group of chemicals that are formed during the 
incomplete burning of coal, oil, gas, wood, garbage, or other organic 
substances, such as tobacco and charbroiled meat. PAHs generally occur as 
complex mixtures (e.g., as part of combustion products such as soot), and 
not as single compounds. PAHs usually occur naturally, but they can be 
manufactured as individual compounds for research purposes; however, not 
as the mixtures found in combustion products. As pure chemicals, PAHs 
generally exist as colorless, white, or pale yellow-green solids. They can have 
a faint, pleasant odor. A few PAHs are used in medicines and to make dyes, 
plastics, and pesticides. Others are contained in asphalt used in road con-
struction. They can also be found in substances such as crude oil, coal, coal 
tar pitch, creosote, and roofi ng tar. They are found throughout the environ-
ment in the air, water, and soil, and can occur in the air, either attached to 
dust particles or as solids in soil or sediment.

PAHs are formed mainly as a result of pyrolytic processes, especially the 
incomplete combustion of organic materials during industrial and other 
human activities, such as processing of coal and crude oil, combustion of 
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natural gas, including for heating, combustion of refuse, vehicle traffi c, 
cooking, and tobacco smoking, as well as in natural processes such as car-
bonization. However, the main source of emission of PAHs into the air is 
coal combustion. For example, in the Federal Republic of Germany in 1981, 
the emissions of BaP were estimated to amount to 18 t: about 30% resulted 
from coke production, 56% from heating with coal, 13% from motor vehi-
cles, and less than 0.5% from the combustion of heating oil (WHO 1987). In 
China, emission of PAHs consists of more than 70% from coal heating and 
other processing. In many developed countries, PAHs enter the environment 
mostly as releases to air from coal combustion (Baek et al. 1991).

Many PAHs, especially carcinogenic PAHs, are found in all surface soils. 
Typical concentrations in forest soil range from 5 µg to 100 µg/kg. Substan-
tial amounts of PAHs are transferred to forest soil from vegetation litter 
because the compounds are adsorded from air on organic matter such as 
leaves and needles. Rural soil contains carcinogenic PAHs at levels of 10–
100µg/kg originating mainly from atmospheric fallout. For both forest and 
rural soil, values as high as 1,000 µg/kg may occasionally be found. Metro-
politan areas have higher PAH concentrations than forest and agricultural 
areas because of the many sources of fossil fuel combustion. The majority 
of urban soil concentrations fall in the 600–3,000 µg/kg range. Higher values 
near areas of heavy transportation and industrialization are probable. 
Values of the order of 1,000–3,000 µg/kg are regarded as being in the upper 
range. However, levels of 8,000–336,000 µg/kg have been reported from 
road dust (Menzie et al. 1992).

PAHs are found in substantial quantities in some foods, depending on 
the mode of cooking, preservation, and storage, and are detected in a wide 
range of meats, fi shes, vegetables, and fruits. A Dutch market basket study 
of dietary components for 18-yr-old males involving determination of 17 
different PAHs revealed that all these compounds were detected. The most 
frequently occurring PAHs were benzo[b]fl uoranthene, fl uoranthene, and 
benzo[k]fl uoranthene, in 59%, 48%, and 46% of the samples, respectively. 
The highest concentration of a single PAH was found for chrysene, at 
36µg/kg in the commodity group sugar and sweets. The mean daily intake 
of the total PAH fraction analyzed was between 5 and 17 µg/kg. The intake 
of carcinogenic PAH fraction was roughly half these amounts. The largest 
contribution to the daily PAH intake came from sugar and sweets, cereals, 
oils, fats, and nuts (De Vos et al. 1990).

Several studies concluded that most of the above 16 PAHs come from 
fossil fuel combustion and have high toxicity, and especially a carcinogenic 
character. According to abundant data in the literature and from experi-
mental results, the most signifi cant health effect to be expected from inhala-
tion exposure to PAHs is an excess risk of lung, gut, and skin cancer, 
especially lung cancer. In the past, chimney sweeps and tar workers were 
dermally exposed to substantial amounts of PAHs. There is suffi cient evi-
dence that skin cancer in many of these workers was caused by PAHs.
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Epidemiological studies in coke oven workers, coal gas workers, and 
employees in aluminum production plants provide suffi cient evidence of 
the role of inhaled PAHs in the induction of lung cancer. An excessively 
high rate of lung cancer mortality was found in coke oven workers 
(Hemminki 1993). The studies showed that the increase in lung cancer cases 
correlates closely with the time spent working on top of ovens where an 
average BaP concentration of about 30 mg/m3 has been detected. It should 
be noted that all these working environments include chemicals other than 
PAHs that may also have contributed to the excesses of lung cancer.

The movement and distribution of PAHs in the environment depends 
on properties such as how easily they dissolve in water and how easily they 
evaporate into the air. PAHs in general do not easily dissolve in water and 
have a relatively low solubility in water, but they are highly lipophilic. They 
are present in air as vapors or attached to surfaces of small solid particles. 
They can travel long distances before they return to earth in rainfall or by 
particle settling. Some PAHs evaporate into the atmosphere from surface 
waters, but most stick to solid particles and settle to the bottom of rivers or 
lakes. In soils, PAHs are most likely to stick tightly to particles. Some PAHs 
evaporate from surface soils to air. Certain PAHs in soils also contaminate 
underground water. The PAH content of plants and animals living on the 
land or in water can be many times higher than the content of PAHs in soil 
or water. PAHs can break down to longer-lasting products by reacting with 
sunlight and other chemicals in the air, generally over a period of days to 
weeks. Breakdown in soil and water generally takes weeks to months and 
is caused primarily by microorganisms.

V. Indoor PAHs and their Environmental Effects

During coal burning indoors, a large complex mixture of many components 
including toxic gases and particulate matter is emitted, and particulate 
matter is mostly fi ne particles (“soot”) that are coated with a mixture of 
various toxic chemicals including hazardous trace elements and PAHs (Liu 
and Zheng 2007; Finlayson-Pitts and Pitts 1986). The fi ne particles not only 
cause visibility reduction, acid rain, and climate perturbations, but also 
cause serious health problems by penetrating and delivering coated chemi-
cals into the human respiratory system. It has been reported that the sub-
micron airborne particles, not the organic chemicals adsorbed onto the 
particles, are responsible for the tumor response, because the particles 
overload the lung clearance system (Donaldson et al. 1996, 1998; Chuang 
et al. 1992).

Smaller particles are considered to be more harmful as they remain in 
the air for a longer period, while larger ones settle to the ground and are 
less likely to be inhaled. Smaller particles penetrate into deeper portions 
of the lungs, and clearing can take a long period of time, months or even 
years. It has also been reported that most toxic elements are concentrated 
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on the smallest respirable particles (Natusch et al. 1974; Ondov et al. 1982; 
Liu et al. 2004a,b; Liu and Zheng 2006). Some research (Simcik et al. 1999; 
Mastral and Callén 2000; Nguren et al. 1999, 2002; Chuang et al. 1992; 
Yelena et al. 2002; Teschke et al. 1989; McDonald et al. 2000) found PAH 
emissions had become one of the most important sources of PAHs in the 
environment during coal utilization processes. Thus, pollutants, including 
PAHs released from coal utilization processes, are an important retarding 
factor for China’s economic, and social development as well as Chinese 
health (Chuang et al. 1992).

Domestic combustion is one of the major sources of indoor air pollution 
in developing countries and has been identifi ed as a serious health hazard 
affecting hundreds of millions of people, especially women, children, and 
the elderly. Cooking smoke has been shown to cause respiratory diseases, 
such as chronic bronchitis, emphysema, expectorative cough, and dyspnea 
(Huang and Batterman 2000; Monn 2001; Harrison et al. 1996; Linsey et al. 
1999; Dickhut et al. 2000; Kavouras et al. 2001; Wolfgang et al. 1997; Simcik 
et al. 1999; Susan and Pratim 1998; Chuang et al. 1991, 1992; Kingham et al. 
2000; Minoia et al. 1997; Schauer et al. 1996; Park et al. 2001; Wilson et al. 
1989). For example, Teschke et al. (1989) studied case-control and propor-
tionate mortality in Canada, the U.S., Britain, and Denmark, which show 
that cooks and other food service workers may have elevated risks of 
cancers of the nasopharynx, buccal cavity, esophagus, lung, and bladder. A 
pilot study was done to determine if there might be airborne products of 
cooking that may be risk factors for these cancers in cooks. Air samples 
were taken in four restaurants and subsequently analyzed for mutagenicity 
using the Ames assay and for carcinogens using GC/MS. All four samples 
taken in the restaurant cooking areas were mutagenic to TA98 without 
metabolic activation, and two were mutagenic to TA100, also without meta-
bolic activation. The ventilation systems in all four restaurants allow the 
exposure of cooks to both the air from dining room smoking areas and the 
volatile products of cooking.

Exposure to unvented indoor cooking smoke may cause cancer, particu-
larly lung cancer. In the rural Xuan Wei County, Yunnan Province, lung 
cancer mortality rates for women are among the highest in China (Chuang 
et al. 1991, 1992). Most of these women are nonsmokers, and studies have 
shown that lung cancer in Xuan Wei is associated with domestic use of 
smoky coal under nonventilated conditions. Chuang et al. (1991, 1992) col-
lected 10 high-volume fi lter samples (<10µm) from a home inhabited by a 
person with lung cancer during cooking periods on four consecutive days 
and subjected these to soxhlet extraction. This composite sample extract 
was fractionated on a normal-phase column into 7 fractions. The second 
fraction was the most active in the bioassay, containing mainly PAHs and 
alkylated PAHs. The two polar fractions, 6 and 7, were the next most active. 
The most active PAH fraction was further separated into 11 subfractions, 
based on the number of aromatic carbons. The results, have shown that the 
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high lung cancer mortality rates are associated with exposure to unvented 
emissions from the indoor burning of smoky coal for cooking and 
heating.

The emission of pollutants from domestic cooking is mainly the result of 
incomplete combustion of fuels and is a function of many variables, includ-
ing, among others, fuel and stove types, air supply conditions, and the fre-
quency and duration of stove use (Chuang et al. 1992; Liu and Zheng 2006; 
Liu et al. 2000; Benner et al. 1995; Wolfgang et al. 1991, 1993, 1998; Dubowsky 
et al. 1999). The common use of low-quality noncommercial fuels (fuel 
wood, agroresidue, dung cakes, etc.) in rural areas of developing countries 
may result in high pollutant emissions (Li and Ro 2000; Katagiri et al. 1996; 
Fischer et al. 2000). Residential stoves may produce higher emissions of 
some important air pollutants as compared to industrial combustion in 
many circumstances. The main pollutants in smoke from domestic cook-
stoves are particulate matter (PM), carbon monoxide (CO), and organic 
compounds. The latter consist of a wide range of substances. Smith (1987) 
has identifi ed more than 180 polar, 75 aliphatic, and 225 aromatic com-
pounds in wood smoke, yet there are still many unidentifi ed compounds. 
Among the organic compounds emitted, of special interest are polycyclic 
organic matter (POM) and formaldehyde (Godish 1989).

POM is a chemical group that contains two or more benzene rings. One 
particular set of POM that are known to be carcinogens or mutagens are 
the PAHs. Most PAHs in the atmosphere are released from the incomplete 
combustion of organic materials. In the atmosphere, PAHs undergo trans-
formations, and the derivatives are usually more toxic than PAH themselves 
(Nikolaou et al. 1984), therefore increasing the potential harmful effects on 
human health. Besides PAHs, the aza- and imino-arenes in POM have also 
been found to be potentially carcinogenic (Smith 1987). Extracts of smoke 
samples from domestic combustion sources have demonstrated genotoxic 
and carcinogenic activities (Smith 1987; McCrillis et al. 1992).

As part of the Integrated Air Cancer Project, the USEPA conducted fi eld 
emission measurement programs in Raleigh, North Carolina, and Boise, 
Idaho, to identify potential mutagenic impacts of residential wood burning 
and motor vehicles on ambient and indoor air. The McCrillis et al. (1992) 
studies included collection of emission samples from chimneys of wood-
burning appliances. Parallel projects were conducted in instrumented wood-
stove test laboratories to quantify woodstove emissions during operations 
typical of in-house usage, but under more controlled conditions. Three 
woodstoves were operated in test laboratories. Over a range of burn rates, 
burning eastern oak, southern yellow pine, or western white pine. Two con-
ventional stoves were tested at an altitude of 90 m. One of the conventional 
stoves and a catalytic stove were tested at an altitude of 825 m. Decreasing 
burn rate increased total particulate emissions from the conventional stoves; 
the catalytic stove’s total particulate emissions were unaffected. There was 
no correlation of total particulate emissions with altitude, whereas total 
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PAH emissions were greater at the lower altitude. Mutagenicity of the 
catalytic stove emissions was greater than conventional stove emissions. 
Emissions from burning pine were more mutagenic than emissions from 
oak. The indoor pollution concentration and exposure level depend not 
only on emission but also on ventilation conditions and on whether cooking 
stoves are physically isolated from main living areas.

Much of developing Asia’s population cook and heat using unvented 
stoves in poorly designed kitchens. As a result, air pollution levels in Asian 
homes often exceed World Health Organization standards for ambient 
outdoor air as well as that for typical indoor levels in developed countries 
(United Nations Environmental Programme 1991). Human exposure to 
cooking smoke has received increasing attention in indoor air pollution 
research (Huang and Batterman 2000; Monn 2001; Harrison et al. 1996; 
Linsey et al. 1999; Dickhut et al. 2000; Kavouras et al. 2001; Simcik et al. 
1999; Susan and Pratim 1998; Chuang et al. 1991; Kingham et al. 2000; 
Minoia et al. 1997; Schauer et al. 1996; Park et al. 2001; Chuang et al. 1992; 
Liu and Zheng 2007; Liu et al. 2000; Benner et al. 1995; Wolfgang et al. 1991, 
1993, 1997, 1998; Dubowsky et al. 1999). High consumption rates, low quality 
of fuels, and low effi ciency of cookstoves used for domestic cooking in 
developing countries plus poorly designed kitchens lead to high health risks 
from cooking smoke. Yet, only limited data on PAH emissions and the toxic 
effects of cooking smoke are available in these countries (Liu and Zheng 
2006; Daisey et al. 1989; Chen et al. 2005; Chuang et al. 1992). Indoor pol-
lution is receiving more and more attention as a result of emissions from 
coal combustion, especially in China (Liu and Zheng 2007). Thus, methods 
to clean fuel coal need to be studied and developed in the future.

VI. Emission and Mechanism of PAH Production 
During Coal Combustion

Coal is derived from plant material such as cellulose, lignin, resins, spores, 
leaves, stems, and roots under intense heat and pressure. The organic matter 
of coal is generally regarded as being composed of two complementary 
structures (Bhattacharyya 1971; Brooks and Glasser 1986; Li and Peter 
1996; Li et al. 1995; Liu et al. 2000; Chen et al. 2005). The dominant compo-
nent is a macromolecular, insoluble, three-dimensional network composed 
of condensed aromatic and hydroaromatic units connected by ether or 
thioether linkages and short alkyl bridges. The second structure is a mole-
cular phase of compounds that are typically soluble in organic solvents. This 
molecular phase contains varying distributions of aliphatic hydrocarbons, 
polycyclic aromatic and hydroaromatic hydrocarbons, hydroxylated poly-
cyclic aromatic compounds, and heterocyclic compounds.

In the atmosphere, PAHs are mainly associated with aerosols (disper-
sions or suspensions of solid particulate), liquid drops, or a mixture of both 
(Smith 1984). The main source of concern with this class of compounds is 
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that some members are known mutagens or carcinogens. PAHs have a 
strong electrophilic character and interact with biological nucleophyles 
in metabolic processes. The result of such interactions may obstruct their 
regular functions and promote carcinogenesis as a result of transformation 
of PAHs into diolepoxides of aromatic rings inside the organism (Mastral 
et al. 1996a).

Most PAH formation and emission is associated with soot emissions 
during the incomplete combustion of fossil fuels, such as the start-up and 
shut-down process of combustion facilities including troubleshooting, and 
as a consequence of the pyrolytic process that precedes combustion 
(Hershkowitz et al. 1983; Mastral et al. 1997a,b). Also, as a consequence of 
the thermion process and by cyclization and aromatization reactions, other 
aromatic clusters can be developed (Zander 1980; Bruce et al. 1997). It has 
been experimentally shown that it is possible to synthesize benzo[a]pyrene
from ethane under pyrolysis conditions (Li and Peter 1996). When coal is 
heated, its structure undergoes chemical and physical changes, and organic 
fractions are released. These fractions undergo cyclization reactions leading 
to polycyclic compounds that can exist in gaseous and in solid phases, 
depending on the surrounding temperature and their molecular volume 
(Gantner et al. 1985; De Wiest and Rondia 1976). They can exist in the gas 
phase (<-ring PAHs), in the solid phase (>6-ring PAHs), or in both phases (4- 
and 5-ring PAHs) in the air depending on their molecular mass (Hoffmann 
et al. 1977). Junk and Ford (1980) found 48 PAHs and Purushothama et al. 
(1998) found 37 organic compounds that were identifi ed, and 28 of the 37 
were PAHs. Some of the these sparingly volatile organics are found in stack 
gases, but all are found as adsorbates on fl y ash and other ash.

PAHs are molecules built up of benzene rings that resemble fragments 
of single layers of graphite. They have planar structures and a wide variety 
of shapes and sizes.The dominant component of coal seems to be composed 
of a three-dimensional network of condensed aromatic and hydroaromatic 
units connected by weaker bonds (Solomon et al. 1988). During coal use, 
e.g., heating or combustion, coal structures undergo major physical and 
chemical changes and release volatile organic compounds. Weaker bonds 
in aliphatic bridges and rings break up fi rst, then aromatic structures, result-
ing in more aromatic hydrocarbons in the products. Some of the organic 
compounds may be emitted as unburned material, thus becoming a source 
of organic emissions.

According to some (Williams et al. 1986; Barbella et al. 1990; Mastral 
et al. 1996b, 1999a,b; Purushothama et at. l998; Chen et al. 2005), during coal 
combustion PAH formation and emission mechanisms can be classifi ed in 
two processes: pyrolysis and pyrosynthesis. The have concluded that on coal 
heating, the organic compounds are partially cracked to smaller and unsta-
ble fragments (pyrolysis). These fragments, mainly highly reactive free radi-
cals with a very short average lifetime, lead to more stable PAH formation 
through recombination reactions (pyrosynthesis). Thus, BaP and other 
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PAHs are formed through pyrolysis of methane, acetylene, butadiene, and 
other compounds. Mastral et al. (1997a) reported that PAH formation in 
combustion is like a waterfall mechanism in which PAH are formed through 
small radicals to which radicals are added, forming compounds of higher 
molecular weight, soot, and fullerenes.

Williams et al. (1986) analyzied the polynuclear aromatic compound frac-
tions from fi ve diesel fuels, a gas-oil, and a sample of kerosene. The principal 
polynuclear aromatic hydrocarbons of the fuels were naphthalene, fl uorine, 
and phenanthrene and their alkyl derivatives; mutagenic compounds were 
present in signifi cant concentrations. The principal polynuclear aromatic 
nitrogen and sulfur compounds of diesel fuel are carbazole and dibenzothio-
phene and their alkyl derivatives. The combustion process formed a signifi -
cant concentration of mutagenic compounds in the particulate.

In-cylinder sampling and analysis of particulate (soot and condensed 
hydrocarbon species), light hydrocarbons, and gaseous inorganic species has 
been performed at two positions of a single-cylinder direct-injection diesel 
engine by means of a fast sampling valve to follow the behavior of a diesel 
oil during the engine cycle (Barbella et al. 1990). The combustion process 
in a diesel engine proceeds through a preignition phase of heating and 
vaporization of the injected fuel, which causes the transformation of the 
fuel components in light gaseous products and oxygenated compounds that 
rapidly disappear at ignition. After ignition, the formation of soot was 
found, particularly in the high-temperature position, but the formation of 
soot precursors, i.e., acetylene and combustion-formed PAHs, was not in 
evidence. In any phase of the combustion cycle, the PAHs are formed from 
unburned fuel, but in the low-temperature position the PAH percentage 
increases, as opposed to the high-temperature position, and this can be 
caused by the high resistance of the fuel PAHs to complete oxidation at 
this temperature. At the same time, the appearance of high molecular 
weight material of oxygenated character has been found at the low-tem-
perature condition, this could derive from the oxidation, perhaps in liquid 
phase, of the heavy aromatic compounds of the fuel. The chemical analysis 
of the hydrocarbons collected in the oxidation phase and in the exhaust 
revealed that unburned fuel, reentraining the sampling zones from wall 
quenching and ring crevices, is the main source of hydrocarbon emission 
from the engine.

Mastral et al. (1999a,b) studied the PAHs and the organic matter (OM) 
content associated with particulate matter (PM) emissions from atmo-
spheric fl uidized bed coal combustion. The two main aims of the work were 
(a) to study OM and PAH emissions as a function of the coal fl uidized-bed 
combustion (FBC) variables in solid phase, and (b) to check if there is any 
correlation between OM and PAH contained in the PM. Mastral et al. 
(1996b) assessed the infl uence of FBC temperature and coal rank on PAH 
emissions. It can be concluded that there a direct relationship between the 
OM content and the PAH is not supported in the PM emitted. In addition, 



16 L. Guijian et al.

neither PM or OM show dependence between themselves. A low-rank coal 
and a high-rank coal were burned in a fl uidized-bed reactor (FBR) on a 
laboratory scale. An outlet gas sample was passed through a capture system 
provided with three traps: nylon fi lter, Tefl on fi lter, and XAD-2 resin. The 
PAHs captured were analyzed by fl uorescence spectroscopy after sonic 
extraction with dimethylformamide. The total PAH emission depends 
mainly on the pyrolytic process and to a lesser degree on the combustion 
effi ciency. Although the total amount of PAH emitted follows a specifi c 
trend as a function of the combustion temperature, the amount of each 
PAH emitted seems to be the consequence of random distribution from 
PAH interconversion and association. Under all conditions of combustion, 
the amount of PAH emitted in the gas phase is higher than that collected 
in two cyclones preceding the gas sampling location.

Other papers reported the mechanism of emission and formation during 
coal or fuel combustion. Mastral et al. (1995) took into account the mecha-
nism of PAH formation and showed that, although the individual PAH 
amount found in atmospheric fl uidized-bed combustion (AFBC) as a func-
tion of the combustion temperature follows a random distribution, the total 
of PAH maintains a trend. Visser et al. (1998) studied the PAH rearrange-
ment and interconversion processes during combustion, showing that the 
formation of CP-PAH from E-PAH as well as CP-PAH rearrangements 
and/or interconversions are readily recognized. GC-infrared (IR), being 
complementary to GC-MS, enables the identifi cation and structural assign-
ment of previously undetected isomeric PAHs, which are only present in 
trace-level amounts. Williams and Taylor (1993) concluded that the results 
are of interest for the elucidation of PAH buildup processes and for the 
rationalization of the ubiquitous formation of a distinct set of PAHs during 
combustion.

Acevedo et al. (1996) concluded that the complex hydrocarbons do not 
have to necessarily break into small fragments before performing recombi-
nation processes. Compounds with several rings can undergo partial crack-
ing followed by dehydrogenation of the primary radicals. References have 
been found in our review suggesting that lipid acids with a long linear chain 
play an important role in the PAH formation mechanism because they 
allow the alkylation of aromatic units in fossil fuels. These calculations give 
theoretical support to experimental evidence in the literature suggesting 
that massive systems, more than six condensed aromatic rings, are not likely 
to be found in signifi cant quantities in petroleum samples.

On the other hand, Maximilian and Gerd (1993) suggested that intermo-
lecular and intramolecular hydrogen transfer as well as phenyl radicals play 
an important role as intermediary compounds in high-temperature reac-
tions that lead to polycyclic compound formation. As PAHs and structurally 
related hetero-aromatic systems are the main constituents of pitches, there 
are many relationships between polycyclic aromatic chemistry and pitch 
science. Lewis (1982) carried out an experiment on thermal polymerization 
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of aromatic hydrocarbons, and concluded that, in combustion processes, tars 
are also produced as a consequence of condensation of released emissions, 
and the typical reactions of PAH formation in tars have been explained 
through dehydrogenating polymerization processes together with an aro-
matization process, or aromatization growth. Fragmentation reactions, 
resulting from hydrogen transfer and posterior division of simple C–C 
bonds formed initially, and alkylation reactions have also been observed by 
Mastral et al. (1997b). Fetzer and Kershaw (1995), using HPLC with a 
shape-selective reversed phase and a diode array absorbance detector, iden-
tifi ed several 7- to 10-ring PAHs in coal tar pitches. Their structures suggest 
that many different reaction pathways occur in the production of coal tar 
pitches.

VII. Factors Infl uencing Formation and Emission

A. Coal Quality

According to our results (Zhang et al. 2005a,b; Xue et al. 2006, 2007), the 
coal rank and the levels of carbon, hydrogen, oxygen, sulfur, and coal struc-
ture will affect the species and contents of PAHs in coal. That is, coal char-
acteristics are important factors that control the amount and species of 
PAHs in coal. The samples of Huaibei coal seam No. 4 and coal seam No. 
5, led us to conclude the following. (1) The organic compounds in No. 4 
and No. 5 coals from Huaibei Coalfi eld are mainly dibenzothiophene, 
benzo[b]naphtho[2,3-d]thiophene, and their methyl and dimethyl deriva-
tives and their isomers. A larger number of PAH species occur in the No. 5 
coal than in the No. 4 coal. The relative abundance of individual PAHs in 
samples of the No. 5 coal correlates negatively with the H/C and O/C ratios, 
indicating a possible relationship to metamorphic grade. (2) Species and 
abundance of organic sulfur compounds were greater in coal seam No. 5 
than those in coal seam No. 4, because coal seam No. 5 has a higher degree 
of coalifi cation as a result of magmatic intrusion. (3) When total sulfur is 
about 0.5%, the total relative content of organic compounds is largest, 
because the organic sulfur is mainly from coal-forming plants without the 
effect of marine sedentary environments.

B. Combustion Conditions

PAHs are the major products formed and emitted from coal burning. Com-
bustion conditions are the most infl uential factor on formation and emission 
of PAHs from coal. In general, the major factors infl uencing combustion 
conditions are combustor type (such as indoor coal stove combustion, 
fl uidized-bed combustion) and combustion parameters (such as tempera-
ture, level of oxygen), among others (Mastral and Callén 2000; Hayashi et 
al. 1993; Purushothama et al. 1998,). For example, the most common and 
ancient combustion practice to produce energy still used is domestic coal 
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burning for heating (in residential stoves). Knobloch and Engewald (1993) 
concluded that PAH emissions from this use were higher than in the other 
two controlled systems (industrial stokers and fl uidized-bed combustion 
burning). Spuznar (1992) compared PAH emissions from three coal-fi red 
power stations (pulverized coal/oil; burning of low-sulfur coals with elec-
trostatic precipitators; with electrostatic precipitators plus a fuel gas desul-
furization unit) and detected the lowest emissions for the largest unit. 
Regarding temperature, the highest PAH emissions were produced in the 
range between 750° and 850°C. For the percentage of excess air (Mastral 
et al. 1998; Mastral and Callén 2000), it was concluded that a great decrease 
in PAH emissions was observed when the percentage of excess air was 
increased from 5% to 10%. The airfl ow total also made a major contribution 
to the total of PAHs emitted (Mastral et al. 1999c). Thus, the lowest PAH 
emissions were emitted at fl ows double that of the minimum fl uidization 
velocity. At high fl ows, a deformation in the bed remarkably increased PAH 
emissions. Other combustion parameters, including combustion tempera-
ture, particle size, moisture content, and secondary air, have a major infl u-
ence on PAH emissions.

Summary

Coal may become more important as an energy source in the 21st century, 
and coal contains large quantities of organic and inorganic matter. When 
coal burns chemical and physical changes take place, and many toxic com-
pounds are formed and emitted. Polycyclic aromatic hydrocarbons (PAHs) 
are among those compounds formed and are considered to pose potential 
health hazards because some PAHs are known carcinogens. Based on their 
toxicology, 16 PAHs are considered as priority pollutants by the USEPA.

More attention must be given to the various methods of extraction and 
analysis of PAH from coal or coal products to accurately explain and deter-
mine the species of PAHs. The infl uences of the extraction time, solvents, 
and methods for PAH identifi cation are important. In the future, more 
methods and infl uences will be studied more carefully and widely.

PAHs are environmental pollutants, are highly lipid soluble, and can be 
absorbed by the lungs, gut, and skin of mammals because they are associ-
ated with fi ne particles from coal combustion. More attention is being given 
to PAHs because of their carcinogenic and mutagenic action. We suggest 
that when using a coal stove indoors, a chimney should be used; the particles 
and gas containing PAHs should be released outdoors to reduce the health 
hazard, especially in Southwest China.

During coal utilization processes, such as coal combustion and pyrolysis, 
PAHs released may be divided into two categories according to their forma-
tion pathways: one pathway is derived from complex chemical reactions 
and the other is from free PAHs transferred from the original coal. The 
formation and emission of PAHs is a complex physical and chemical process 
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that has received considerable attention in recent years. It is suggested that 
the formation mechanisms of PAHs will be an increasingly important topic 
for researchers to fi nd methods for controlling emissions during coal 
combustion.
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I. Introduction

Pasture-based livestock production is a major system of agriculture in many 
parts of the world. Approximately one-fi fth of the world’s land area is used 
for livestock production, twice the area used for growing crops. Grazing 
livestock occupy approximately 3.5 billion ha of permanent pasture (FAO 
Statistics 2006). In the more intensively stocked pastures, pasture produc-
tion has been increased through introduction of improved pasture species 
and regular application of fertilizers. In ryegrass and clover-based pastures, 
common in temperate climates, the main nutrients applied in fertilizers 
have been phosphorus (P) and sulfur (S). Nitrogen, sulfur, and potassium 
fertilizers are relatively free of contaminants, but P fertilizers, e.g., single 
and triple superphosphate (SSP, TSP), and diammonium phosphate (DAP) 
often contain many contaminants derived from the phosphate rocks (PR) 
used in their manufacture. If not managed appropriately, these fertilizer 
contaminants may cause adverse effects on livestock health, food quality, 
and environment.

Sauerbeck (1992) listed 13 potentially toxic elements that have signifi -
cantly higher concentrations in PR than in the earth’s crust. Considering the 
balance between current rates of P fertilizer application to agricultural land 
and rate of removal in crops, he concluded that arsenic (As), cadmium (Cd), 
fl uorine (F), and uranium (U) concentrations in topsoils would continue to 
increase. McLaughlin et al. (1996a) conducted a similar assessment for the 
contaminants As, Cd, mercury (Hg), lead (Pb), and F associated with P fertil-
izers applied to dryland wheat and irrigated potato in southern Australia 
(Table 1). They concluded that the highest risk to the environment was asso-

Table 1. Estimated time taken for doubling the concentrations of contaminating 
elements in topsoils (0–100 mm depth) when P fertilizers are applied to wheat and 
potatoes in southern Australia.

     Background
   Crop Net rate of soil Years to
  Input harvest addition concentration double soil
Crop Element (g/ha) (g/ha) (g/ha/yr) (mg/kg) concentration

Wheat As    1.0 0.30   0.70  4.0 7,500
 Cd    6.0 0.12   5.88  0.2    45
 Hg    0.1 0.03   0.07 <0.1 1,850
 Pb    4.0 0.30   3.70 21.0 7,500
 F  4,000  3.0  3,997   300    100
Potato As    4.0 0.20   3.80  4.0 1,370
 Cd   20.0 2.50  17.50  0.2    15
 Hg    0.4 0.25   0.15 <0.1    870
 Pb   16.0 1.00  15.00 21.0 1,800

F 16,000 10.0 15,990   300    25

Source: McLaughlin et al. (1996a).
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ciated with Cd and F because the time taken to double their concentrations 
in topsoils as a result of P fertilizer application was less than (<100 yr) that 
for the other elements (>1000 yr). Similar calculations carried out for New 
Zealand pastoral soils for Cd and F showed the same time scale for doubling 
the concentrations of these elements in the topsoils (Table 2).

This chapter reviews the research carried out on the effect of Cd and F 
on grazing livestock, the sources of Cd and F inputs to grazed pastures, their 
reactions in soils, fertilizer and grazing management strategies to control 
their accumulation in soils, plants and grazing livestock, and possible future 
research programs.

II. Cadmium Accumulation in Edible Offal Products 
and Fluorine Toxicity in Livestock

Cadmium is not essential for humans, animals, and plants. However, exces-
sive intake of Cd by humans and animals can cause health risk as a result 
of renal tubular dysfunction and other diseases. Fluorine has some essential 
role in humans and animals but not in plants. However, excessive intake of 
F can cause fl uorosis in humans and animals.

As a result of Cd accumulation in soils from P fertilizer use, there have 
been reported also many incidences of elevated Cd concentration in the 
edible offal products of grazing livestock in New Zealand (Loganathan 
et al. 2003), Australia (Koh et al. 1998), and other countries (Prankel et al. 
2005). For example, during 1988–1992, one in every fi ve sheep or cattle 
kidneys tested in New Zealand had a Cd concentration above the maximum 
permissible concentration (MPC) of 1 mg/kg fresh weight (Marshall 1993; 
Roberts et al. 1994), an acceptable value set by the New Zealand Depart-
ment of Health until the end of 2002 (Table 3). Cadmium concentrations 

Table 2. Estimated time taken for doubling the concentrations of Cd and F in topsoils 
(0–100 mm depth) when P fertilizers are annually applied to grazed pastures in New 
Zealand.

  Pasture Animal Animal Net rate of Background soil Years to
 Inputa uptakeb intakec removald additione concentration double soil
Element (g/ha) (g/ha) (g/ha) (g/ha) (g/ha/yr) (mg/kg) concentrationf

Cd   8.4 2.0 1.6 0.0016 8.3984   0.3 36
F 6,000   50   40     20  5,880 300 51

a30 kg P/ha/yr, New Zealand Fertilizer Manufacturers’ Research Association Limit of 280 mg Cd/kg P, 
200 g F/kg P.

b10,000 kg dry matter/ha/yr, 0.2 mg Cd/kg dry matter, 5 mg F/kg dry matter.
c80% utilization of pasture by animals.
d0.1% Cd and 50%F permanent removal.
eColumn 2 minus column 5.
fBulk density of 1 g/cm3.
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Table 3. Maximum permitted concentrations of cadmium in food in New 
Zealand.

Cadmium Content (mg/kg, fresh weight)

Before Dec. 2002 Since Dec 2002a

Kidneys 1 2.50
Liver 1 1.25
Meat fl esh (muscle) 1 0.05
Leafy vegetables 1 0.10
Root and tuber vegetables 1 0.10
Wheat 1 0.10

aAustralian and New Zealand Food Authority (ANZFA).
Source: Furness (2001).
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Fig. 1. Total accumulation of Cd in kidney of grazing sheep (Lee et al. 1996. http://
www.publish.csiro.au/nid/43/issue/1061.htm. Reproduced with permission from 
CSIRO Publishing and AJAR.)

in kidneys increase with the age of the animal (Fig. 1). Therefore, to meet 
the European Communities import requirements, kidneys from older 
animals [>2.5 yr in New Zealand (Roberts et al. 1994) and >4 yr in Australia 
(McLaughlin et al. 2000)] were excluded from shipments for human con-
sumption. Since December 2002, new standards for Cd in foods have been 
adopted by the Australian and New Zealand Food Authority (ANZFA). 
For edible offal products, these are higher than the previous New Zealand 
standards, but are 20–50 times higher than those for muscle (see Table 3). 
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The varying standards for animal products refl ect the natural protective 
mechanism operating in animals whereby the blood Cd is sequestered by 
metallothionein and then is removed from circulation in the kidneys and 
liver (Petering and Fowler 1986). The percentage of slaughtered animals 
having kidney Cd concentration exceeding the new MPC in New Zealand 
is likely to be less than 3% based on the earlier survey results (Marshall 
1993). However, some foods, for example, wheat, may exceed the new 
permissible levels.

Until recently, most of the concern with F toxicity had been associated 
with cattle and sheep deaths caused by acute F poisoning after ingesting 
freshly applied single superphosphate (SSP) fertilizer or basic slag (Clark 
et al. 1976; Cronin et al. 2000; Jones and Jones 1962; O’Hara and Cordes 
1982). For example, O’Hara et al. (1982) noticed acute fl uorosis in sheep 
with a short-term (few days) high F intake of >3000 mg/kg dry matter (DM) 
diet (lethal dose, 50–100 mg F/kg live weight), resulting in kidney failure and 
death. However, chronic F toxicity in sheep and cattle can be induced by 
much lower dietary F concentrations of 30–170 mg/kg DM, over months or 
years, causing damage to teeth, jaw, and bones (Clark and Stewart 1983).

III. Cadmium and Fluorine Sources

A. Cadmium

There are four major sources of Cd input in agricultural soils. One source 
is the geogenic Cd derived from parent rock (<0.03–2.6 mg/kg), with igneous 
rocks at the low end and sedimentary rocks such as black shale at the high 
end of the concentration range, respectively (Adriano 2001; Cook and 
Freney 1988). The other three sources are anthropogenic, namely, the use 
of phosphate fertilizer, atmospheric deposition arising from industry, and 
sewage sludge and industrial waste application to agricultural lands (Fig. 2). 
These three anthropogenic sources are major contributors to the Cd burden 
in agricultural soils in Europe and some parts of North America. However, 
in countries such as New Zealand and Australia where agriculture is the 
main industry, phosphate fertilizers are the major source of Cd. Atmo-
spheric deposition and sewage sludges are important only in certain locali-
ties. For example, Fergusson and Stewart (1992) reported that within a 
20-km radius around Christchurch, New Zealand, the Cd input to land from 
atmosphere was 1–2 g Cd/ha/yr, equivalent to 10%–20% of Cd input from 
fertilizers. But, at 30–80 km from the city the Cd addition from the atmo-
spheric deposition was 0.02–0.05 g/ha/yr, or <1% of Cd addition in fertiliz-
ers. In contrast, in Europe and the United States, the amount of Cd added 
to soils from the atmosphere in rural areas varied from 1 to 25 g/ha/yr 
(Jackson and Alloway 1992); in many areas, approximately equal inputs 
of Cd from atmosphere and fertilizers were reported (Louekari 1996; 
Nicholson et al. 1996).
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Soil parent material is unlikely to have signifi cant infl uence on topsoil 
Cd concentration in fertilized pastoral farms because the amounts of Cd 
added in fertilizers are much greater than the contribution from the parent 
material. Infl uence of parent material was evident only in some unfertilized 
native soils (Roberts et al. 1994). Zanders (1998) studied the distribution 
of Cd throughout the soil profi les of 17 soil types on a farm in New Zealand 
that had a long P fertilizer history and reported that Cd concentration 
generally decreased with depth and that soil parent material contributed 
little to the topsoil Cd concentration. In most of the profi les, insignifi cant 
levels of Cd were detected in the C and lower B horizons.

B. Fluorine

Fluorine is a common constituent of all rocks. It forms 0.078% of the earth’s 
crust (Simons 1950), and parent rocks of soils generally contain between 
180 and 1000 mg F/kg (Fleischer and Robinson 1963). As found for Cd, the 
soil parent material, the atmosphere, and P fertilizers are also important for 
F, with P fertilizer being the main source of F in pastoral topsoils. In addi-
tion, in certain countries (e.g., Iceland, New Zealand), ashfall from volcanic 
eruptions can also be an important source of F (Coote et al. 1997; Cronin 
et al. 2003; Weinstein and Davison 2004). As was observed for Cd, the F 
concentrations of fertilized topsoil seldom refl ect the F concentrations of 

Australia
Canada
New Zealand

Europe - average

AtmosphereBiosolidFertilizer

Fig. 2. Diagrammatic representation of relative contribution of Cd from fertilizer, 
atmospheric, and biosolid sources to agricultural land in various countries. (Redrawn 
from McLaughlin 2000.)
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the soil parent material (Loganathan et al. 2003) because the soil environ-
ment is often infl uenced by anthropogenic sources.

IV. Cadmium and Fluorine Levels in Phosphatic Fertilizers

Common P fertilizers for pastoral soils, SSP, TSP, DAP, or partially acidu-
lated phosphate rock (PAPR), are manufactured by acidulation of phos-
phate rocks (PR). Small amounts of the more reactive PRs (RPR) are 
directly applied as low-cost, slow-release P sources. These fertilizers contain 
varying concentration of Cd depending on the origin of the PR used to 
make the fertilizer (Table 4). The location of Cd within the PRs is in the 

Table 4. Cd, F, and P concentrations of a range of phosphate rocks and fertilizers.

Phosphate fertilizer Cd (mg kg−1) F (%) P (%)

Kola PR   0.2 17.2
Chatham Rise PR   2 3.0  8.9
North Florida PR   3 4.0 13.3
Phalaborwa PR   4 17.2
Jordan PR   5 3.8 14.0
Egypt (Quseir) PR   8 12.7
Mexico PR   8 4.1 14.0
Makatea Island PR  10 3.2 13.0
Sechura PR  11 3.4 13.1
Arad PR  12 4.0 14.1
Khouribga PRa 15  13.8
Syria PRa 16  13.3
Algeria PRa 18  12.5
Nahal Zin PRa 31  13.3
Gafsa PR  38 4.1 13.4
Morocco (Boucraa) PR  38 15.7
Youssoufi a PRa 40  14.2
Tunisia PRb 40
North Carolina PR  41 3.5 13.0
Christmas Island PR  43 2.2 15.3
Togo PRa 60  15.9
Taiba PRa 75  15.9
Senegal PRb 87
Ocean Island PR  99
Nauru PR 100 3.0 15.6
SSP 5–30 1.08–1.84 9.0
TSP  70  1.3–2.4 21
DAP 7–75 1.2–3.0 20

PR, phosphate rock.
Data sourced from Davister (1996)a and Roberts and Stauffer (1996).b All other data from 

Loganathan et al. (2003).
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apatite lattice substituting for Ca (Cook and Freney 1988), and within single 
superphosphate, Cd is associated with the Ca in phosphate and sulfate 
components (Williams and David 1973). The PRs of sedimentary origin, 
especially the guano-derived ones (Ocean and Nauru), have a very high 
concentration of Cd, and those of igneous rocks (Phalaborwa, Kola) have 
very low Cd concentrations. The low Cd concentration in igneous rocks is 
attributed to the volatilisation of Cd at 765°C, well below the temperature 
at which the rocks were formed.

The Cd concentration of manufactured P fertilizers (see Table 4) varies 
widely depending on the process and the PR used in the manufacture. 
For example, the Cd concentration of SSP was reported to be 5–30 mg/kg 
(Loganathan et al. 2003) and that of DAP was 7–75 mg/kg (McLaughlin et 
al. 1996a; Soler and Rovira 1996). Because the amount of Cd applied to 
land depends on both the Cd and P contents of the fetilizer, it is appropriate 
to express Cd concentration per unit P concentration in fertilizer. On 
this basis, it is often found that high-analysis P fertilizers such as triple 
superphosphate (TSP) give rise to less accumulation of Cd in soils.

The F concentration in PRs is generally about 3%–4%, i.e., 300–10,000 
times higher than that of Cd concentration (see Table 4). Unlike Cd, the 
range of F concentrations found in different PRs, especially in fl uroapatites, 
is relatively narrow. However, during the manufacture of phosphate 
fertilizers using PRs a signifi cant quantity of the F is released as HF and 
SiF4 gases, and the level of F in the fertilizers is likely to depend on the 
recovery of these gases in the scrubber and whether scrubber fl uids are 
reblended with the fertilizer (Weinstein and Davison 2004). Typical SSP 
applications of 10–30 kg P/ha/yr are likely to add at least 1–5 kg F/ha/yr to 
pasture soils.

V. Effect of Phosphatic Fertilizers on Cadmium and 
Fluorine Accumulation in Pastoral Soils

Numerous studies conducted in many countries have shown that long-term 
use of P fertilizers has increased Cd and F concentrations in the topsoils 
(Cronin et al. 2000; McLaughlin et al. 1996a). In New Zealand, a national 
survey (Roberts et al. 1994) of Cd in pasture and nonagricultural topsoils 
(0–75 mm depth) showed that in pasture topsoils (n =  312) that had been 
receiving regular P fertilizer inputs, the Cd concentration ranged from 0.04 
to 1.53 mg Cd/kg, with a mean value of 0.44 mg Cd/kg. In comparison, the 
nonagricultural soils (n =  86) receiving no fertilizer had Cd concentration in 
the range 0.02–0.77 mg Cd/kg, with a mean value of 0.20 mg Cd/kg (Fig. 3).

In a study on irrigated pasture grazed with sheep in New Zealand that was 
annually topdressed with different rates of SSP for 44 years, Gray et al. 
(1999a) noticed that the topsoil Cd (0–75 mm) concentration increased from 
0.05 to 0.45 mg Cd/kg soil as a result of SSP application (376 kg SSP/ha/yr) 
while the rate of Cd accumulation in the topsoil was 7.8 g Cd/ha/yr (Fig. 4). 
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Fig. 3. Mean soil Cd concentrations (0–25 mm depth) for native and pastoral sites 
by soil group: Site 1, Recent Soils; Site 2, Granular Soils; Site 3, Glay Soils; Site 4, 
Organic Soil; Site 5, Brown Soils; Site 6, Allophanic Soils; Site 7, Pumice Soils; Site 
8, Pallic Soils. For soil classifi cation, see Hewitt (1998). (Redrawn from Roberts 
et al. 1994. Courtesy of Royal Society New Zealand.)
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Fig. 4. Total Cd concentrations in topsoils (0–75 mm) for different rates of fertilizer 
treatments (Winchmore, New Zealand). (Gray et al. (1999a) The effect of long-term 
phosphate fertiliser application on the amounts and forms of cadmium in soils under 
pasture in New Zealand, vol 54, pages 267–277, Fig. 1. With kind permission of 
Springer Science and Business Media.)
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Fig. 5. Mean F concentrations (0–75 mm depth) for native/pastoral sites topdressed 
with low rates of, or no, P versus pastoral sites topdressed with high annual P rates. 
Site 1, Limestone Downs, Allophanic Soil; Site 2, Limestone Downs, Ultic Soil; 
Site 3, Normanby, Allophanic Soil; Site 4, Ballantrae, Pallic/Brown Soil; Site 5, 
Palmerston North, Pallic Soil. For soil classifi cation, see Hewitt (1998). (Redrawn 
from Loganathan et al. 2001, 2003.)

In another New Zealand study on hill country pasture grazed with sheep, 
Loganathan et al. (1995) reported Cd accumulation rates of 11.3 g Cd/ha/yr 
for the high slopes and 17.8 g Cd/ha/yr for the low slopes of the hill pastures 
20 years after annual SSP application at the rate of 425 kg SSP/ha/yr. The 
larger value for the lower slopes was attributed to greater amounts of fertil-
izer input per unit land area and the greater amounts of Cd returned in 
animal excreta because animals spend proportionately more time resting and 
defecating on lower slopes than on higher slopes. The rates of Cd accumula-
tion in the topsoils as a result of P fertilizer application in New Zealand pas-
toral soils appear to be higher than those reported elsewhere, probably 
because of the higher rate of P fertilizer use on volcanic soils. For example, in 
Denmark, the average Cd accumulation rate for fertilizer Cd input was 
reported to be 3 g Cd/ha/yr and for atmospheric deposition the rate was 
2 g Cd/ha/yr (Louekari 1996). In a 70-yr permanent grass experiment at the 
Rothamsted Experimental Station, UK, Nicholson et al. (1996) reported that 
the average Cd accumulation rate in the top 225 mm soil was 5.8 g Cd/ha/yr 
whereas the contribution from P fertilizer input to this rate was 3.3 g Cd/ha/yr. 
The continuous use of phosphate fertilizers has also been shown to signifi -
cantly increase topsoil F concentration in pastoral soils (Fig. 5).

Total Cd and F concentrations in regularly fertilized topsoils are often 
positively correlated with total P concentrations (Figs. 6, 7). Agricultural 
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soil P concentrations are a refl ection of fertilizer history; therefore, it would 
appear that P fertilizers are a major contributory factor in Cd and F accu-
mulation in pastoral soils. The slopes of the regression lines in Figs. 6 and 
7 are 490 and 5, which are approximately the P/Cd and P/F ratios in SSP 
used in New Zealand before 1996; this again shows that there is a strong 
link between P fertilizer use and accumulation of Cd and F in topsoils.

VI. Dynamics of Cadmium and Fluorine in Pastoral Soils

The Cd and F added in fertilizers undergo many reactions in soils depend-
ing on the nature and properties of the soil solid and solution phases and 
other environment (Fig. 8). To understand the dynamics of Cd and F in soils 
the chemical properties of these elements should be considered fi rst. 
Cadmium is a heavy metal that exists as a cation in solution whereas F is 
a highly electronegative anion that behaves similar to P in soil solution. 
Both F and P are mostly specifi cally adsorbed to soil components. The 
common soil properties that infl uence the partitioning of Cd and F between 
soil solid and solution phases are listed in Table 5. Increases in Cd and F 
concentration in soil solution leads to increases in their mobility and 
bioavailability.
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Soil pH has often been found to be the most important single soil prop-
erty that determines the Cd and F mobility and bioavilability in soils 
(Adriano 2001; Sauerbeck 1992). Unlike other heavy metals, such as Cr, Ni, 
Co, Cu, and Pb, Cd and Zn can be mobilized even in slightly acidic condi-
tions (Sauerbeck 1992).

Gray et al. (1999b) investigated the Cd mobility characteristics of 29 
topsoils from predominantly pastoral sites belonging to 10 soil orders in 
New Zealand and concluded that pH was the most dominant soil variable 
affecting solution Cd concentration and sorption and desorption of native 
and added Cd in these soils. Similarly, in the Netherlands, at sites from 
various land uses, including grassland, and different soil types it was found 
that solubility of Cd was controlled mostly by soil pH and, to a much lesser 
extent, by dissolved organic carbon (Castilho et al. 1996; Römkens and 
Vries 1995). Bolan et al. (2005) reported three possible reasons for the 
increase in solution Cd concentration with decrease in soil pH. First, in 
variable-charge soils, a decrease in pH causes a decrease in surface negative 
charge, thereby lowering Cd adsorption; second, a decrease in soil pH is 
likely to decrease the proportion of Cd present as the hydroxy species of 
Cd (CdOH+), which are adsorbed more strongly than the simple Cd2+ ion; 
and third, acidifi cation causes the dissolution of Cd salts, increasing the 
concentration of Cd in soil solution. The extent of the increase, however, is 
dependent on the soil type. For instance, the effect of pH is much less 
pronounced in Alfi sols or net permanently charged soils than in strongly 
weathered or variable charge soils (Naidu et al. 1994).

The common management practice used to reduce soil acidity is applica-
tion of lime, also recommended by many to reduce Cd uptake by plants 
(Loganathan et al. 2003; Louekari 1996; McLaughlin et al. 1996a). Glass-
house and laboratory liming trials showed that liming reduced Cd uptake 
by plants (McLaughlin et al. 1996b; Williams and David 1973). However, 
consistent results for the effects of lime have not been obtained under fi eld 
conditions. For example, Öborn and Jansson (1998) reported that of the 
seven long-term fi eld trials conducted in Sweden on the effect of lime on 
Cd uptake by spring wheat and potatoes, lime application increased plant 
Cd levels in three trials but decreased levels in three other trials. Similar 
inconsistent results were reported for Australian soils by McLaughlin et al. 
(1996b). Possible reasons for lime application increasing plant Cd uptake 
are lime increases root growth by supplying Ca and ameliorating soil acidity, 
which results in increasing access and absorption of Cd; Ca in lime desorbs 
the Cd in soil, thus increasing soil solution Cd concentration; lime decreases 
Zn availability in soil, thereby reducing Zn competition with Cd for plant 
uptake; and Ca supply from lime increases root cell membrane permeabil-
ity, thus helping roots to take up more Cd from soil.

Fluorine solubility is lowest between 5.5 and 6.5 and increases dramati-
cally at lower and higher pH (Larsen and Widdowson 1971; Omueti and 
Jones 1977) (Fig. 9). Increased solubility at low pH is caused by F-forming 



 Contaminated Pasture Soils 43

complexes with Al in the soil solution, leaving few free F (F −) ions in soil 
solution for sorption (Manoharan et al. 2007). At high pH, the increasingly 
negative electrostatic potential decreases the retention of F on the soil. 
Increases in F − concentration in soil solution also result from the displace-
ment of adsorbed F − by increased concentration of OH− in soil solution at 
higher pH (Larson and Widdowson 1971).

VII. Cadmium and Fluorine Forms in Pastoral Soils

Gray et al. (1999a) chemically fractionated the Cd in several pastoral soils 
enriched with fertilizer-derived Cd and found that Cd was largely associated 
with an organic and a residual fraction. The lowest Cd concentration was 
in an exchangeable fraction. Although in the case of F the greatest propor-
tion of the F in pastoral soils is associated with the Fe and Al oxides and 
residual fraction, the proportion in the organic fraction appears to be very 
low (Loganathan et al., unpublished data).

Cadmium availability decreases with increasing time after Cd applica-
tion to soils. In a New Zealand pastoral soil it has been shown that the 
ability of sorbed Cd to desorb back into solution decreases with increasing 
contact time with the soil (Gray et al. 1998) (Fig. 10). Adriano (2001) 
reported that in soils where the Cd is present at background level the 
residual Cd fraction is usually dominant, whereas in most highly con-
taminated soils this fraction may not account for a large proportion of the 
total soil Cd. On the other hand, soil aging may also lead to increases in Cd 
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bioavailability if Cd is originally associated with organic matter that is 
degrading with time (McLaughlin et al. 2000).

The quantity of Cd and F in soil solution represents <1% of their total 
soil contents (Gray et al. 1999b; Loganathan et al. 2006; Taylor and Percival 
2001). In soil solution, Cd and F occur both as free ionic forms and com-
plexed with other ions (see Fig. 8). For example, Taylor and Percival (2001) 
noticed that 55%–90% of the total inorganic Cd in acidic [soil pH (water), 
5.2–7.0] pastoral soil solutions exists as Cd2+ with the majority of the remain-
ing Cd in the form of chloro- and sulfato-complexes of Cd. In Australian 
saline soils, up to 75% and 20% of the inorganic Cd in soil solution was 
present as chloride and sulfate complexes, respectively (McLaughlin et al. 
1996a). In contrast to some other heavy metals such as Cu and Pb, organic 
ligands do not signifi cantly complex Cd (Adriano 2001) (the order of the 
strength of complexation is Cu  >  Pb >  Cd). The complexation of Cd with 
dissolved organic matter is weak because of the competition for binding 
sites with Ca, which is generally present in much higher concentration in 
soil solution. The concentrations of Cd species in some Australian saline/
sodic soils having dissolved organic carbon concentrations of 78–784 mg/L 
were only slightly altered when speciation was calculated using GEOCHEM-
PC (Parker et al. 1994) with and without inclusion of dissolved organic 
carbon in the calculation (McLaughlin et al. 1997b).

Chien et al. (2003) compared Cd uptake by upland rice and soybean from 
soils treated with granulated and compacted PK fertilizer (SSP/KCl) as 
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against bulk-blend PK fertilizer (both treatments had 1 : 1 weight ratio of 
P : K) in a pot trial and found that the Cd concentration in plant tissues was 
higher for the granulated PK fertilizer treatment than for the bulk-blend 
fertilizer treatment but the crop yields were same for the two treatments. 
They explained that the enhanced Cd uptake by plants in the granulated 
fertilizer treatment was probably the result of the formation of soluble 
CdCl complexes as a result of close contact between Cl and Cd in the 
granulated fertilizer.

In acid soils, F in soil solution is mainly complexed to Al, and the propor-
tion of F complexed with Al increases with an increase in acidity mainly 
because of increasing soil solution Al concentration. In soil solutions 
extracted by 0.01 M CaCl2 from highly acidic (pH in 0.01 M CaCl2, 4.7–4.8) 
Australian pastoral topsoils (0–100 mm depth), 95%–98% of the F was 
estimated to be complexed with Al (McLaughlin et al. 2001). However, in 
the subsurface soils (200–300 mm depth) that had pH (in 0.01 M CaCl2),
>5.2, F− was the dominant form of F in soil solutions. Similarly, in slightly 
acidic (pH in water, 5.4–5.9) New Zealand pastoral soils, only up to 55% 
of the F in soil solutions was estimated to be complexed to Al and the 
remaining F in soil solution was in the uncomplexed F− form (Manoharan 
et al. 1996).

VIII. Soil Profi le Redistribution of Cadmium and 
Fluorine Associated with Fertilizers

Cadmium and F associated with P fertilizers do not appreciably move down 
the soil profi le, especially in pastoral soils that are rich in organic matter 
and Fe and Al oxides. Comparing the downward movement of Cd, F, and 
P following 10 yr annual application of SSP (30 and 60 kg P/ha/yr) in a pas-
toral soil, it was observed that the relative mobility of these three elements 
was similar (Fig. 11). More than 50% of the total quantity of the elements 
accumulated in the profi le remained within the top 75 mm soil. Similarly, in 
six other New Zealand pastoral soils with long-term P fertilizer application 
histories, 33%–66% of fertilizer-derived F was recovered in the top 75 mm 
soil (Loganathan et al. 2001). The low rate of downward movement of F 
and P is caused by their relatively strong adsorption onto clay minerals and 
oxides of Fe and Al (Bower and Hatcher 1967), and that of Cd is caused 
by its adsorption onto clay minerals and oxides of Fe and Al as well as to 
organic matter (Adriano 2001). Because of the strong retention of Cd and 
F in surface soil layers, the leaching potential of these elements to contami-
nate groundwater is expected to be low; however, the strong retention may 
lead to increased intake of these elements by grazing livestock if they ingest 
large amounts of soil (see later section).

In a range of New Zealand pasture soils (pH(water) 5.5–6.0 at 0–50 mm 
depth) that were regularly fertilized with P, Gray et al. (2003) reported that 
the amount of Cd lost through leaching below 250 mm depth represents 
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only between 0.07% and 0.23% of the total Cd (0.19–0.69 mg Cd/kg for 
0–250 mm depth) in the soils. The Cd concentrations in drainage waters in 
their study were substantially less than the maximum acceptable drinking 
water standard of 3 µg/L set by the New Zealand Ministry of Health. 
However, in highly acidic soils, high rates of Cd and F addition can lead 
to groundwater contamination, especially for coarse-textured soils with 
shallow water tables. For example, Degryse and Smolders (2006) reported 
signifi cant quantities of Cd leached below 700 mm depth from several 
acid [pH (0.01 M CaCl2) 3.2–4.5] sandy Spodosols in Belgium polluted 
by Cd deposition from a zinc smelter. The mean soil solution Cd concentra-
tion at 700 mm in polluted soils (total Cd at 0–100 mm soil depth was 
0.82 mg Cd/kg) was 15 µg Cd/L compared to 1 µg Cd/L for unpolluted soils 
(total Cd at 0–100 mm soil depth was 0.18 mg Cd/kg).

IX. Cadmium and Fluorine Accumulation in Pasture

Cadmium accumulation in pasture depends on Cd availability in soil and 
the type of pasture species. It is controlled by the total soil Cd content in 
topsoil and the various soil properties infl uencing its solubility (see Table 
5). The composition of well-fertilized pastures is generally dominated by 
cultivars of grass and clover, although the pastures also contain some weed 
species, depending on the fertility of the soils. In general, the weed species 
accumulate more Cd than grasses and legumes (Roberts et al. 1994). 
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Fig. 11. Effect of 10 yr annual applications of Single Superphosphate (SSP) to 
sheep-grazed pasture on the downward movement of F, Cd, and P in a Pallic Soil 
(an Aeric Fragiaqualf in US Soil Taxonomy). (Reprinted from Loganathan P, Hedley 
MJ, Wallace GC, Roberts AHC (2001) Fluoride accumulation in pasture forages and 
soils following long-term applications of phosphorus fertilizers. Environ Pollut 
115:275–282. With permission from Elsevier).
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Capeweed (Arctotheca calendula L.) is a common component of pastures 
in southeastern and southwestern Australia (McLaughlin 2000), and the Cd 
concentration in this weed was reported to be 1.57 mg/kg compared to 
0.1–0.3 mg/kg for most grasses and clover species (Merry 1988).

In New Zealand hill country pasture, land slope has opposite effects on 
soil and herbage Cd concentrations. Although the soil Cd concentration 
decreases with slope, pasture Cd concentration increases with slope 
(Loganathan et al. 1995; Roberts and Longhurst 2002). The lower soil Cd 
concentration in higher slopes results from less fertilizer input per unit land 
area when fertilizer is topdressed and transfer of Cd by animal grazing and 
excretion patterns (animals graze higher slopes, removing Cd, and add 
excreta Cd where they rest in lower slopes). The higher pasture Cd concen-
tration in higher slopes results from a number of factors, including pasture 
species composition (more weeds, fewer grasses, and more dead matter) 
and stage of growth (later stage of growth containing mature stems and 
fl ower heads as a result of lower grazing pressure).

There is a strong seasonal infl uence on the Cd concentration in pasture 
plants. In New Zealand, it has been observed that the Cd concentration 
in pasture herbage was highest during autumn and lowest during spring 
(Loganathan et al. 1996). These seasonal differences in Cd concentration 
are mainly the result of differences in pasture growth rate. During spring, 
growth rate is highest and Cd concentration is lowest due to a dilution 
effect, while during autumn, growth rate is lowest, resulting in higher Cd 
concentrations.

Phosphate fertilizer application generally increases topsoil F concentra-
tion but seldom increases pasture herbage F concentration (Loganathan 
et al. 2001). McLaughlin et al. (1996a) reported that, on a highly fertilized 
Australian soil, F concentrations in pasture herbage were not signifi cantly 
greater than in pasture growing on adjacent unfertilized soil. The low plant 
availability of F in soils is consistent with low soil solution F concentrations 
because F is strongly bound to Fe and Al oxides surfaces, allophane, and 
layer silicates (see Fig. 8; see Table 5). In highly acidic soils with large inputs 
of F, however, the F concentration of pasture may be high. For example, in 
an Australian pasture soil of pH(CaCl2) of 4.6, it was reported that the mean 
pasture herbage F concentration (22 mg F/kg DM) in P-fertilized plots 
(annually topdressed with 125 kg SSP/ha for 36 yr) was signifi cantly higher 
than that (11 mg F/kg DM) in the unfertilized plots (McLaughlin et al. 2001). 
Similarly, of 12 soils around aluminium smelters in Norway, in 11 soils 
having pH 4.1–5.8 and a water soluble F of 1–6 mg/kg, the F concentration 
in ryegrass shoots was 3–9 mg/kg, but in a highly F-contaminated soil having 
a pH of 4.9 and water-soluble F concentration of 33 mg/kg the F concentra-
tion in ryegrass shoots reached levels of 15–18 mg/kg (Arnesen 1997). These 
pasture F concentrations are, however, lower than the dietary F tolerance 
concentration limit of 30–150 mg/kg reported for grazing livestock (Cronin 
et al. 2000).
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Application of F has been shown to ameliorate Al phytotoxicity in nutri-
ent solutions (Cameron et al. 1986; MacLean et al. 1992), which was sug-
gested to be the result of mainly a decrease in the concentrations of toxic 
Al (Al3+ and Al hydroxy species) as a result of complexation of F with Al. 
Stevens et al. (1997) have shown that Al–F complexes are not toxic at lower 
concentrations but are toxic at higher concentrations, and toxicity depends 
on the proportion and concentration of different types of Al-F species in 
nutrient solutions (AlF2+, AlF2

1+, AlF3
0). The behavior of F in soils is more 

complex than in nutrient solutions because the addition of F to acid soils 
will dissolve soil solid-phase Al, whereby the soil solution Al concentration 
will increase (Moore and Richie 1988). Recently, Manoharan et al. (2006) 
reported that addition of high rates of F (80–160 mg/kg soil) to strongly 
acidic soils (pH(water) 4.3–4.6) reduced barley root growth by the toxicity of 
high concentrations of Al–F complexes (100–300 µM) formed in soil solu-
tion. They also stated that, at the current recommended rates of P fertilizer 
application to moderately acidic pastoral soils (pH(water) 5.5–6.0), it is unlikely 
that the concentrations of Al–F complexes (10–30 µM) will be suffi ciently 
high to cause phytotoxicity. However, continuous input of F to soils through 
the application of high rates of P fertilizers, or F-emitting industrial pro-
cesses and increased acidifi cation of soils, may become a F risk to plants 
(Stevens et al. 1997) and grazing livestock (Arnesen 1997; Stevens et al. 
2000) in the future.

X. Cadmium and Fluorine Intake and Distribution 
in Livestock

A. Cadmium

Grazing animals accumulate Cd in their organs, particularly the liver and 
kidneys, from herbage and incidental soil ingestion. The Cd intake by sheep 
through soil ingestion is low, making up approximately 14%–19% and <2%
of total Cd intake during winter and summer months, respectively (Lee 
et al. 1996). The amount of soil ingested can increase severalfold during the 
wetter winter/early spring when more soil adheres to herbage and the 
grazing pressures on the pastures are high (Fig. 12).

More than 99% of Cd intake by sheep is returned to the soil in feces 
because daily net absorption is very small (Fig. 13). Cadmium accumulates 
mainly in kidneys and liver. Its concentration in sheep liver (0.2–1.1 mg/kg 
wet wt) and kidneys (0.2–6.5 mg/kg wet wt) increases with animal age 
(Petterson et al. 1991), but the rate of increase decreases with age (see Figs. 
1, 13). At 6 mon of age, sheep retain about 0.1% of the Cd intake in the 
kidneys, with this fi gure decreasing to 0.04% or less with increasing age.

Cadmium in cow and goat milk (2–6 µg/kg) (Rayment 1988) and sheep 
and cattle muscle (10–30 µg/kg wet wt) are very low. Cd measured in carcass 
meat in New Zealand (20–30 µg/kg wet wt) (Roberts and Longhurst 2002) 
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and Australia (median, 10 µg/kg wet wt) (Langlands et al. 1988) are signifi -
cantly lower than the MPC of 50 µg/kg fresh tissue in these countries (see 
Table 3). As the accumulation of Cd in kidneys is high whereas the amounts 
in milk and meat are low, the grazing animal can be viewed as a “fi lter” 
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capable of ensuring that the amounts of Cd entering the food chain are low; 
this is similar to the case that when Cd-rich bran is removed from processed 
grains and roots are removed from edible parts in most plants, less Cd then 
enters the food chain (Sauerbeck 1992).

Cd and Zn in animals bind with the same metal-regulatory protein, 
metallothionein (MT), which is involved in transport and storage of both 
metals. Cd binds to MT more strongly than Zn, and it is this strong binding 
of Cd within the MT complex that provides the basis for Cd detoxifi cation 
in animals (Petering and Fowler 1986). As Cd and Zn are mutually antago-
nistic, increasing dietary intake of Zn may be an effective method of reduc-
ing Cd absorption and, therefore, retention of Cd in animals. Phillips et al. 
(1997) showed that high dietary Zn reduced Cd absorption, resulting in 
greater excretion of Cd in feces. However, while Zn fed to sheep reduced 
the net accumulation of Cd in liver, it increased accumulation in kidney 
(Lee et al. 1991; Rounce et al. 1998). The accretion of Cd in the kidneys 
with high Zn doses has been associated with increased MT synthesis, which 
improved the effi ciency of the kidney to sequester Cd (Bremner 1978; Lee 
et al. 1994; Peterson and Mercer 1988).

B. Fluorine

Grazing livestock accumulate F in bones and teeth as calcium fl uoroapa-
tites. Typical F concentration of enamel and dentine is 250–700 mg/kg and 
in bones is 250–900 mg/kg (Clark and Stewart 1983; Milhaud et al. 1992). 
Fluorine does not accumulate in the soft tissues. Typical F concentrations 
of sheep and cattle liver, kidney, thyroid, heart, and pancreas are <3 mg/kg 
dry wt. On the basis of cattle studies, the following bone F criteria have 
been established to describe fl uorosis. Bone F concentrations of <2400,
2400–3200, 3200–4800, and 4800–7000 mg/kg DM refl ect an innocuous, 
threshold, moderate, and severe fl uorosis, respectively (Shupe 1980; Wheeler 
and Fell 1983). Bones with F concentrations >4800 mg/kg DM appear 
mottled but are normal on X-ray examination, whereas bone with F con-
centrations between 5000 and 7000 mg/kg DM are abnormal, being more 
porous, chalky white, enlarged with irregular surfaces, and having altered 
mechanical properties.

Fluorine intake by grazing animals via pasture herbage intake is much 
lower than through soil ingestion because of the very low F concentration 
in pasture herbage [generally <5 mg F/kg DM; Loganathan et al. (2001); 
McLaughlin et al. (1997a)] compared to topsoil F concentration [217–
454 mg F/kg soil, Loganathan et al. (2001)].

Although the amount of soil ingestion is much less than pasture con-
sumption, many factors including season and stocking rate may infl uence 
the magnitude of soil ingestion. The cooler, and wetter, winter/early spring 
months result in more soil adhering to leaves of plants, while higher stock-
ing rates cause pastures to be grazed low, thereby increasing soil intakes 
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(Healy 1973). Thus, high F intakes associated with the soil ingestion occur 
only for 2–3 mon of the year.

Assuming a stocking rate of 2.9 dairy cows/ha and an annual herbage 
dry matter production of 15,000 kg/ha and using a herbage F concentration 
of 3 mg F/kg DM, the rate of F intake by dairy cows through pasture inges-
tion (80% dry matter utilization) is calculated to be <13 g F/cow/yr. This rate 
of total F intake is less than 0.7% of F added annually in fertilizers to soil, 
assuming a rate of fertilizer addition of 30 kg P/ha/yr, and F and P contents 
of fertilizer of 1.5% and 9% respectively. In comparison, the rate of annual 
F intake by a dairy cow through soil ingestion is 87–181 g/cow/yr, assuming 
an annual average daily soil ingestion rate of 1095 g/cow/d (Cronin et al. 
2000) and soil F concentration of 217 to 454 mg F/kg soil (Loganathan et al. 
2001). This annual rate of total F intake is equivalent to 1.8%–3.6% of F 
applied in P fertilizers/yr. Therefore, compared with the annual pasture F 
intake, the soil F intake is 3–6 times greater. Similar calculations for Cd 
intake by a dairy cow would show that Cd intake by pasture ingestion is 
0.83 g/cow/yr, assuming 0.2 mg Cd/kg DM, while annual Cd intake by soil 
ingestion would be 0.12 g/cow, assuming 0.3 mg Cd/kg soil. Thus F ingestion 
by grazing animals is infl uenced more by soil ingestion, whereas Cd inges-
tion is infl uenced more by pasture consumption.

Weinstein and Davison (2004) reported that the proportion of ingested 
F absorbed and retained by an animal depends on the acidity of the diges-
tive system, concentrations of chemical species such as Ca and Al in the 
digestive system, and the presence of calcifi ed tissues in the body. They 
illustrated this by citing several examples of F absorption in humans, cattle, 
rabbit, voles, and insects. The values reported for F absorption and retention 
in sheep and cattle feeding on different diets are presented in Table 6. The 
values are lower for ingestion of soil compared to those for pasture and the 
soluble salt, NaF. The difference in the absorption values reported for soils 
probably results from the difference in the chemical form of F in the soils, 
which is dictated by soil properties such as pH, mineralogy, texture, and the 
period allowed for F added in fertilizers to react with the soils. It could also 
be caused by differences in the design and conduct of the trials.

The F absorbed by the animals is sequestered into bone or excreted in 
the urine. For sheep, urinary losses are 10%–23% of the ingested F, leaving 
27%–40% of the absorbed F to be retained in the bone (Grace et al. 2003). 
Increased and decreased F intakes by sheep are immediately refl ected by 
an increase and decrease in blood F concentrations, while increased F 
intake resulted in a much slower rate of increase of bone F concentrations. 
High bone F concentrations are indicative of animals being on a high F 
intake for an extended period (Table 7).

An indoor sheep feeding trial was conducted in New Zealand to simulate 
high soil ingestion during one winter season. In this trial, young sheep 
(14 mon old) were fed daily with lucerne (7 mg F/kg dry matter) or lucerne 
plus soil (184 mg F/kg dry matter) daily for 63 d. The blood F concentration 
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Table 7. Effect of soil F feeding on the F concentrations 
(mg/kg dry matter) of ribs and radius bones, kidney, and 
liver of young sheep 63 d after treatment.

 Lucerne
 basal diet Lucerne +  soil F
Treatment 7 mg F/kg DM 184 mg F/kg DM

Rib 739 ±  42.0 1,388  ±  45.9
Radius 726 ±  40.4 1,271  ±  76.5
Kidney   1.1 ±  0.4  2.9  ±  0.7
Liver >0.08 >0.08

DM, dry matter.
Source: Grace et al. (2003).

in sheep fed with soil increased signifi cantly within 23 d and then remained 
constant up to 55 d (Fig. 14). The F intake had little or no effect on the F 
concentrations of the kidney or liver, but bone F concentrations were sig-
nifi cantly increased by the end of the trial at 63 days (see Table 7). The bone 
F concentrations, however, were below a threshold bone F concentration 
of 2400 mg F/kg DM, at which minor bone abnormalities may be observed. 
This fact suggests that young sheep exposed to an increase in F intake, as 
a result of soil ingestion, for one winter season under New Zealand condi-
tions are unlikely to develop chronic fl uorosis (Grace et al. 2003). Further 
studies (Grace et al. 2007) have shown that some of this bone F may be 
mobilized and that bone F concentrations decreased when F intakes are 
lower during summer and autumn (Fig. 15).

Results from a 345-d soil feeding trial (Grace et al. 2007) in which 
lambs were daily fed for 94 d with lucerne/grain pellets containing soil 
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Fig. 14. Changes in blood serum F concentrations of young sheep with time after 
soil F feeding commenced. (Redrawn from Grace et al. 2003.)
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having very high F concentration (224 mg F/kg DM containing 10% soil by 
weight) showed that the bone F concentration increased from approxi-
mately 200 mg F/kg dry matter (DM) at day 1 to 1800–2700 mg/kg DM 
at day 94. When the F intake was decreased at day 94 (12 mg F/kg DM 
containing only lucerne/grain), the bone F concentrations then decreased 
to 1069–1075 mg/kg DM after 59 days (at day 153), and remained at not 
more than 1200–1500 mg/kg DM for up to day 345. These results show that 
a part of the F accumulated in the bones during winter/early spring months 
is remobilized when the F intake becomes low once again during summer 
and autumn. Further studies are required to investigate this cumulative 
seasonal effect of alternating high and low F intakes as the animal ages.

XI. Measures to Control Cadmium and Fluorine 
Accumulation in Soils, Pastures, and Livestock

A. Cadmium

An obvious method of reducing Cd accumulation in soils, pasture, and 
grazing animals is to reduce Cd input to the soil. In urban and industrialized 
areas, the atmospheric fallout of Cd is a major contributor to Cd input to 
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soils. During the last decade this source of Cd has been signifi cantly reduced 
by fl ue-gas purifi cation. However, in pasture lands where P fertilizers are 
the major source, the Cd input can be achieved by reducing the Cd concen-
tration in the P fertilizers applied to the soil or reducing P fertilizer applica-
tion rates. Many countries in the world have progressively reduced the Cd 
concentration in fertilizers over the last decade (Table 8). This is achieved 
by blending PRs with different Cd concentrations.

Another method of reducing Cd concentration in fertilizers is by volatil-
izing most of the Cd by calcination of the PRs because Cd has a low boiling 
point (BP  =  765°C). The manufacture of most phosphoric acid used in the 
food industry involves calcining PR before acidulation. However, calcina-
tion of PRs may not be a practical option in the fertilizer industry because 
it is expensive and calcination decreases the reactivity of PRs, making them 
unsuitable for direct application as a source of P. In some PRs, a signifi cant 
amount of Cd is associated with the organic carbon present in the PRs 
(Loganathan and Hedley 1997). Therefore it may be possible to remove Cd 
through the removal of organic matter in the PRs using caustic solvents as 
these can remove the associated Cd without removal of P.

Table 8. Proposed or implemented Cd limits (legislative or voluntary) for P 
fertilizers in several countries (1994–2000).

Country Cd limit, mg/kgPa Effective year (in or before)

Australia 450 1994
 350 1995
 300 2000
Austria 170 2000
Belgium 207 2000
Czech Republic 116 2000
Denmark 150 1994
 110 2000
Finland 50 1994
Germany 200 1994
 93–207 2000
Japan 340 1994
Norway 100 1995
Sweden 100 1994
Switzerland 50 1994
New Zealand 420 1995–1996
 340 1997–1999
 280 2000

a(mg Cd/kg P) ×  (%P in fertilizer)  ÷  100 =  mg Cd/kg fertilizer.
Sources: Mortvedt (1996); Oosterhuis et al. (2000); Pallière (2005).
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To increase pasture production, farmers often apply P fertilizers at rates 
higher than those required for optimum pasture production. Higher rates of 
P application not only reduces the effi ciency of P utilization by plants but 
also can lead to P runoff to surface water bodies, resulting in adverse effects 
on the water quality. This problem can be minimized by only using P fertil-
izer rates that are required to reach an optimal soil test value. The P rate 
reductions on farms to reduce environmental problems will also reduce Cd 
input to the soils. For example, on a sheep farm at Whatawhata Research 
Centre, near Hamilton, New Zealand, a strong relationship was reported 
between total soil Cd concentration and soil test P (Olsen P) for the topsoils 
(Fig. 16). The Olsen P value recommended for optimum pasture production 
for this type of soil is 20–30 mg P/L (Morton and Roberts 1999). Figure 16 
shows that in paddocks where this level of Olsen P is maintained soil Cd 
remained less than 0.15 mg Cd/kg soil. However, where excessive rates of P 
were applied resulting in levels of Olsen P higher than the optimum, the 
total soil Cd increased to values as high as 0.4 mg Cd/kg soil.

Alternative sources of P with low Cd/P ratio such as certain organic 
manures can be used to reduce Cd accumulation in soils. However, care 
should be taken in using composts made from municipal and urban wastes 
as they may have a high concentration of Cd (Chaney et al. 2006). In New 
Zealand, farm dairy effl uent (FDE, excreta, and yard and milking shed 
washings) is commonly spray-irrigated to approximately 10%–20% of the 
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farms grazing area as the preferred treatment of the FDE biological oxygen 
demand and nutrient load (Wang et al. 2004). As the effl uent has a very low 
Cd/P ratio, in areas where effl uent is applied the Cd input to soils is expected 
to be low.

Soil management practices that can reduce Cd accumulation in pasture 
and thereby reduce ingestion in animals include amelioration of soil acidity 
by lime application (increasing pH reduces plant availability of Cd), main-
taining high levels of soil organic matter (to increase Cd sorption, thereby 
decrease plant availability of Cd), alleviating Zn defi ciency (Zn reduces Cd 
plant uptake), and reducing weeds, which are known to have a much higher 
Cd concentration than grass and clover. However, contrasting results have 
been obtained on the effect of liming on plant availability of Cd in fi eld 
conditions. Possible reasons for this have been discussed here.

Cultivation and resowing of permanent pasture reduces topsoil Cd con-
centration by diluting the higher Cd concentration in topsoil with subsoil 
containing lower Cd concentration. This practice decreases Cd intake by 
grazing animals through both soil ingestion and pasture uptake. During
cultivation, lime can be incorporated into subsoil to reduce subsoil acidity, 
thereby reducing plant availability of subsoil Cd. Reducing stocking rates 
and avoidance of winter hard grazing can also reduce Cd uptake by soil 
ingestion.

Although measures need to be put in place to reduce the rate of increase 
in soil Cd, the metabolism of Cd in grazing animals is such that red meat 
and milk are very low in Cd and it is only the livers and kidneys that may 
increase the Cd intake of the population. However, as most meat-producing 
animals are slaughtered at a young age, this ensures that Cd concentrations 
of their edible offal products are within MPC criteria.

Supplementary Zn is sometimes administered to livestock for controlling 
facial eczema. Because Zn competes with Cd for binding to MT, suggestions 
have been made that Zn dosing may reduce Cd accumulation in animals. 
However, Zn treatments are typically administered over only a few weeks 
of the year, so the effectiveness of using this as a means to reduce the Cd 
burden of the whole animal over its lifetime may be limited. However, in 
young, rapidly growing animals, when rate of Cd accumulation is highest 
(Lee et al. 1996), high doses of Zn could be used to reduce liver Cd.

B. Fluorine

Currently there is no cost-effective method to reduce F concentration of P 
fertilizers, and therefore this is not an option for decreasing the rate of F 
accumulation in soils and its subsequent intake by animals. During the 
manufacture of P fertilizers by acidulation of phosphate rocks, the gaseous 
F compounds released are removed by scrubbing with water, and the 
resulting scrubber liquor is then often used in the fertilizer manufacturing 
process (acid dilution and fertilizer granulation). If the scrubber liquor is 
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not recycled, the F concentration in the fi nal fertilizer product can be 
reduced slightly.

As discussed in the preceding section on Cd, reducing P fertilizer applica-
tion rates will reduce F soil input. Increases in soil test values (e.g., 
Olsen P) are strongly correlated with increased total soil F concentration 
(Loganathan et al. 2003), as was observed for Cd (see Fig. 16). Therefore, 
by not exceeding the optimum soil test value, farmers can avoid applying 
excess P, which will slow the rate of F input to soils. Furthermore, where 
available, organic manures with low F/P ratio can also be used to reduce 
the F input.

Withholding stock from pastures recently top-dressed with P fertilizers 
until at least 25 mm of rain has fallen to wash away the F can prevent acute 
F poisoning from fertilizer ingestion. This step requires a planned fertilizer 
application program so that some unfertilized paddocks are always avail-
able for grazing, or livestock can be fed forage crops until rain washes down 
the fertilizers adhering to the pasture. Under rotational grazing, fertilizer 
can be spread on paddocks that have been most recently grazed to maxi-
mize the interval between application and grazing.

As soil ingestion is the main source of F intake by grazing livestock, it 
can be minimized by maintaining good pasture cover and reducing the 
stocking rates of grazing stock, especially during winter. Grazing livestock 
ingest topsoils, 0–30 mm depth, that generally have a higher F concentration 
than the subsoil horizons. Therefore deep-ploughing lands high in topsoil F 
concentration during pasture renovation, as proposed for Cd, can reduce 
topsoil F and hence F intake by animals. A recent study by Loganathan 
et al. (2007) showed that cultivation of soil by ploughing to a depth of 
150 mm using a mouldboard plough once in 6–9 yr decreased F in the top 
30 mm by approximately 20%.

Summary

Fertilizers are indispensable for ensuring sustainability of agricultural pro-
duction, thereby achieving food and fi ber security. Nitrogen, sulfur, and 
potassium fertilizers are relatively free of impurities, but phosphorus (P) 
fertilizers, the main fertilizer input for the economic production of legume-
based pastures, contain several contaminants, of which F and Cd are con-
sidered to be of most concern because they have potentially harmful effects 
on soil quality, livestock health, and food safety. Incidences of fl uorosis in 
grazing livestock, and accumulation of Cd in the edible offal products of 
livestock, above the maximum permissible concentration set by food 
authorities have been reported in many countries. The majority of Cd and 
F applied to pastures in many countries continues to accumulate in the 
biologically active topsoil due to strong adsorption to soil constituents. 
However, the rate of Cd accumulation in the last decade has slowed as a 
result of selective use of low-Cd fertilizers.
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Cd and F adsorption in soils increase with increased contents of iron and 
aluminium oxides, layer silicates and allophane in soils, and increased soil 
pH. Cadmium adsorption also increases with increased Mn oxides and 
organic matter in soil. However, some Cd will be released during decom-
position of plant and animal remains and organic matter. In most pastoral 
soils the majority of Cd and F added in fertilizers remains in the topsoil 
and little moves below 20–30 cm, and therefore these are unlikely to 
contaminate groundwater. However, F may pose a risk to shallow ground-
water in very acidic low-P-fi xing soils, and Cd may pose a risk in very 
acidic soils containing low organic matter and clay contents, or in soils 
with high chloride concentrations. Research is required both to test 
whether groundwater beneath farms with long histories of P fertilizer use 
is contaminated by these elements and also to examine their mechanisms 
of movement.

Cd intake by grazing livestock occurs mostly by ingestion of pasture, 
and therefore measures to decrease plant availability of Cd in soils 
(e.g., maintaining high organic matter, reducing soil acidity and salinity, 
alleviating zinc defi ciency, reducing weed) can reduce Cd accumulation 
in livestock. F intake by grazing livestock is mostly by soil ingestion; 
therefore, reducing soil ingestion by maintaining good pasture cover 
especially during winter periods can reduce F accumulation in livestock. 
In grazing livestock, Cd accumulates in kidney and liver, whereas F accu-
mulates mainly in bones.

Very little research has been carried out to study the effects of sustained 
but low levels of Cd and F additions on soil microbial activity, especially on 
the economically important N-fi xers in symbiosis with pasture legumes and 
mycorrhizae. This subject also needs to be researched.

The impact of F accumulation in bones of animals as infl uenced by the 
alternative low and high soil F intake between seasons and the effect of 
increasing age of animals needs further study to more accurately determine 
the potential risk of fl uorosis and elucidate potential solutions to minimize 
F accumulation in bones and teeth of aged breeding stock.

Computer-based models are required to identify farming systems that 
present a high risk of Cd concentrations in edible offal exceeding the MPC 
and livestock at risk of chronic fl uorosis. A decision support model of this 
kind may be useful in developing management strategies capable of reduc-
ing Cd and F accumulation in animals. Preliminary empirical models have 
been developed for Cd (Loganathan et al. 1999) and F (Bretherton et al. 
2002) accumulation in sheep grazing New Zealand pastures. Further devel-
opment of these models is required for their wider applicability.
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I. Introduction

The discovery of therapeutic medicinal products has historically been 
largely accidental, through trial and error involving observation of the 
therapeutic effects of “naturally” produced compounds such as penicillin 
from the mold Penicillium notatum (Fleming 1929), salicylic acid from the 
bark of willow trees (Salix) (Mackowiak 2000), and lovastatin from the 
fungal microorganism Aspergillus terreus (Bach and Lichtenthaler 1982a),
with little or no preconceived knowledge of effect. Currently, however, the 
pharmacokinetics and pharmacodynamics of these compounds are well 
understood. However, amid all the research and development of synthetic 
analogues and derivatives, the original functions of these compounds, as 
they relate to the organisms in which they were discovered, appear to have 
been forgotten. The consequence, however, becomes readily apparent when 
considering the ecotoxicology of pharmaceuticals, particularly because 
these compounds are biologically active and produced to affect other organ-
isms. Because there are numerous examples of evolutionary conservation 
of pathways and receptor targets within and among levels of biological 
organization, it stands to reason that pharmaceuticals derived, synthesized, 
and inspired from these naturally produced compounds could ultimately 
induce toxic effects in nontarget organisms. Recent research supports this 
notion, and this review discusses potential evolutionary conserved targets 
to, general effects from, and the risks posed by pharmaceuticals in nontarget 
aquatic plants.

II. Exposure of Aquatic Plants to Pharmaceuticals 
in the Environment

Interest related to pharmaceuticals in the environment is not new, as reports 
concerning antimicrobials and veterinary medicines date as far back as 1969 
(Swann et al. 1969). Pharmaceuticals currently represent a diverse group of 
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>4,500 biologically active parent compounds (Sweetman 2002), with annual 
usage on a par with agrochemicals (Daughton and Ternes 1999) entering 
the environment via two main routes, sewage effl uent from human sources 
and agricultural runoff from concentrated animal feeding operations and 
disposal of manure (Daughton and Ternes 1999; Halling-Sørensen et al. 
1998). Human drugs tend to enter the environment from point sources, 
whereas the discharge of veterinary drugs tends to be more diffuse in 
nature.

The most signifi cant entry route for human pharmaceuticals into the 
aquatic environment is the release from wastewater treatment plants 
(WWTPs). Despite apparent removal of a large proportion of many phar-
maceuticals through various sewage treatment processes (Boyd et al. 2003), 
WWTPs do not eliminate all compounds completely and, as a consequence, 
pharmaceuticals are discharged into receiving waters in detectable amounts 
(Heberer 2002).

Animal husbandry operations, including veterinary applications, prophy-
laxis, and growth promotion, discharge drugs and their metabolites into the 
environment through liquid manure and (waste) water or with storm water 
runoff from fi elds after manure application (Kümmerer 2001). Veterinary 
medicines provide the greatest array of possibilities for exposure and can 
be subdivided into substances used as growth promoters for swine, as thera-
peutics in livestock production, cocciodiostatics used for poultry produc-
tion, therapeutics for treatment of livestock on fi elds (e.g., antiparasitic 
agents), or into feed additives in aquaculture (Halling-Sørensen and 
Jørgensen 2000). Antibiotics used in aquaculture are directly added to 
receiving waters, formulated as feed additives (Halling-Sørensen et al. 
1998), with 70%–80% of administered drug entering the environment 
(Samuelsen et al. 1992). In Europe, approximately 10,000 t of antibiotics are 
consumed per year, 50% for both veterinary and human purposes (FEDESA 
1997), which is similar to the United States, where roughly 40% of the 
22,680 t antibiotics produced each year is used in agriculture (Levy 1998). 
The continual release of pharmaceuticals allows many to take on a pseudo-
persistence, displaying similar exposure characteristics as many truly per-
sistent compounds, because the rate of replacement can balance the rate of 
transformation or removal in the environment (Daughton 2002). Such an 
observation is most commonly encountered in effl uent-dominated systems 
(Brooks et al. 2006).

The fi rst detection of pharmaceutical residues in the aquatic environ-
ment was reported as early as the 1970s (Garrison et al. 1976; Tabak and 
Brunch 1970). Recently, a national reconnaissance of U.S. streams, screen-
ing for 95 pharmaceuticals, hormones, and organic wastewater contami-
nants, frequently reported detection of several classes of pharmaceuticals. 
Measured concentrations were generally <1µg/L, but concentrations of 5% 
of the 30 most frequently detected compounds exceeded 1 µg/L (Kolpin 
et al. 2002). A number of surveys have also been conducted in Canada 
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identifying a variety of pharmaceutical compounds in the ng/L–µg/L range 
in surface waters receiving urban and agricultural inputs (Hao et al. 2006; 
Lissemore et al. 2006; Metcalfe et al. 2003; Miao and Metcalfe 2003; 
Miao et al. 2004; Sosiak and Hebben 2005). Similar surface water concentra-
tions have been documented for a number of pharmaceuticals in Europe 
(Daughton and Ternes 1999; Halling-Sørensen et al. 1998; Heberer 2002; 
Hirsch et al. 1999; Jones et al. 2001; Kümmerer 2001) and, although there 
are diverse differences in demographic usage trends for pharmaceutical 
classes between countries, the overall residue concentration ranges are 
similar, suggesting that pharmaceuticals are present ubiquitously in the 
aquatic environment.

It was not until the late 1990s that the fi rst comprehensive reviews regard-
ing the effects of pharmaceuticals to nontarget aquatic organisms were pub-
lished (Daughton and Ternes 1999; Halling-Sørensen et al. 1998). One major 
conclusion indicated by Daughton and Ternes (1999) was that the potential 
effects of pharmaceuticals and personal care products on non target species, 
especially on aquatic organisms, were mostly unknown, a conclusion echoed 
by Halling-Sørensen et al. (1998). Although few effect data for plants were 
available when these reviews were published, the potential for effects of 
pharmaceuticals, particularly antibiotics, in plants is certainly not a new 
concept. Reviews documenting the effects of antibiotics on plants have been 
compiled as far back as the 1950s (Brian 1957). However, these early studies 
focused largely on the applications of antibiotics for disease control in plants, 
although a number of antibiotic compounds were identifi ed as phytotoxic. 
Investigations of the ecotoxicological effects of pharmaceuticals on aquatic 
plants are a much more recent area of research.

III. Aquatic Plants in the Environment and 
Their Use in Ecotoxicology

Photosynthetic organisms, both phytoplankton and macrophytes, represent 
a signifi cant portion of the total biomass in aquatic environments and 
are important as a carbon source for the rest of the aquatic biosphere 
(Greenberg et al. 1992). Accounting for less than 1% of the earth’s primary 
producer biomass, primary production from aquatic plants is estimated to 
be only slightly lower than terrestrial plants, 35–50 giga-tonnes versus 50–70, 
respectively (Falkowski and Raven 1997). Aquatic plants are also important 
components of aquatic ecosystems for a number of reasons (Davy et al. 
2001): they contribute to primary productivity, generate oxygen, affect fl ow 
patterns of water, provide habitat and food for other organisms, stabilize 
sediment, are utilized by detritivors, are involved in nutrient cycling, and 
improve water quality. Thus, they are an appropriate assessment endpoint 
for ecotoxicology and environmental protection.

Comprehensive environmental risk assessment guidelines of pharma-
ceuticals are not yet fully established. Therefore, for the purposes of this 
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review, the use of aquatic plants in the context of pesticide registration is 
provided as background. Current guidelines for pesticide registration 
provide test protocols for the tiered testing of one aquatic higher plant, 
Lemna gibba; a green algae, Pseudokirchneria subcapitata; a blue-green 
cyanobacteria, Anabaena fl osaquae; a freshwater diatom, Navicula pellicu-
losa; and a marine diatom, Skeletonema costatum (Davy et al. 2001). Under 
the present tiered approach for nontarget aquatic plant phytotoxicity, a 
limited number of species are tested in the fi rst tier, and if the fi rst tier tests 
show effects, then additional plant species are studied at higher tiers (U.S. 
EPA 2006). In the fi rst tier, laboratory tests are conducted using Pseu-
dokirchneria subcapitata and L. gibba to evaluate the acute toxicity of pes-
ticides at the greatest application rate (U.S. EPA 2006). Second-tier testing 
involves concentration–response bioassays that are designed to evaluate 
the acute toxicity of pesticides to the fi ve aquatic species listed above (U.S. 
EPA 2006). Finally, third-tier fi eld studies may be required on a case-by-case 
basis if terrestrial plants show greater than 25% adverse effects on plant 
growth and aquatic plants show greater than 50% adverse effects on plant 
growth (U.S. EPA 2006). These tests provide critical information on harmful 
effects to plants during stages of development. However, aquatic and ter-
restrial test species commonly used in plant toxicity tests cannot reliably 
serve as surrogates for all untested plants (Davy et al. 2001). As a result, 
revised guidelines for phytotoxicity have been developed and are being 
reviewed (Davy et al. 2001).

IV. Receptor Sites of Toxicity for Pharmaceuticals in Plants

Pharmaceuticals are biologically active compounds, designed to elicit a 
specifi c effect in humans or animals. Therefore, it may be expected that any 
effect, benefi cial or adverse, could also occur in aquatic organisms with 
similar biological functions and receptors. A common question proposed in 
ecological risk assessment is whether appropriate receptors to a stressor 
exist in nontarget organisms, and in this context, it is necessary to consider 
evolutionary conservation of receptor systems. Many pharmaceuticals are 
expected to act via narcosis (Cleuvers 2003; Sanderson et al. 2004), although 
some compounds may elicit receptor-mediated responses if the organism 
contains the appropriate receptor (Seiler 2002). To obtain a respective 
response from a nontarget organism, the organism must possess the struc-
ture or function that is targeted in the therapeutic indication, i.e., it must 
express the respective receptor or use the respective biosynthetic pathway, 
with enzymes exhibiting structures nearly identical, or at least as similar as 
possible, to their human counterparts (Seiler 2002).

When considering the question of whether some substances might harm 
the environment, and whether such infl uences could be predicted by the 
toxicological or pharmacological properties of a substance, a fundamental 
difference between ecotoxicological assessments and the conventional 



72 R.A. Brain et al.

“anthropocentric” evaluation of the pharmacotoxicological profi le of a drug 
has to be taken into account (Seiler 2002). Extrapolating effects that have 
been determined in the conventional pharmacodynamic and toxicological 
assays at large doses to the environmental situation with very small expo-
sures may be inappropriate for most of the older and less-specifi c pharma-
ceuticals. Furthermore, the development of pharmaceuticals targeting more 
basic mechanisms of cellular functions may result in additional pathways 
for affecting nontarget organisms (Seiler 2002). Seiler (2002) further sug-
gests that, at least for those drug substances that can infl uence their targets 
at in vitro EC50 values of around 1–10 nM, environmental concentrations in 
the range of 300 ng/L–5 µg/L should constitute effective target concentra-
tions. This statement, however, is for aquatic exposure, and not the actual 
concentration reaching the target site in the organism (e.g., internal dose). 
The following sections outline potential or known receptors in aquatic 
plants to antibiotics and other classes of pharmaceuticals that are frequently 
prescribed and detected in the environment.

V. Evolutionary Conservation of Receptors and Pathways

Plants provide a number of evolutionary conserved target sites as a result 
of the bacterial ancestry of plastid organelles and conservation of certain 
metabolic pathways (Bach and Lichtenthaler 1983; Lichtenthaler et al. 
1997a,b; McFadden and Roos 1999). All plastid organelles arose from the 
engulfment of an endosymbiotic cyanobacterial-like prokaryotic cell by a 
larger eukaryotic cell, referred to as the primary endosymbiotic event, gen-
erating a plastid characterized by two membranes, such as those found in 
red and green algae, plants, and glaucophytes (McFadden and Roos 1999). 
These plastids are contained within at least two bounding membranes, have 
DNA genomes that, like those of bacteria, are molecules of supercoiled 
circular double-stranded DNA, typically 120–160 kb in size, with approxi-
mately 130 genes in higher plants (Bock 2001), and a transcription and 
translation system (McFadden and Roos 1999). Although plastids have 
undergone substantial modifi cation during an estimated 500 million years 
of intracellular survival within their eukaryotic hosts, the genome, transcrip-
tion, and translation equipment of chloroplasts have remained fundamen-
tally bacterial in nature (McFadden and Roos 1999). The cyanobacterial 
nature of plastid pathways and homology in replicating equipment there-
fore makes plastids susceptible as potential drug targets (McFadden and 
Roos 1999).

Recently, the entire Arabidopsis thaliana genome was sequenced and 
functionally compared to the complete genomes of Escherichia coli,
Synechocystis sp., Saccharomyces cerevisiae, Caenorhabditis elegans, and 
Drosophila, and a nonredundant protein set of Homo sapiens using a basic 
local alignment search tool to query protein amino acid sequences (BLASTP) 
with a stringent expected threshold of E  <  10−30 (The Arabidopsis Genome 
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Initiative 2000). The proportion of Arabidopsis proteins having related coun-
terparts in eukaryotic genomes was found to vary by a factor of 2–3 depend-
ing on the functional category, with 8%–23% relatedness of proteins involved 
in transcription and 48%–60% relatedness of genes involved in protein 
synthesis (The Arabidopsis Genome Initiative 2000). Furthermore, a rela-
tively high proportion of matches was found between Arabidopsis and bac-
terial proteins in the categories “metabolism” and “energy,” which is 
considered to refl ect both the acquisition of bacterial genes from the plastid 
ancestor and high conservation of sequences across all species (The Arabi-
dopsis Genome Initiative 2000). This degree of similarity, particularly among 
protein synthesis genes, indicates a high potential for functional conservation 
of enzymes and metabolic pathways across highly diverse groups of organ-
isms and a corresponding potential for susceptibility among these enzymes 
and metabolic pathways as pharmacological targets.

A. Chloroplast Replication and DNA Gyrases in Plants 
as Targets for Fluoroquinolone Antibiotics

In bacteria, fl uoroquinolone antibiotics act by inhibiting the activity of 
DNA gyrases, which is the bacterial equivalent of DNA topoisomerase 
(topo) that supercoils DNA by using the free energy of ATP hydrolysis 
(Champoux 2001; Divo et al. 1988). Topoisomerases are enzymes present 
in all cells that control the topological state of DNA, and there are two 
types, types I and II, distinguished by the ability to transiently break one or 
both strands of the DNA (Champoux 2001). DNA gyrase is a type II 
enzyme required for replication and transcription (Fig. 1) in prokaryotes, 
and is the only enzyme of this type that is able to catalyze ATP-dependent 
DNA supercoiling (Champoux 2001; Wall et al. 2004). Because gyrases 
are apparently absent from eukaryotes and are critical for prokaryotes, 
a number of antibacterial agents, including quinolones, coumarins, and 
cyclothialidines, have been developed to specifi cally target this enzyme 
(Maxwell 1997). Although DNA gyrases have previously been thought to 
be unique to bacteria, recent evidence indicates that plants contain DNA 
gyrases (Thompson and Mosig 1985; Wall et al. 2004).

In the mid-1980s, Thompson and Mosig (1985) demonstrated the weak 
activity of an ATP-dependent topoisomerase in the green alga Chlamydo-
monas reinhardtii that could supercoil DNA in vitro, and, although the 
enzyme could not be purifi ed, they found that the gyrase-specifi c drug 
novobiocin (a coumarin) inhibited chloroplast transcription. More recently, 
Wall et al. (2004) identifi ed four putative gyrase genes in the model plant 
A. thaliana, one gyrA and three gyrB homologues, confi rming the existence 
of DNA gyrase in eukaryotes. The encoded DNA gyrase protein A (GyrA) 
was found to have a dual translational initiation site targeting the mature 
protein to both chloroplasts and mitochondria, whereas DNA gyrase 
protein B (GyrB) homologues were found to have individual chloroplast 
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Fig. 1. Select metabolic pathways within the cytosol, mitochondria and plastid of a 
plant cell and the major classes of pharmaceuticals believed to target these pathways 
or processes. Statins are known inhibitors of 3-hydroxy-3-methylglutaryl coenzyme 
A reductase (HMGR) in the mevalonic acid pathway, sulfonamide antibiotics are 
thought to target dihydropteroate synthase (DHPS) in the folate biosynthetic 
pathway, a variety of antibiotic classes are suspected to inhibit specifi c processes 
within the chloroplast, such as replication, transcription, and translation, and tri-
closan and thiolactomycin are thought to disrupt fatty acid biosynthesis by inhibiting 
enoyl-ACP reductase (FabI) and β-ketoacyl-ACP synthase I and II (FabB and/or 
FabF), respectively. The context of each of these receptors/pathways is described in 
the text along with the defi nition of acronyms. Modifi ed from (Basset et al. 2005; 
McFadden and Roos 1999; Schwender et al. 1996; Waller et al. 2003).

and mitochondria targeting sequences (Wall et al. 2004). Organelle target-
ing was confi rmed by N-terminal fusions of the sequences to green fl uores-
cence protein (GFP), demonstrating that one enzyme is targeted to the 
chloroplast and another to the mitochondrion, which correlated with super-
coiling activity in isolated organelles (Wall et al. 2004). Furthermore, treat-
ment of seedlings and cultured cells with ciprofl oxacin caused growth 
inhibition, and knockouts of A. thaliana gyrA were found to be embryo 
lethal, whereas knockouts in the gyrB genes lead to seedling-lethal pheno-
types or severely stunted growth and development (Wall et al. 2004).
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Consistent with these fi ndings is the robust dataset demonstrating anti-
chloroplastic activity of quinolones and coumarins to the apicomplexan 
plastids (plastids in parasites of the phylum Apicomplexa) of a number 
of protists (Adams et al. 1974; Krajcovic et al. 1989; Lyman et al. 1967; 
McFadden and Roos 1999; Woods et al. 1996).

B. Translation and Transcription Processes in the Chloroplast as Targets 
for Tetracycline, Macrolide, Lincosamide, Aminoglycoside, and 

Pleuromutilin Antibiotics

The translational apparatus and mRNAs of plastids are similar to those in 
bacteria. Where chloroplasts are responsible for the transcription and trans-
lation of the genes encoded in their genome, the machinery used to accom-
plish this shares a high degree of homology with that found in bacteria 
(Manuell et al. 2004). Molecular phylogenetic analysis of c-type cytochrome 
and rRNA sequences have established a relationship between cyanobacte-
ria and the green (euglenoids, green algae, and higher plants) and red 
(rhodophyte) chloroplasts, supporting the prokaryotic origins of chloro-
plasts (Giovannoni et al. 1988). Analysis of partial sequences of 16S rRNAs 
from 29 cyanobacteria and the cyanelle of the phytofl agellate Cyanophora
paradoxa indicated that the cyanobacteria and green chloroplasts form a 
coherent phylogenetic group and that the chloroplast lineage is not just a 
sister group to the free-living forms but rather is contained within the 
cyanobacterial radiation (Giovannoni et al. 1988). Plastid genes contain 
consensus prokaryotic promoters and bacterial-like sigma factors and poly-
merases, and ribosome-binding sequences are found in many chloroplast 
mRNAs as a requirement for translation, presumably through a similar 
binding between mRNA and the ribosome as found in bacterial translation 
initiation (Manuell et al. 2004). A high degree of homology between the 
chloroplast and bacteria with regard to general translation factors and a 
majority of the ribosomal proteins implies that many of the basic processes 
of translation are conserved between bacteria and the chloroplast.

Plastids and mitochondria both have 70S ribosomes composed of two 
subunits, a 50S and a 30S, similar to prokaryotes. Yamaguchi et al. (2003) 
conducted a proteomic analysis of the 70S ribosome from the chloroplast 
of the green alga C. reinhardtii and identifi ed 27 orthologues of E. coli large 
subunit proteins in the 50S subunit, as well as an orthologue of the spinach 
plastid-specifi c ribosomal protein (PSRP)-6, indicating that the large sub-
unit proteins are very similar to those of spinach chloroplast and E. coli.
LC-MS/MS analysis was used to identify the protein components of the 
C. reinhardtii chloroplast ribosome where 22 proteins from the small sub-
unit were identifi ed, including homologues of 20 of the 21 E. coli proteins 
(Yamaguchi et al. 2003). From the large subunit of the C. reinhardtii chlo-
roplast ribosome, 28 proteins were identifi ed, including homologues of 27 
of the 33 E. coli proteins (Yamaguchi et al. 2003). One additional PSRP was 



76 R.A. Brain et al.

identifi ed having homology to PSRP-6, identifi ed previously from the 
spinach chloroplast ribosome (Yamaguchi and Subramanian 2000).

Streptomycin, spectinomycin, neamine/kanamycin, and erythromycin 
resistance has been documented in the chloroplasts of C. reinhardtii and is 
conferred by base substitutions in conserved regions of the genes encoding 
the 16S and 23S chloroplast ribosomal RNAs (Harris et al. 1989). These 
mutants defi ne eight genetic loci in a linear linkage group corresponding to 
about 21 kb of the circular chloroplast genome (Harris et al. 1989). Strep-
tomycin resistance can result from base changes equivalent to E. coli 13, 
523, and 912–915 in the 16S gene, which are involved in a common ribo-
somal neighborhood that interacts with ribosomal proteins S4, S5, and S12 
(Harris et al. 1989). A point mutation at base 876 in E. gracilis, equivalent 
to base 912 in the 16S gene of E. coli, was also found to confer resistance 
to streptomycin (Montandon et al. 1985). Harris et al. (1989) also noted that 
three different changes within a conserved region of the 16S gene, equiva-
lent to E. coli bases 1191–1193, confer varying levels of spectinomycin 
resistance, whereas resistance to neamine and kanamycin results from 
mutations in the 16S gene at bases equivalent to E. coli 1408 and 1409. Five 
mutations in two genetically distinct erythromycin resistance loci map in 
the 23S rDNA of C. reinhardtii were also identifi ed at positions equivalent 
to E. coli 2057–2058 and 2611, and all were highly resistant to erythromycin, 
although they differed in levels of cross-resistance to lincomycin and clinda-
mycin (Harris et al. 1989). As macrolide and lincosamide antibiotics block 
protein synthesis by interacting with the peptidyl tranferase domain of 
bacterial 23S rRNA, and aminoglycosides interfere with bacterial protein 
synthesis by irreversibly binding to 30S and 50S subunits of ribosomes, these 
compounds have the potential to disrupt transcription/translation in the 
chloroplasts of photosynthetic organisms (see Fig. 1).

Protein identifi cation of the chloroplast ribosome (chloro ribosome) of 
higher plants has shown that the chloroplast ribosomal 30S subunit contains 
4 chloroplast/PSRPs and the orthologues of the full complement of E. coli
30S subunit ribosomal proteins (designated PSRP 1– 4) (Yamaguchi and 
Subramanian 2000, 2003). The chloroplast ribosomal 50S subunit is com-
posed of 31 orthologues of the E. coli 50S ribosomal subunit proteins 
(Yamaguchi and Subramanian 2000, 2003). Investigations of intact chloro-
plast ribosome (70S) has revealed an additional protein, a plastid ribosome 
recycling factor (pRRF), which is released on the dissociation of the chlo-
roplast ribosome into subunits (Yamaguchi and Subramanian 2000). Overall, 
the chloroplast ribosome proteome of higher plants is composed of 59 dis-
tinct proteins: 6 PSRPs, a bacterial-type pRRF, and 52 orthologues of eubac-
terial ribosomal proteins (Yamaguchi and Subramanian 2000). Six ribosomal 
proteins are specifi c to higher plant chloroplast ribosomes (Yamaguchi and 
Subramanian 2003).

At least two distinct DNA-dependent RNA polymerases have recently 
been identifi ed through analyses of the plastidial transcription apparatus: 
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one of these is a multisubunit enzyme similar to those in bacteria and in 
the nuclei of eukaryotic cells, and the other enzyme is a single-subunit 
polymerase related to those of bacteriophages T3 and T7 and mitochondria 
(Gray and Lang 1998; Maliga 1998; Pfannschmidt et al. 2000). The multi-
subunit enzyme is referred to as plastid-encoded polymerase (PEP) because 
of the intraorganellar coding sites of its core subunits, whereas the phage-
type enzyme is nuclear encoded (Gray and Lang 1998; Maliga 1998; 
Pfannschmidt et al. 2000). Plastid transcription utilizes an RNA polymerase 
(α2, β, β′) that is homologous to that of cyanobacteria and other eubacteria 
(Gray and Lang 1998). The plastid-encoded polymerase recognizes pro-
moters with consensus –10 and –35 sequences via the σ-factor and tran-
scribes polycistronic RNAs from plastid DNA operons (Mullet 1993). Two 
multisubunit plastid RNA polymerases termed A and B have been identi-
fi ed in mustard, where the B enzyme has a bacterial-type polypeptide 
composition and is sensitive to the prokaryotic transcription inhibitor 
rifampicin, and the A enzyme has a more complex subunit structure and is 
not sensitive (Pfannschmidt et al. 2000). However, the A enzyme can be 
converted into a rifampacin-sensitive enzyme form (Pfannschmidt et al. 
2000). The bacterial nature of the plastidial RNA polymerase provides 
another potential target for antibiotics interfering with transcription/
translation in photosynthetic organisms.

C. Mitochondrial Folate Biosynthesis in Plants 
as a Target for Sulfonamides

The mode of action for sulfonamide antibiotics is via the inhibition of the 
enzyme dihydropteroate synthase in the folate biosynthetic pathway acting 
as a structural analogue of the substrate p-aminobenzoic acid (pABA), as 
shown in Fig. 1 (Sweetman 2002). Similarly, diaminopyrimidine antibiotics 
such as trimethoprim inhibit dihydrofolate reductase, two steps down from 
dihydropteroate synthase in the folate biosynthetic pathway also shown in 
Fig. 1. Folates are essential cofactors for one-carbon transfer reactions in 
most living organisms and are required for the biosynthesis of nucleic acids, 
amino acids, and pantothenate, and, specifi cally in plants, lignin formation 
and photorespiration (Basset et al. 2005; Hanson and Roje 2001). In con-
trast to bacteria and plants, humans cannot synthesize folates de novo, 
requiring assimilation from their diet (Basset et al. 2005). However, it has 
been reported that the plant folate synthesis pathway is essentially the same 
as in bacteria, and it has now been almost completely elucidated (Basset et 
al. 2005). Eight of the 10 enzymes specifi c to the folate biosynthetic pathway 
have been cloned and characterized from plants, and the metabolic steps 
of folate biosynthesis are outlined in Basset et al. (2005). Of consideration 
here is the enzyme dihydropteroate synthase, catalyzing the formation of 
dihydropteroate (precursor of tetrahydrofolate; see Fig. 1) from hydro-
xymethyldihydropterin pyrophosphate (HMDHP-PPi; produced in the 
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cytosol) and p-aminobenzoate (pABA; produced in the chloroplast) in the 
mitochondria (Basset et al. 2005; Neuburger et al. 1996), and likely as in 
bacteria, is the site of toxic action for sulfonamide antibiotics in plants. 
Dihydrofolate synthase, which has similarly been identifi ed in plant mito-
chondria, catalyzes the reduction of dihydrofolate to tetrahydrofolate (see 
Fig. 1) as in their bacterial counterparts (Basset et al. 2005).

Presently, there are no data available for the corresponding proteins in 
algae or fungi (Rébeillé et al. 1997); however, the folate biosynthetic 
pathway has been identifi ed in apicoplasts of Plasmodium falciparum,
and studies have investigated the effi cacy of sulfonamide drugs on dihy-
dropteroate synthase and genetic sequence alterations leading to sulfon-
amide resistance (Brooks et al. 1994; Khalil et al. 2003; Wang et al. 1997). 
Resistance to trimethoprim has also been documented in P. falciparum
through alterations in dihydrofolate reductsase alleles (Iyer et al. 2001; 
Khalil et al. 2003).

D. Chloroplastic Fatty Acid Biosynthetic Pathway 
as a Target for Triclosan

Fatty acid synthesis occurs as iterative elongations of acyl chains utilizing 
the 2-carbon donor malonyl coenzyme A (CoA), where fatty acid synthase 
(FAS) is the principal enzymatic unit of this process, and in bacterial systems 
separate proteins constitute the several enzyme activities of FAS (Waller 
et al. 2003). Although the reactions catalyzed by FAS are essentially the 
same for all organisms, two different types are found in nature: type I FAS, 
found in animals and yeast, consists of a single large multifunctional enzyme 
complex, and type II FAS, found in plants and most bacteria, consists of 
multiple proteins with separate enzymatic functions (Harwood 1996). The 
type I FAS complex is therefore considered to have resulted from gene 
fusion events converging as a single protein (Smith 1994).

Fatty acid biosynthesis in plants takes place within plastids, and it is thus 
not surprising that fatty acid metabolism in plants utilizes the bacterial type 
II system because the plastid is derived from a cyanobacterial endosymbi-
ont (Harwood 1996; Ryall et al. 2003). Long-chain fatty acids are assembled 
two carbons at a time, and acetyl-CoA carboxylase (ACCase) catalyzes the 
committed step, the conversion of acetyl-CoA to malonyl-CoA (Harwood 
1996). Malonyl-CoA is subsequently transferred to an acyl carrier pro-
tein (ACP) by malonyl-CoA:ACP transacylase (FabD) (Harwood 1996). 
Malonyl-ACP and acetyl-CoA are then condensed, reduced, dehydrated, 
and reduced once again, yielding an acyl-ACP (originally with four carbon 
units) (Ryall et al. 2003). The fi rst condensation reaction is catalyzed by 
β-ketoacyl-ACP synthase III (FabH), subsequent condensation reactions 
are catalyzed by β-ketoacyl-ACP synthase I and II (FabB and/or FabF), the 
fi rst reduction step is catalyzed by β-ketoacyl-ACP reductase (FabG), dehy-
dration is catalyzed by β-hydroxyacyl-ACP dehydratase (FabZ), and the 
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fi nal reduction is catalyzed by enoyl-ACP reductase (FabI) (Waller et al. 
2003). The chain is elongated two carbon units at a time by condensing 
another malonyl-ACP with the acyl-ACP and repeating the reaction cycle 
(Ryall et al. 2003). Pharmacologically, FabI is a major point of regulation 
for bacterial and plastid fatty acid biosynthesis and is a drug target for tri-
closan (see Fig. 1) (Ryall et al. 2003). Triclosan is a chlorophenol antibiotic 
often used in personal care products such as antibacterial soaps and tooth-
pastes that inhibits fatty acid synthesis in bacteria by dramatically increas-
ing the affi nity of FabI for NAD+; this creates an FabI-NAD+-triclosan
complex where triclosan forms hydrogen bonds and hydrophobic interac-
tions with both the protein and the NAD+ cofactor resulting in a stable 
ternary complex, with the drug binding at the enoyl substrate site (Heath 
et al. 1999). Given the high degree of similarity between bacterial and plant 
(plastid) fatty acid biosynthesis, which suggests evolutionary conservation 
of this pathway, and the inhibitory effects of triclosan on bacterial FabI, 
plants are likely susceptible to this compound via the same receptor.

E. Mevalonic Acid Pathway in Plants as a Target 
for Statin Lipid Regulators

Statins are a class of pharmaceuticals prescribed to lower total cholesterol and 
low-density lipoprotein cholesterol (LDLc) (Sweetman 2002). These com-
pounds are highly potent competitive inhibitors of 3-hydroxy-3-
methylglutaryl coenzyme-A reductase (HMGR) (Alberts et al. 1980), the 
rate-limiting enzyme in cholesterol biosynthesis. Similarly, HMGR is also 
present in higher plants as the key enzyme regulating the mevalonic acid 
pathway (see Fig. 1) of isoprenoid biosynthesis (Disch et al. 1998a) and, 
as in humans, statins are highly specifi c inhibitors of this enzyme (Bach and 
Lichtenthaler 1982a). In plants, there are two discrete pathways for synthesiz-
ing the universal precursors to isoprenoid biosynthesis [isopentyl diphosphate 
(IPP) and its isomer dimethylallyl phosphate (DMAPP)]: a statin-susceptible 
cytosolic (mevalonate, MVA) pathway of eukaryotic origin and an unsuscep-
tible chloroplastic (2-C-methyl-d-erythritol 4-phosphate, (MEP) pathway of 
prokaryotic origin (Lichtenthaler et al. 1997a,b; Rohmer 1999).

Over the course of evolution, plants have maintained the eukaryotic 
MVA pathway in the cytosol but also acquired the more recently discovered 
prokaryotic MEP pathway (Hemmerlin et al. 2003). Cytosolic formation of 
IPP proceeds through the intermediate mevalonate from acetyl-CoA, 
which, under normal physiological conditions, is responsible for the forma-
tion of sterols and ubiquinone (Disch et al. 1998a; Lichtenthaler et al. 
1997a). Chloroplastic formation of IPP involves a condensation of pyru-
vate and glyceraldehyde-3-phosphate via a 1-deoxy-d-xylulose 5-phosphate 
intermediate and is used to form isoprene, carotenoids, abscisic acid, and 
the side chains of chlorophylls and plastoquinone (Arigoni et al. 1997; Disch 
et al. 1998a; Lichtenthaler et al. 1997a; Schwender et al. 1996, 1997).
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Lange et al. (2000) suggested that the evolutionary history of the enzymes 
involved in both routes of synthesis could be as follows. The phylogenetic 
distribution of genes across genomes suggests that the MVA pathway origi-
nated from the Archaebacteria, that the MEP pathway derived from the 
Eubacteria, and that eukaryotes have inherited their genes for IPP biosyn-
thesis from prokaryotes. Green algae (chlorophytes) including Scenedesmus
obliquus, C. reinhardtii, and Chlorella fusca use the MEP pathway exclu-
sively, whereas the red alga (rhodophyte) Cyanidium caldarum and the 
diatom (chrysophyte) Ochromonas danica possess both pathways, as in 
higher plants (Disch et al. 1998b). In contrast, the protist (euglenophyte) 
Euglena gracilis exclusively uses the MVA pathway for the synthesis of all 
its isoprenoids (Disch et al. 1998b). Statins are known inhibitors of sterol 
biosynthesis in plants, where mevinolin (lovastatin) has been used for 
decades to study isoprenoid biosynthesis (Bach and Lichtenthaler 1983; 
Disch et al. 1998a; Hemmerlin et al. 2003).

VI. Toxicity of Pharmaceuticals in Plants

Although the issue of pharmaceuticals in the environment and a correspond-
ing interest in potential toxicological implications has surfaced largely over 
the last decade, reviews of antibiotic toxicity to plants have been published as 
far back as the 1950s, indicating that most antibiotics that had been examined 
at the time showed phytotoxicity to some extent (Brian 1957). Although early 
studies documented the inhibitory effect of a number of antibiotics in higher 
plants, the assessments were focused on implications for crop production and 
not on the ecotoxicological considerations of the discharge of these com-
pounds into the environment and their nontarget toxicity. The following 
section focuses explicitly on ecotoxicological con siderations. All toxicological 
data pertaining to the following sections are summarized in Tables 1 and 2 for 
aquatic higher plants and algae, respectively.

A. Antibiotics: Chloroplastic Replication Inhibitors

Fluoroquinolones (DNA Gyrase Inhibitors)

Shortly after its development in the early 1960s, nalidixic acid was screened 
for antichloplastic activity in the facultative chloroplasts of Euglena gracilis,
causing a loss of green colony-forming ability at 50 µg/L, and was suspected 
to have a mode of action analogous to that in bacteria (Lyman et al. 1967). 
In bacteria, fl uoroquinolones inhibit DNA gyrases (DNA topoisomerase) 
involved in the negative supercoiling of DNA (Champoux 2001; Divo et al. 
1988). Among the antibiotics tested for phytotoxicity, quinolones have gen-
erally proven to be the most potent class. Ciprofl oxacin, lomefl oxacin, ofl ox-
acin, levofl oxacin, and norfl oxacin have all been screened for phytotoxicity 
in L. gibba, with 7-d fresh weight EC50 values ranging from 97 to 913 µg/L
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(Brain et al. 2004b). Similarly, in L. minor, ciprofl oxacin, lomefl oxacin, 
ofl oxacin, levofl oxacin, clinafl oxacin, enrofl oxacin, and fl umequine were all 
found to be phytotoxic in 7-d tests, with frond EC50 values ranging from 53 
to 2,470 µg/L (Robinson et al. 2005), showing good agreement with L. gibba.
Not all aquatic plants are highly sensitive to fl uorquinolones, however, as 
fl umequine is stimulatory to the aquatic weed Lythrum salicaria at concen-
trations between 50 and 5,000 µg/L, only becoming inhibitory at 100 mg/L 
(Migliore et al. 2000). Cyanobacteria such as M. aeruginosa are comparably 
sensitive to Lemna sp. when exposed to fl uoroquinolones, with EC50 values 
for growth ranging from 7.9 to 1,960 µg/L (Robinson et al. 2005). However, 
green algae such as S. capricornutum are up to two orders of magnitude 
less sensitive than cyanobacteria and Lemna sp., with EC50 values ranging 
from 1,100 to 22,700 µg/L for algal growth (Robinson et al. 2005). The 
reason for this differential sensitivity is unknown, particularly as topoisom-
erase have been identifi ed in green algae (C. reinhardtii) (Thompson and 
Mosig 1985), just as in higher plants (Wall et al. 2004).

Chloroplastic type II topoisomerases and DNA replication in C. rein-
hardtii are inhibited with treatment of the coumarin novobiocin; how-
ever, after a delay of several hours, chloroplast chromosomes initiate a 
novobiocin-insensitive mode of DNA replication, which results in partial 
replication of the chloroplast chromosome (Woelfl e et al. 1993). It is uncer-
tain whether this phenomenon exists in the chloroplasts of cyanobacteria 
and higher plants, although differences within compensatory replication 
strategies could potentially explain this differential sensitivity. It is also 
worth noting that parasites of the phylum Apicomplexa, which contain 
facultative chloroplasts suspected to be acquired through secondary endo-
symbiosis of a green alga, have similar sensitivity to green algae (Divo et 
al. 1988; Hashimoto and Murakami 1982; Krajcovic et al. 1989; Lyman et al. 
1967; Woods et al. 1996). For example, the IC50 for P. falciparum treated 
with ciprofl oxacin is 86,150 µg/L (Divo et al. 1988) compared to an EC50 of 
18,700µg/L for S. capricornutum (Robinson et al. 2005), whereas the EC50

values for L. gibba, L. minor, and M. aeruginosa are 698, 203, and 17 µg/L,
respectively (Brain et al. 2004b; Robinson et al. 2005).

Symptomology for all photosynthetic organisms exposed to DNA gyrase 
inhibitors is markedly similar, typifi ed by pronounced bleaching of tissues 
or cultures (Brain et al. 2004b; Krajcovic et al. 1989; Lyman et al. 1967; 
Robinson et al. 2005). Algal assemblages from environmental samples 
taken upstream and downstream of wastewater treatment plants (WWTPs) 
also show a high degree of sensitivity to ciprofl oxacin (Wilson et al. 2003). 
Notable effects of ciprofl oxacin on environmental samples taken upstream 
of a WWTP include a signifi cant reduction of the common diatom Navicula
at 0.12 µg/L, reductions in the green alga Chlamydomonas at 0.12 µg/L and 
1.2µg /L, and of Sphaerocystis at 1.2 µg/L (P <  0.05) (Wilson et al. 2003). 
Consistent and dramatic declines in genus richness were found for increas-
ing ciprofl oxacin treatment. In comparisons of certain sampling dates, 
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ciprofl oxacin was found to cause statistically signifi cant effects for Synedra
and Chlamydomonas between upstream and downstream sampling sites 
(Wilson et al. 2003).

Olaquindox

Olaquindox, a quinoxaline antibiotic, is a synthetic chemotherapeutic agent 
that facilitates peptide nucleic acid (PNA)–DNA complex formation 
in bacteria, acting as an intercalating agent that inhibits DNA synthesis 
(Møllegaard et al. 2000). This compound shows little toxicity to either 
blue-green algae or green algae, with respective EC50 values of 5,100 and 
40,000µg/L (Halling-Sørensen 2000).

B. Antibiotics: Chloroplastic Translation, Transcription, 
and Anabolic Process Inhibitors

Tetracyclines

Chlortetracycline and oxytetracycline have been reported to induce chlo-
rosis in higher plants, as far back as the 1950s (Brian 1957). In bacteria, 
tetracyclines bind irreversibly to the 30S subunit of ribosomes, blocking 
the binding of aminoacyl transfer to DNA, inhibiting protein synthesis 
(Sweetman 2002). Early studies with tetracycline antibiotics, their degrada-
tion products, derivatives, and some synthetic analogues conducted on 
several species of duckweeds, including L. gibba, and two species of ferns 
indicated that oxytetracycline, tetracycline, and chlortetracycline were 
inhibitory at concentrations of 10 or 20 mg/L in 21-d experiments (Nickell 
and Gordon 1961). However, more recent studies have demonstrated 
the toxicity of tetracyclines to Lemna sp. at much lower concentrations of 
219– 4,920 µg/L, under different exposure scenarios (Brain et al. 2004b; 
Pro et al. 2003).

Nickell and Gordon (1961) suggested that the mode of action of tetra-
cyclines is largely through chelating of metal nutrients in growth solutions 
and less so via direct toxicity. This hypothesis was supported by a recent 
microcosm investigation of the effects of a mixture of tetracyclines (tetra-
cycline, chlortetracycline, oxytetracycline, and doxycycline) in 12,000-L 
aquatic microcosms, where L. gibba showed no signs of phytotoxicity 
because nutrients were not limiting in these experimental units (Brain 
et al. 2005b). The submerged macrophyte Myriophyllum sibiricum, on the 
other hand, experienced concentration dependent decreases in dry mass to 
69%, 47%, 30%, and 7% of controls at treatment concentrations of 0.080, 
0.218, 0.668, and 2.289 µmol/L, respectively, as a result of corresponding 
concentration-dependent reductions in light penetration as high as 99.8% 
at a depth of 70 cm (Brain et al. 2005b).

The lack of response in Lemna sp. and the indirect toxic effect observed 
for M. sibiricum indicate that it is unlikely that tetracyclines caused direct 
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toxicity to the translation apparatus of the chloroplast of these species. Both 
blue-green and green algae show sensitivity to tetracyclines in laboratory 
studies, with EC50 values of 9–207 µg/L for M. aeruginosa and 170– 4,500 µg/L
S. capricornutum, respectively, although generally cyanobacteria are more 
sensitive (Halling-Sørensen 2000; Holten Lützhøft et al. 1999; Isidori et al. 
2005). It is not known whether tetracyclines disrupt translation in algae, or 
whether toxicity is caused as a result of chelation of mineral nutrients, as has 
been shown for Lemna sp. However, because concentrations required to 
elicit a response in aquatic microcosms are several orders of magnitude 
higher than those required for laboratory tests (Wilson et al. 2004), the toxic-
ity observed in laboratory studies is likely largely caused by indirect effects 
such as chelation. Effects in the fi eld are likely caused by indirect decreases 
in light penetration, as has been observed for M. sibiricum (Brain et al. 
2005b). Inhibitory concentrations of tetracyclines in E. gracilis are also high, 
generally well above 1 mg/L, with the exception of doxycycline (Woods 
et al. 1996), suggesting that the mode of toxic action is likely not the phar-
macological mode of action in photosynthetic organisms. Alternatively, 
tetracyclines may experience poor rates of uptake and/or translocation or 
high rates of metabolism, although this has not been investigated.

Macrolides and Lincosamides

Pharmacologically, macrolide and lincosamide antibiotics interact with the 
peptidyl tranferase domain of bacterial 23S rRNA, whereas aminoglyco-
sides irreversibly bind to 30S and 50S subunits of ribosomes (Sweetman 
2002). In Lemna, erythromycin is inhibitory at relatively high concentra-
tions of 1 mg/L with an extrapolated EC50 of 5,620 µg/L, although induction 
of the stress hormone abscisic acid (ABA), was found to be promoted by 
erythromycin and tetracycline exposure (Pomati et al. 2004). In laboratory 
assays with L. gibba, tylosin was found to cause an increase in wet mass by 
25% at 212 µg/L, and similar stimulator effects on both L. gibba and M.
spicatum have been documented in microcosm studies (Brain et al. 2005a). 
Macrolides also demonstrate little potency to protoplast-derived cells of 
Nicotiana plumbaginifolia (tobacco) (erythromycin is toxic between 30 and 
80 mg/L) (Pollock et al. 1983). Although S. capricornutum is relatively 
insensitive to tylosin and spiramycin with EC50s >  1,000 µg/L (Halling-
Sørensen 2000), erythromycin, lincomycin, and clarithromycin inhibit 
growth by 50% at 20, 70, and 2 µg/L, respectively (Isidori et al. 2005). 
Compared to S. capricornutum, M. aeruginosa is considerably more sensi-
tive to spiramycin and tylosin with EC50 values of 5 and 34 µg/L, respectively 
(Halling-Sørensen 2000).

Aminoglycosides and Pleuromutilins

Aminoglycosides irreversibly bind to 30S and 50S subunits of bacterial 
ribosomes (Sweetman 2002). These compounds show similar trends in 
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toxicity as macrolides and lincosamides, with M. aeruginosa and S. capri-
cornutum demonstrating sensitivity to streptomycin with EC50 values (7–
133µg/L) much lower than those found in L. gibba (>1,000µg/L) (Brain 
et al. 2004b; Halling-Sørensen 2000; Pollock et al. 1983). However, higher 
plants are much less sensitive; L. gibba showed no signifi cant inhibition in 
growth at concentrations up to 1,000 µg/L (Brain et al. 2004b). Pollock 
et al. (1983) tested more than 20 antibiotics for toxicity to protoplast-
derived cells of Nicotiana plumbaginifolia (Tex-Mex tobacco) and found 
that streptomycin, neomycin, kanamycin, gentamicin, G418, amikacin, and 
tobramycin were all toxic to varying degrees, although streptomycin was 
the least toxic, exhibiting effects only at 100,000 µg/L. Toxicity was suggested 
to be caused by the action of the aminoglycosides on the “prokaryotic-like” 
ribosomes of chloroplasts and mitochondria (Pollock et al. 1983).

Streptomycin has been found to inhibit the growth of higher plants and 
cause bleaching of the chloroplast, as well as reduce protein synthesis by 
about 75% at a concentration of 50,000 µg/L (May et al. 1969). This effect 
could be reversed by the addition of divalent cations (e.g., Mg2+) and was 
suggested to be the consequence of mutual competition for sites of uptake 
(May et al. 1969). Exposure of some strains of E. gracilis to high concentra-
tions (100,000 µg/L) of streptomycin leads to fragmentation and loss of 
chloroplasts with consequent loss of chlorophyll and photosynthetic capa-
bilities, although only when exposed cells are reproducing vigorously (Brian 
1957; Montandon et al. 1985). Cryptosporidium parvum is sensitive to strep-
tomycin at high concentrations, where 28% and 100% inhibition is observed 
at 300,000 and 1,000,000 µg/L (Woods et al. 1996). Tiamulin is a pleuromu-
tilin antibiotic that also binds to the 50S subunit of the bacterial ribosome 
and interacts at the peptidyl transferase center (Högenauer and Ruf 1981). 
Similar to macrolides, lincosamides, and aminoglycosides, tiamulin is toxic 
to both green and blue-green algae, with EC50 values of 3 and 165 for 
M. aeruginosa and S. capricornutum, respectively (Halling-Sørensen 
2000), although no data are available for sensitivity comparisons to higher 
plants.

Among plant species, blue-green and green algae are considerably more 
sensitive to bacterial protein inhibitors than aquatic higher plants. It is not 
surprising that algae are generally highly susceptible to bacterial protein 
inhibitors because proteomic analysis of chloroplastic ribosomes from C.
reinhardtii indicates a high degree of homology with the bacterial ribosomes 
of E. coli (Yamaguchi et al. 2003). However, similar to green algae, protein 
identifi cation of the chloroplastic ribosomes of higher plants has also identi-
fi ed a full complement of E. coli ribosomal proteins (Yamaguchi and 
Subramanian 2000, 2003). This observation suggests that because the appro-
priate receptor is present in both algae and higher plants, the differential 
sensitivity between these photosynthetic organisms is likely caused by dif-
ferences in the uptake, translocation, and/or metabolism of these com-
pounds, although this has not been investigated. For members of the phylum 
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Apicomplexa such as E. gracilis and C. parvum, antichloroplastic activity 
of these bacterial protein inhibitors is only induced at concentrations 
>>1 mg/L (Ebringer 1972; Nicolas 1981; van Pel and Cocito 1973; Woods 
et al. 1996).

C. Antibiotics: Folate Biosynthetic Inhibitors

Folates are a group of compounds that are vital cofactors for enzymes, 
mediating one-carbon transfer reactions. Pharmacologically, sulfonamide 
antibiotics act as structural analogues of the substrate p-aminobenzoic acid 
(PABA), inhibiting the enzyme dihydropteroate synthase in the folate bio-
synthetic pathway (Sweetman 2002). Trimethoprim, a diaminopyrimidine 
antibiotic, similarly inhibits the folate biosynthetic pathway, however, by 
inhibiting the enzyme dihydrofolate reductase (Sweetman 2002). Both of 
these target enzymes have been identifi ed in the folate biosynthetic pathway 
of higher plants, which is essentially the same as in bacteria (Basset et al. 
2005). In Lemna sp. treated with different sulfonamides, EC50 values ranged 
from 81 to 2,330 µg/L (Brain et al. 2005b; Pro et al. 2003); sulfamethoxazole 
was the most toxic antibiotic of any class tested with respect to fresh weight 
in L. gibba. Both green (EC50: 146–7,800 µg/L) (Ferrari et al. 2004; Holten 
Lützhøft et al. 1999) and blue-green algae (EC50: 26.8–135 µg/L) (Holten 
Lützhøft et al. 1999; Isidori et al. 2005) show remarkably similar sensitivity 
to L. gibba. Sulfamethoxazole is consistently the most potent in each case, 
and provides the only example where blue-green algae, green algae, and 
higher plants showed sensitivity to the same antibiotic, varying by less than 
one order of magnitude. Plasmodium fl aciparum is comparably less sensi-
tive to sulfamethoxazole (mean IC50: 89 mg/L), although sulfadoxine (mean 
IC50: 63 mg/L) and trimethoprim (mean IC50: 1.5 mg/L) are slightly more 
potent (Khalil et al. 2003).

Neither green or blue-green algae nor higher plants show any signifi cant 
sensitivity toward trimethoprim, with corresponding EC50 values of 130,000, 
112,000, and >1,000µg/L, respectively. Experiments with sulfamethoxazole 
and trimethoprim in L. gibba showed no signifi cant difference between 
exposures to sulfamethoxazole alone and combinatorial exposures to sul-
famethoxazole and trimethoprim at equimolar concentrations (Brain 2006, 
unpublished data). This discrepancy suggests another instance of differen-
tial uptake, translocation, and/or metabolism because receptors exist for 
both sulfamethoxazole and trimethoprim in plants.

D. Antibiotics: Fatty Acid Synthase Inhibitors

Triclosan is an inhibitor of bacterial fatty acid biosynthesis that specifi cally 
targets the enzyme enoyl-ACP reductase or FabI (Heath et al. 1999). This 
enzyme has been identifi ed in plants, which synthesize fatty acids using the 
same type II FAS pathway as bacteria (Harwood 1996). Green and blue-
green algae and diatoms are highly sensitive to triclosan, with EC50s ranging 
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from 0.7 to 19.1 µg/L, although L. gibba is less sensitive with EC50 values 
>62.5µg/L (the highest concentrations tested) (Orvos et al. 2002). Although 
Lemna had an EC50 in excess of the highest concentrations tested, Orvos 
et al. (2002) noted that studies with all plant species tested confi rmed the 
hypothesis that plants are indeed sensitive to the effects of triclosan, 
although the specifi c degree of effect was not stated. A more precise esti-
mate of the EC50 for L. gibba is required before meaningful comparisons 
can be made with respect to the margin of differential sensitivity between 
algae and higher plants.

Although inhibition of FabI has not been demonstrated specifi cally in 
plants, triclosan has been shown to inhibit a plant-like FabI in P. falciparum
at IC50 values ranging from approximately 150 to 2,000 µg/L (McLeod et al. 
2001). Thiolactomycin, a naturally produced antibiotic from Nocardia sp.,
is a potent inhibitor of FabB in E. coli (Furukawa et al. 1993) that has also 
been shown to be highly toxic to P. falciparum (Waller et al. 2003). In 
the leaves of the higher plant Avena (oat), this compound has been shown 
to inhibit fatty acid synthesis with an EC50 of 380 µg/L (Kato et al. 1987). 
This fi nding further suggests a high degree of conservation of enzymes 
involved in type II FAS between bacteria and plants, and coupled with 
the low EC50 values for triclosan to most plant species, indicates that 
the toxic response in plants is likely receptor mediated and not via 
narcosis.

Furthermore, algal assemblages from environmental samples taken 
upstream of a WWTP also show a high degree of sensitivity to triclosan 
with respect to absolute algal biomass for chroococcalian cyanobacteria 
and for the green algae Chlamydomonas and Scenedesmus (Wilson et al. 
2003). Notable effects of triclosan include a signifi cant reduction of 
Chlamydomonas at concentrations of 0.015, 0.15, and 1.5 µg/L, a signifi cant 
reduction of Sphaerocystis at 1.5 µg/L (P <  0.05), and a signifi cant reduction 
of chroococcalian cyanobacteria at the concentration of 0.15 µg/L (P <  0.05) 
(Wilson et al. 2003). Increasing the environmental concentration of tri-
closan resulted in a consistent and dramatic decline in genus richness 
(Wilson et al. 2003).

E. Other Antibiotics

β-lactam antibiotics, which include penicillin, largely considered as the 
genesis of antibiotic therapy, inhibit the formation of peptidoglycan cross-
links in the bacterial cell wall by binding to the enzyme (transpeptidase) 
that links the peptidoglycan molecules (Sweetman 2002). Blue-green algae, 
such as M. aeruginosa, are highly sensitive to both benzylpenicillin and 
amoxicillin, with respective EC50 values of 6 and 3.7 µg/L, although green 
algae and higher plants are comparatively insensitive to β-lactams, with 
EC50 values generally well above 1 mg/L (Brain et al. 2004b; Halling-
Sørensen 2000; Holten Lützhøft et al. 1999). It is interesting to note that in 
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an early review of antibiotic inhibition of plant growth, penicillin was found 
to be by far the least toxic (Brian 1957).

Recent research has indicated penicillin-binding proteins (PBPs) in 12 
cyanobacterial genomes that are involved in the synthesis of the peptido-
glycan layer of the cell wall during cyanobacterial cellular differentiation 
(Leganés et al. 2005). Comparatively, among plants, glaucophytes (mosses) 
have retained peptidoglycans, red algae have no genes for peptidoglycan 
synthesis, and green plants have retained some peptidoglycan genes as 
indicated by genomic analyses with A. thaliana, though their functions have 
not been determined (Machida et al. 2006). No wall-like structures have 
been detected in the plastids of green plants, and knockouts of these genes 
showed no effect on chloroplast division (Machida et al. 2006). Cephalexin, 
a carbacephem antibiotic with a similar mode of action, also showed no 
signifi cant effect on L. gibba below 1 mg/L (Brain et al. 2004b), although 
no data are available at present for algae. Monensin is an ionophore anti-
biotic that affects bacteria mitochondria by disrupting cell membranes and 
allowing excess water into organelles (Sweetman 2002). Although no toxic-
ity data are available for algae, monensin is moderately toxic to L. gibba,
with an EC50 of 998 µg/L (Brain et al. 2004b).

F. Other Classes of Pharmaceuticals: Mevalonic Acid 
Pathway Inhibitors

Statin class pharmaceuticals (e.g., lovastatin and atorvastain) are inhibitors 
of 3-hydroxy-3-methylglutaryl coenzyme-A reductase, the rate-determining 
step in the cholesterol biosynthetic pathway of mammals (Sweetman 2002) 
and the mevalonic acid (MVA) pathway in higher plants, which, under 
normal physiological conditions, is responsible for the formation of sterols 
and ubiquinone (Disch et al. 1998a; Lichtenthaler et al. 1997a). Statins have 
demonstrated phytoxicty and sterol reductions in L. gibba as far back as 
1982 (Bach and Lichtenthaler 1982b); such sterol responses have more 
recently been observed in a concentration-dependent manner (Brain et al. 
2006a). Statin concentrations as low as 36 µg/L are suffi cient to reduce sterol 
concentrations by 50% in L. gibba, inhibiting growth of new fronds (Brain 
et al. 2006a). Statins inhibit sterol formation in radish plants by up to 84% 
at 250 µM (101 mg/L) (Bach and Lichtenthaler 1983). A concentration of 
5µM (2 mg/L) of lovastatin is suffi cient to completely shut down the MVA 
pathway in tobacco BY-2 cells, and 0.1 µM (40 µg/L) reduces fresh weight 
by >50% (Disch et al. 1998a; Hemmerlin et al. 2003).

In plants, sterols reinforce membranes regulating acyl chain ordering and 
water permeability of the phospholipid bilayer, where alterations in plasma 
membrane sterol profi les can affect or modulate functions of membrane-
bound proteins such as enzymes, channels, receptors, or components of 
signal transduction pathways (Grandmougin-Ferjani et al. 1997; Schaller 
2004; Shuler et al. 1991). Sterols are also crucial to cellulose synthesis in the 
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building of the plant cell wall and necessary for cellular division and expan-
sion, embryogenesis, and normal plant growth and development (Jang et al. 
2000; Schrick et al. 2000). However, green algae such as S. obliquus are 
insensitive to statins because of the absence of the target pathway 
(Schwender et al. 1996). In higher plants, there are two independent path-
ways for synthesizing isopentyl diphosphate (IPP) and its isomer dime-
thylallyl phosphate (DMAPP), the universal precursors to isoprenoid 
biosynthesis. However, the statin-sensitive cytosolic MVA pathway of 
eukaryotic origin is absent in green algae, which synthesize all isoprenoids 
exclusively from the chloroplastic (2-C-methyl-d-erythritol 4-phosphate, 
MEP) pathway of prokaryotic origin (Disch et al. 1998a; Lichtenthaler 
et al. 1997b; Schwender et al. 1996).

Although plants contain both pathways, and some metabolic cross-talk 
does occur largely through IPP and, to a lesser extent, DMAPP, geranyl-
geranyl diphosphate, and farnesyl diphosphate (Bick and Lange 2003; 
Hemmerlin et al. 2003; Laule et al. 2003), these pathways have a fi nite 
potential to compensate each other before toxic effects are realized (Brain 
et al. 2006a; Hemmerlin et al. 2003). No literature sources were found detail-
ing the isoprenoid biosynthetic pathway in blue-green algae; however, 
in malaria parasites such as P. falciparum (of the phylum Apicomplexa),
isoprenoids are also synthesized via the MVA-independent MEP pathway 
and shown to be insensitive to lovastatin at pharmacologically relevant 
concentrations (Wiesner et al. 2004).

G. Other Classes of Pharmaceuticals: General

Generally, apart from antibiotics and statin-type blood lipid regulators, there 
are few other therapeutic classes of pharmaceuticals that exert signifi cant 
toxicity to plants. Therefore, beyond a few notable exceptions, these classes 
likely have effects via narcosis and are not be elaborated on here. One excep-
tion includes the selective serotonin reuptake inhibitors (SSRIs). Among the 
SSRI class, there are varying degrees of potency toward green algae; 
where EC50s for fl uoxetine and sertraline range from 24 to 4339.25 µg/L and 
12.10 to 763.66 µg/L, respectively (Brooks et al. 2003; Johnson et al. 2006). 
Green algae were less sensitive to fl uvoxamine, which showed EC50s above 
3,000µg/L for all species tested (Johnson et al. 2006). For both fl uoxetine 
and sertraline, S. capricornutum was the most sensitive and Chlorella vul-
garis the least sensitive algal species tested, although no blue-green species 
were included. When tested as a mixture of fl uoxetine, sertraline, and fl uvox-
amine in aquatic microcosms, an algal total abundance EC50 of 601.0 nM was 
obtained for 7 d exposure. As algal populations recovered, this estimate 
increased to 1057.8 nM by 35 d exposure (Johnson et al. 2006). Johnson et al. 
(2006) suggest a possible mode-specifi c response in algae because toxicity 
estimates for SSRIs based on ecological structure–activity relationship 
models were greater than experimental values, although no biological 
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premise was elaborated. Higher plants appear less sensitive to both fl uox-
etine and sertraline; tests with L. gibba indicated EC50s above 1,000 µg/L
for both compounds (Brain et al. 2004a,b).

No pharmaceutical belonging to nonsteroidal antiinfl ammatory drug 
(NSAID), analgesic, antiepileptic, fi brate-type lipid regulator, β-blocker,
vasodilator, antihyperglycaemic, antimetabolite, nitroimidazoles, nicotine, 
or stimulant therapeutic classes of pharmaceuticals tested to date have 
shown any signifi cant toxicity toward aquatic plants at exposures below 
500µg/L. These results suggest that for a pharmaceutical compound to pose 
a signifi cant risk to plants, the presence of an appropriate receptor is a key 
requirement. However, the mere presence of a receptor does not guarantee 
toxicity because the pharmaceutical must reach the receptor at a suffi cient 
internal dose, which requires considerations of uptake, translocation, and/or 
metabolism.

VII. Differential Sensitivity to Pharmaceuticals

A. Comparative Susceptibility of Higher Plants and
Blue-Green and Green Algae

One trend readily apparent when comparing Tables 1 and 2 is the striking 
degree of class-specifi c differential sensitivity between blue-green algae, 
green algae, and Lemna sp. For example, the higher plant Lemna sp. and 
cyanobacteria such as M. aeruginosa demonstrate similar sensitivity to fl uo-
roquinolones; however, green algae such as S. capricornutum are consider-
ably less sensitive by as much as a factor of 2. Contrastingly, Lemna sp. had 
comparable sensitivity to both blue-green and green algae with respect to 
tetracyclines and remarkably similar sensitivity with respect to sulfonamide 
antibiotics. However, Lemna was found to be the least sensitive to macro-
lide antibiotics, whereas M. aeruginosa was the most sensitive, and 
S. capricornutum displayed variable sensitivity within this class, with EC50

values spanning two orders of magnitude. Aminoglycosides show 
similar sensitivity trends as macrolides, in that both M. aeruginosa and 
S. capricornutum demonstrate sensitivity to streptomycin, whereas Lemna
is typically at least an order of magnitude less sensitive. Both green and 
blue-green algae as well as diatoms are highly sensitive to triclosan, although 
Lemna was less sensitive at tested concentrations.

SSRIs are also potent toxicants to a number of green algal species, 
although higher plants appear much less sensitive by at least an order of 
magnitude. Blue-green algae are highly sensitive to β-lactams, although 
green algae and higher plants are comparatively insensitive by an order of 
magnitude. Neither algae nor higher plants show a high degree of sensitivity 
to pharmaceutical belonging to the nonsteroidal antiinfl ammatory drug 
(NSAID), analgesic, antiepileptic, fi brate-type lipid regulator, β-blocker,
vasodilator, or antihyperglycemic therapeutic classes of pharmaceuticals, 
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which have no known receptors in plants. It is interesting to note, however, 
that in tests with chlorophytic algae (Desmodesmus subspicatus), and L.
minor exposed to clofi brinic acid (fi brate-type lipid regulator), carbamaze-
pine (an antiepileptic), diclofenac, naproxen, and ibuprofen (NSAIDs), 
captopril (antihypertensive), metformin (antidiabetic), propranolol, and 
metoprolol (β-blockers), Lemna was found to be the most sensitive test 
species in the majority of all tested compounds, with EC50 values ranging 
from 7.5 to >320 mg/L (Cleuvers 2003). Because blue-green and green algae 
as well as higher plants present receptors to a number of pharmaceuticals, 
particularly antibiotics, it is a reasonable postulate that differences in sen-
sitivity therefore lie in different metabolic potentials of these organisms. 
This suggestion has also been put forward with respect to the differential 
sensitivity demonstrated between algal species and higher plants exposed 
to a variety of herbicides.

Similar arrays in sensitivity can be seen in L. gibba and green algae 
treated with a number of herbicides, where receptors are known in both 
species, although the susceptibility varies markedly depending on the class 
(Fairchild et al. 1997; Mohammad et al. 2005). Fairchild et al. (1997) tested 
the comparative sensitivity of L. minor and S. capricornutum to 16 different 
herbicides and found that results were not always predictable in spite of 
obvious differences in herbicide mode of action and plant phylogeny 
(Fairchild et al. 1997). Both plant species were generally sensitive to tri-
azines (photosystem II inhibitors), sulfonureas (branched-chain amino 
acid inhibitors), pyridines (photosystem I inhibitors), dinitroaniline (micro-
tubule assembly inhibitors), and acetanilide (protein synthesis inhibitors), 
although Lemna was more sensitive to the sulfonureas and the pyridines 
than S. capricornutum, and S. capricornutum was more sensitive to one of 
two thiocarbamates (lipid synthesis inhibitor) and one of the triazines 
(Fairchild et al. 1997).

Similar departures in sensitivity of S. capricornutum and Lemna also 
occurred between chemicals within individual classes of the triazine, acet-
anilide, and thiocarbamate herbicides, which was suggested to be the result 
of differential abilities of the two species of plants to metabolize individual 
chemicals within herbicide classes, although the differences among these 
metabolic capabilities are not fully understood (Fairchild et al. 1997). Com-
parisons in sensitivity of fi ve species of aquatic higher plants and six species 
of algae to triazine and acetanilide herbicides indicated that green algae 
(Selenastrum, Chlorella, Chlamydomonas, and Scenedesmus) were typically 
more sensitive than the blue-green algae (Microcystis and Anabaena)
(Fairchild et al. 1998). Lemna was found to have intermediate sensitivity 
compared to Ceratophyllum, Najas, Elodea, and Myriophyllum and similar 
sensitivity compared to Selenastrum (Fairchild et al. 1998). Other studies 
have also shown similar trends. For example, treatment of eight sulfonyl-
urea herbicides to both Lemna sp. and P. subcapitata (S. capricornutum)
showed sensitivity ranging from 0.91 to 14.5 and 0.27 to >1,000µg/L,
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respectively, where Lemna spp. was more sensitive to fi ve compounds, 
P. subcapitata was more sensitive to one, and two compounds indicated 
similar sensitivity (Mohammad et al. 2005). Again, differences in sensitivity 
were suggested to result from different metabolic abilities of the species 
(Mohammad et al. 2005).

Many herbicides exert selectivity between different plant species by 
exploiting the different metabolic potentials of “weed” and “crop” species; 
for example, maize tolerance to triazine and chloroacetamide herbicides is 
attributed to rapid detoxifi cation by glutathione transferases (BPCP 2006). 
Metabolism in plants typically involves oxidation, reduction, and hydrolysis 
reactions by enzymes such as cytochrome P-450s (phase I) followed by 
conjugation and secondary conjugation to glucose, amino acids, and gluta-
thione (phase I and II) (Shimabukuro 1985). It is also interesting to note 
that the range of EC50 values obtained for investigations of the effects of 
herbicides on both higher plants and algae are highly similar to the range 
of pharmaceutical potencies demonstrated for the same species, suggesting 
similar arrays in metabolic potential and a herbicidal potential for a number 
of these compounds.

B. Enzymes Involved in Metabolizing Xenobiotics: 
Differences Among Species

Plants are equipped with a remarkably versatile system that protects them 
from the potentially phytotoxic actions of xenobiotics, although there is 
extraordinary diversity among species, where certain plants have a natural 
tolerance toward compounds that profoundly affect closely related species 
(Kreuz et al. 1996). Plants contain a multitude of enzymes that metabolize 
drugs, herbicides, and other xenobiotics to nonphytotoxic products, primar-
ily a family of enzymes known as cytochrome P-450s or monooxygenases, 
which are microsomal heme-thiolate proteins similar to those characterized 
in the endoplasmic reticulum of mammalian livers (Kreuz et al. 1996; 
Paquette et al. 2000). P-450s typically catalyze the primary step in the detoxi-
fi cation process, a metabolic attack through oxidation or hydrolysis, which 
usually serves to introduce a hydroxy, amino, or carboxylic acid functional 
group that is suitable for subsequent conjugation to an endogenous moiety; 
for example, sugars or thiols (GSH) facilitated by glucosyltransferases and 
glutathione S-tranferases (GSTs) (Kreuz et al. 1996). As described by Kreuz 
et al. (1996), the resulting conjugates are (a) generally inactive toward the 
initial target site; (b) more hydrophilic and less mobile in the plant than the 
parent herbicide; and (c) susceptible to further processing, which may include 
secondary conjugation, degradation, and compartmentation.

Cytochrome P-450s are present in all kingdoms, although in bacteria, 
they are soluble, whereas in eukaryotes they are membrane anchored 
(Paquette et al. 2000). In addition to their role in the detoxifi cation process, 
plant P-450s also participate in a myriad of biochemical pathways including 
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those devoted to the synthesis of plant products, such as phenylpropanoids, 
alkaloids, terpenoids, lipids, cyanogenic glycosides, and glucosinolates, and 
plant growth regulators, such as gibberellins, jasmonic acid, and brassino-
steroids (The Arabidopsis Genome Initiative 2000). However, the role of 
these endogenous enzymes in plants is generally poorly understood, and 
only a few dozen P-450 enzymes have been characterized to any extent (The 
Arabidopsis Genome Initiative 2000). In the superfamily of divergent genes 
that encode these proteins, 246 full-length, putatively functional P-450 
coding sequences represent approximately 1% of the Arabidopsis gene 
complement compared to a range of between 54 and 105 P-450s in the 
human, mouse, Takifugu rubripes, Anopheles gambiae, Drosophila melano-
gaster, Caenorhabditis elegans, Ciona intestinalis, and Ciona savignyige-
nomes genomes, representing approximately 0.1%–0.5% of each of these 
gene complements (Nelson et al. 2004a,b). As of 2004, 1,098 plant P-450s 
have been named, and projections suggest 10,500 P-450 sequences are 
needed to completely characterize the compliment of P-450 proteins in 
higher plants (Nelson et al. 2004a), indicating incredible diversity among 
the plant kingdom. Current research suggests that there are 10 clans (rec-
ognizable clusters of related P-450 families) in plants, where dicots contain 
9 families and monocots contain 10; 4 families have currently been identi-
fi ed in C. reinhardtii (Nelson et al. 2004a). The redundancy of P-450 families 
among plants suggests that species-specifi c variations account for the dif-
ferential potential for metabolizing xenobiotics.

Similar to P-450s, differences in the properties of GST isoenzymes also 
account for conspicuous species-specifi c differences in metabolism and 
hence for the vast differences in the susceptibility of different plant species 
toward certain herbicides (Kreuz et al. 1996), and, likely in the context of 
this review, pharmaceuticals. Striking similarities can be found between 
plants and animals in their detoxifi cation mechanisms with respect to the 
involvement of P-450s and conjugation of electrophilic substrates to GSH, 
although differences are observed for the other major conjugation step in 
that xenobiotics are often glucuronated in animals but glucosylated in 
plants (Kreuz et al. 1996).

VIII. Microcosm Investigations on Pharmaceutical Effects

A small number of microcosm studies have been conducted on pharm-
aceuticals both singularly and in combination. An investigation of a ternary 
mixture of ibuprofen (antiinfl ammatory), fl uoxetine (selective serotonin 
reuptake inhibitor), and ciprofl oxacin (antibiotic) indicated severe phyto-
toxicity to the aquatic macrophytes L. gibba, M. sibiricum, and Myriophyl-
lum spicatum at high (600, 1,000, and 1,000 µg/L) and growth inhibition in 
L. gibba at medium (6, 10, and 10 µg/L) concentrations (Richards et al. 
2003) when evaluated in 12,000-L microcosms. In the same systems, a subse-
quent eight-compound mixture (atorvastatin, acetaminophen, caffeine, sul-
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famethoxazole, carbamazepine, levofl oxacin, sertraline, and trimethoprim) 
was conducted at total (summed) molar concentrations of 0, 0.044, 0.608, 
2.664, and 24.538 µmol/L (n =  3). Phytotoxicity was demonstrated in both 
rooted and fl oating macrophytes with molar EC50s ranging from 4.6 to 
66.7µmol/L for 35-d exposures of M. sibiricum and 1.15 to 12.4 µmol/L for 
7-day exposures with L. gibba (Brain et al. 2004a). In subsequent laboratory 
tests with L. gibba, the phytotoxic agents in the mixture were found to be 
levofl oxacin, sulfamethoxazole, and atorvastatin (Brain et al. 2004a).

Indirect toxicity has been observed for a mixture of tetracycline antibiot-
ics (tetracycline, chlortetracycline, oxytetracycline, and doxycycline) con-
ducted in these facilities as well, where L. gibba was unaffected but M.
sibiricum experienced signifi cant concentration-dependent decreases in a 
number of endpoints, most likely mediated via reduction in light at the 
depths where these plants are found (Brain et al. 2005b). In the same study, 
phytoplankton abundance showed an initial decrease in the 0.218, 0.668, 
and 2.289 µmol/L treatments after 7 d; however, all treatments rebounded 
to levels above the controls after 35 d (Wilson et al. 2001). Also conducted 
at these facilities, a mixture of three SSRIs, fl uoxetine, fl uvoxamine, and 
sertraline were found to reduce total algal abundance and number of taxa 
by 50% at 601 and 1058 nM at 7 d (Johnson et al. 2006). However, after 35 d 
no differences were found for number of taxa, and the EC50 for algal abun-
dance increased to 1057 nM (Johnson et al. 2006).

IX. Pathway- and Receptor-Specifi c Endpoints in Risk Assessment

Pathway- or receptor-specifi c endpoints can be considered measurable 
stressor-induced variations in biochemical, physiological, and morphologi-
cal status of an organism, which is the working defi nition of a “biomarker” 
(Ernst and Peterson 1994; NRC 1987). In a risk assessment framework, it 
is useful to classify the various sublethal responses plants may exhibit fol-
lowing exposure to pharmaceuticals as biomarkers of exposure or biomark-
ers of effect (Stegeman et al. 1992). Biomarkers of exposure differ from 
biomarkers of effect in that these measures inform whether an organism 
has been exposed to contaminant (e.g., gene expression) but do not neces-
sarily allow for determination of whether the organism has been adversely 
affected. Biomarkers of effect (e.g., histopathology), however, are indicators 
of toxicity, especially when measures of an adverse effect can be linked to 
a physiologically and ecologically relevant endpoint (e.g., growth). Bio-
markers of exposure and effect have been successfully employed in a variety 
of retrospective ecological risk assessments (Suter et al. 2000); however, 
biomarker use in prospective risk assessment frameworks for pharmaceu-
ticals is lacking.

Measurable biological responses can range from effects at the molecular 
level, through to effects on the intact organism, to population, community 
structure, and, potentially, the structure and function of ecosystems (Peakall 
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1994). As one moves up this continuum, however, it becomes increasingly 
diffi cult to relate causation of effects (Peakall 1994). Currently, in ecotoxi-
cology of plants, the endpoints typically employed for risk assessment are 
largely gross acute endpoints such as growth rate and biomass measure-
ments (e.g., fresh weight) as well as visual symptoms such as chlorosis and 
necrosis (Davy et al. 2001). However, as Davy et al. (2001) point out, in 
plants toxicity is fi rst manifested at the biochemical level before effects are 
evident at the whole-organism level. These effects are typically more sensi-
tive to environmental stressors, although their relevance and relationship 
with gross parameters such as biomass are not always evident (Davy et al. 
2001). Ernst and Peterson (1994) suggest that biomarkers should be selected 
from the events of biochemical or physiological pathways, and the more 
specifi c the effect of an environmental stress on a metabolic process, the 
greater its diagnostic potential.

There are currently a number of biomarkers of exposure and effect 
that can indicate the type or even the nature of stress, including phase I 
and phase II detoxifi cation enzymes (e.g., cytochrome P-450 oxygenases 
and glutathione S-transferase multifunctional enzymes, respectively) 
(Pfl ugmacher et al. 2000; Roy et al. 1995), oxidative stress including produc-
tion of reactive oxygen species (ROS) (Akhtar et al. 2005; Babu et al. 2003; 
Xie et al. 2006), increased activity and levels of peroxidase and its isozymes 
as well as ascorbic acid and gluatathione (Byl and Klaine 1991; Lytle and 
Lytle 2001), chlorophyll fl uorescence (Marwood et al. 2001), fl avonoid 
production (Wilson et al. 2001), production of phenolic compounds (Ferrat 
et al. 2003), and heat shock proteins (Akhtar et al. 2005; Lewis et al. 1998, 
2001). However, pharmaceuticals are highly specifi c biologically active com-
pounds designed to effect or infl uence a particular biological process in a 
particular target organism or group of organisms. Therefore, it is more 
appropriate to assess the effects, and subsequently the risk, of these com-
pounds to plants by evaluating specifi c pathway or target endpoints, 
provided the pathway or receptor is present.

This approach requires an in-depth understanding of the mode of action 
in the target organism and the evolutionary context and premise for the 
presence of the associated pathway or receptor in the nontarget organism. 
An example of this has recently been demonstrated with statin-type blood 
lipid regulators in L. gibba, where measuring metabolites downstream 
(sterols) of the target enzyme (HMG-CoA reductase) provided a specifi c 
“biomarker” that showed sensitivity two to three times lower than fresh 
weight (Brain et al. 2006a). Another example of increased sensitivity and 
specifi city of pathway- or- receptor-specifi c responses has been demon-
strated with the herbicide isoxyfl utole, a carotenoid biosynthetic inhi-
bitor, where treatment of cucumber cotyledons with 5 mM isoxafl utole 
reduced metabolite (carotenoid) levels downstream of the target enzyme 
(p-hydroxyphenyl pyruvate dioxygenase) by nearly twice the proportion 
of fresh weight reduction (Kushwaha and Bhowmik 1999). Thus, for 
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pathway- or receptor-specifi c biomarkers to be useful, there must be a 
plausible biochemical, biological, and physiological premise for the effects, 
and the pathway- or receptor-specifi c response should directly relate to 
effects higher up on the continuum to the intact organism. In the case of 
statin-induced reduction of sterol concentrations, sterols perform a multi-
tude of critical functions in plants, providing a logical relatedness of effect 
to the morphological endpoints. Similarly, for isoxyfl utole, carotenoids are 
crucial for photosynthesis in plants, and reductions of this metabolite caused 
predictable ramifi cations at the morphological level.

In the context of pharmaceuticals and plants, a target- or pathway-
specifi c biomarker should be refl ected by effects at the morphological level 
and accompanied by a compelling biochemical rationale directly relating 
the two. Furthermore, highly specifi c biomarkers will only serve a greater 
utility if they increase the diagnostic resolution, provide mechanistic-based 
data, provide greater sensitivity than an associated morphological effect, 
are more specifi c to the stressor of interest, and, most importantly, if they 
are relevant. No single biochemical, physiological, or morphological end-
point is in and of itself practical and/or useful because effects must be 
related and assessed across a continuum of organization. These “alterna-
tive” testing endpoints are not considered in regulatory data submissions 
for pesticides, and it is considered an area that requires guidance and/or 
further research efforts before these endpoints can be utilized in aquatic 
assessment methods (Davy et al. 2001). However, in terms of the risk assess-
ment of both pharmaceuticals and pesticides, pathway- or target-specifi c 
endpoints should be considered for incorporation into both prospective and 
retrospective risk assessment approaches, provided the foregoing consider-
ations are established.

X. Risk

All toxicity data for pharmaceuticals in aquatic plants reported to date 
generally indicate that the risk of adverse effects from exposures at envi-
ronmentally relevant concentrations is generally low, although there are 
exceptions. Currently, risk assessments for pharmaceuticals typically rely on 
hazard or risk quotient (HQ or RQ) approaches, where a predicted envi-
ronmental concentration (PEC) or measured environmental concentration 
(MEC) is divided by a statistically derived toxicological benchmark con-
centration (NOEC or ECx value), usually under worst case circumstances. 
HQ or RQ ratios greater than 1 indicate potential hazard or “risk,” and 
values less than 1 indicate low potential hazard or risk. Under the USFDA 
guidance document for the environmental assessment of pharmaceuticals 
(FDA 1998), a PEC value of 0.10 µg/L is suggested (1.0 µg/L effl uent con-
centration threshold times 10-fold standard dilution factor), and tier 2 
assessments (acute ecotoxicity testing on a base set of aquatic organisms) 
suggest dividing the EC50 for the most sensitive organism by a factor of 100, 



102 R.A. Brain et al.

providing a HQ equation of 0.1 µg/L/EC50/100. When this equation is applied 
to the data in Tables 1 and 2, there are no instances of signifi cant hazard or 
risk for aquatic higher plants, although 12% of the toxicity values indicate 
a potential for hazard or risk for algae, largely blue-green algae exposed to 
antibiotics. Figures 2 and 3 show the hazard quotients by class of blue-green 
algae, green algae, and higher plants exposed to antibiotics and other phar-
maceuticals, respectively. Blue-green algae are consistently the most sensi-
tive, accounting for 80% of the HQ exceedence incidences, where M.
aeruginosa indicated potential risks from exposure to aminoglycoside, pleu-
romutilin, macrolide, β-lactam, quinolone, and tetracycline antibiotics and 
A. fl os-aquae indicated potential risks from exposure to triclosan. S. capri-
cornutum and S. subspicatus (species of green algae) also showed potential 
risks from exposure to triclosan, as well as one macrolide compound (clar-
ithromycin) in the case of S. capricornutum.

It is not surprising that blue-green algae display the greatest sensitivity 
across the spectrum of antibiotics because they are the most bacterial in 
nature with the most rudimentary barriers for uptake and metabolic capac-
ity. However, the general consensus from the conclusions of the referenced 
literature, from which the toxicity database was compiled, largely supports 
the conclusion of low risk, even when higher tier (microcosm) studies 
(Brain et al. 2004a, 2005a,b), probabilistic approaches and pathway/receptor 
specifi c endpoints are employed (Brain et al. 2006a,b). Notwithstanding the 
general trends, there does appear to be some legitimate concern with respect 
to certain antibiotics, largely to species of blue-green algae, particularly tri-
closan, which also poses potential risks to species of green algae (See Fig. 
2). The only other instance concerns the indirect effects of tetracycline on 
light penetration and submerged macrophytes, although assessed under the 
USFDA HQ paradigm outlined above, the HQ values are below 1.

A number of uncertainties need to be addressed with respect to the risk 
pharmaceuticals pose to aquatic plants. The toxicity data compiled in this 
review only encompass slightly more than 2% of the 4,500 active parent 
pharmaceutical compounds, although the dataset does represent most of 
the heavily prescribed and discharged pharmaceuticals, providing greater 
confi dence in the risk conclusions. There is also a great deal of uncertainty 
with respect to sublethal responses and whether pathway- or receptor-
mediated responses can be related to physiological effects while providing 
a more sensitive and specifi c indication of risk.

Summary

Pharmaceuticals are biologically active, ubiquitous, low-level contaminants 
that are continuously introduced into the environment from both human 
and veterinary applications at volumes comparable to total pesticide load-
ings. Recent analytical advances have made possible the detection of a 
number of these compounds in environmental samples, raising concerns 
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Fig. 2. Hazard quotients (HQs) calculated for blue-green algae, green algae, and 
higher plants exposed to antibiotics. The HQs were calculated as the ratio of the 
predicted environmental concentration (PEC: 0.10 µg/L) and the lowest EC50 value 
or lowest toxicity value available for each compound. The critical HQ of 1 is indi-
cated by a reference line.
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Fig. 3. Hazard quotients (HQs) calculated for blue-green algae, green algae and 
higher plants exposed to other pharmaceuticals. The HQs were calculated as the 
ratio of the predicted environmental concentration (PEC: 0.10 µg/L) and the lowest 
EC50 value or lowest toxicity value available for each compound.
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over potential nontarget effects to aquatic organisms, especially given the 
highly specifi c biologically active nature of these compounds. These con-
cerns become paramount when the evolutionary conservation of metabolic 
pathways and receptors is taken into consideration, particularly in the case 
of aquatic plants, where a great deal of homology is displayed between the 
chloroplast and bacteria, as well as between other metabolic pathways 
across multiple phyla of biological organization. Common receptors have 
been identifi ed in plants for a number of antibiotics affecting chloroplast 
replication (fl uoroquinolones) transcription and translation (tetracyclines 
macrolides, lincosamides, β-aminoglycosides, and pleuromutilins), meta-
bolic pathways such as folate biosynthesis (sulfonamides) and fatty acid 
biosynthesis (triclosan), as well as other classes of pharmaceuticals that 
affect sterol biosynthesis (statin-type blood lipid regulators). Toxicological 
investigations into the potency of these compounds indicates susceptibility 
across multiple plant species, although sensitivity to these compounds varies 
widely between blue-green algae, green algae, and higher plants in a rather 
inconsistent manner, except that Cyanobacteria are largely the most sensi-
tive to antibiotic compounds. This differential sensitivity is likely dependent 
on differences in metabolic potential as well as uptake kinetics, which has 
been demonstrated for a number of compounds from another class of bio-
logically active compounds, pesticides. The demonstration of conserved 
receptors and pathways in plants is not surprising, although it has been 
largely overlooked in the risk assessment process to date, which typically 
relies heavily on physiological and/or morphological endpoints for deriving 
toxicity data. However, a small number of studies have indicated that mea-
suring the response of a pathway- or receptor-specifi c target in conjunction 
with a physiological endpoint with direct relatedness can yield sublethal 
responses that are two to three times more sensitive that the traditional 
gross morphological endpoints typically employed in risk assessment. The 
risk assessment for this review was based almost entirely on evaluations of 
gross morphological endpoints, which generally indicated that the risk phar-
maceuticals pose to aquatic plants is generally low, with a few exceptions, 
particularly blue-green algae exposed to antibiotics, and both green and 
blue-green algae exposed to triclosan. It is critical to note, however, that 
the application of sublethal pathway or receptor-specifi c responses in risk 
assessment has largely been unconsidered, and future research is needed to 
elucidate whether evaluating the toxicity of pharmaceuticals using these 
endpoints provides a more sensitive, subtle, yet meaningful indication of 
toxicity than the traditional endpoints used in prospective and retrospective 
risk assessments for aquatic plants.
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I. Introduction

The quality of drinking water in the United States is among the best in the 
world; however, waterborne disease outbreaks continue to occur, and many 
more cases of endemic illness are estimated. Documented waterborne 
disease outbreaks are primarily the result of technological failures or failure 
to treat the water (Craun et al. 2006). Current federal regulations require 
that all surface waters used for a drinking water supply be treated to reduce 
the level of pathogens so as to reduce the risk of infection to 1 : 10,000 per 
year (Regli et al. 1991). To achieve this goal, water treatment must, at a 
minimum, reduce infectious viruses by 99.99% and protozoan parasites by 
99.9% (Regli et al. 2003). If Cryptosporidium concentrations exceed a 
certain level in the source water, additional reductions are required. This 
degree of treatment is usually achieved by a combination of physical pro-
cesses (coagulation, sedimentation, and fi ltration) and disinfection (chlori-
nation, ozonation). Filtration is essential for the removal of protozoan 
parasites due to their resistance to chlorination and ozonation at doses 
normally used in drinking water treatment (Barbeau et al. 2000; Korich et 
al. 1990; Rennecker et al. 1999). A variance from fi ltration is allowed in 
some cases if the watershed is protected and carefully monitored for pro-
tozoan pathogens.

Before fi nalization of the U.S. Environmental Protection Agency 
(USEPA) Ground Water Rule in November 2006, disinfection was not 
required for drinking water from groundwater sources if coliform bacteria 
were not detected, as long as the source water was not directly under 
the infl uence of surface water. The Groundwater Rule, however, requires 
all municipal groundwater sources to be disinfected, unless they meet 
certain monitoring and sanitary survey requirements by December 1, 2009 
(USEPA 2006a).

Despite the increase in source water treatment requirements in the U.S., 
with current and newly promulgated regulations, questions remain as to 
how much illness is caused by microorganisms in drinking water in the U.S. 
and what additional approaches may be used to further reduce this risk, 
especially to sensitive subpopulations who may be at greater risk of infec-
tion and more serious adverse health outcomes. The objective of this review 
is to assess current threats to the water supply in the U.S., provide estimates 
of total drinking water illness, and suggest approaches for risk reduction.

II. Population Impacts of Waterborne Pathogens

A pathogen is a microorganism capable of causing disease in a host. Rela-
tive to the microbial population on earth, only a small number are capable 
of causing disease in humans. Waterborne pathogens are excreted in the 
feces of humans and transmitted via ingestion. In contrast, water-based 
pathogens occur naturally in water and are usually not transmitted from 
person to person (e.g., Legionella spp.). This review primarily deals with 
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waterborne pathogens. Currently, more than 140 known microorganisms 
are recognized as waterborne pathogens.

Waterborne pathogens have emerged in importance for a number of 
reasons, including (1) an increase in the size of sensitive subpopulations; (2) 
recognition of the importance of additional health effects, including chronic 
sequelae; (3) an increase in the importation of foods from developing coun-
tries, where poor water quality plays a role in foodborne illness; (4) natural 
evolution of microbes with increased virulence; and (5) the use of molecular 
source tracking to improve methods for identifi cation of outbreaks and 
their sources.

In recent decades there has been a steady growth in the number of sensi-
tive populations, now thought to comprise 20%–25% of the total U.S. popu-
lation. Sensitive populations include the elderly, the very young, the 
chronically ill, recipients of immunosuppressive therapies, and pregnant 
women (Table 1). Studies show that these subpopulations are more likely 
to be infected and experience increased morbidity and mortality following 
exposure to microbial pathogens than the general population (Gerba et al. 
1996a; Nwachuku and Gerba 2006). Total diarrheal deaths in aged popula-
tions (>74 yr) are about 50% compared to less than 5% in those between 
the ages of 5 and 24 (Lew et al. 1991). Adenovirus infections have proved 
problematic for immunocompromised populations, in which a 60% and 
53% case-fatality rate is prevalent in bone marrow transplant and cancer 
patients, respectively (Table 2). In addition, Cryptosporidium is identifi ed 
in 2.2% of all diarrhea cases in developed countries compared to a 7% rate 
in children and 14% (range, of 6%–70%) in acquired immunodefi ciency 
syndrome (AIDS) patients (Chen et al. 2002).

Table 1. Sensitive Subpopulations in the United States.

Number Population

35,061,000 Persons >65a

20,186,469 Children <5b

18,200,000 Persons with diabetesc

15,000,000 Cancer patientsd

6,000,000 Pregnant womene

1,039,000 AIDS patientsf

123,120h Organ transplantsg

aVelkoff and DeBarros (2005).
bUS Census Bureau (2005).
cCDC (2005).
dJemal et al. (2005).
eAmerican Pregnancy Association (2006).
fGlynn and Rhodes (2005).
gUS Department of Health and Human Services (2005).
hFive-year total recipients, 2000–2004.
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Although diarrhea is the major symptom associated with waterborne 
pathogens, other chronic sequelae are possible (Parkin 2000). Chronic 
sequelae are diseases that develop in the days, weeks, or years after initial 
infection. Chronic sequelae, such as diabetes, heart disease, autoimmune 
disease, and cancer, can have a signifi cant impact on the individual’s quality 
of life and are sometimes related to infectious disease agents. In addition, 
exposure to some pathogens can lead to adverse effects on the endocrine 
system (i.e., Giardia lamblia is linked to hypothyroidism and coxsackievirus 
is linked to orchitis) (Lindsay 1997).

Globalization of commerce and travel contributes to the spread of water-
borne disease, as does the introduction of change in drinking water treat-
ment technology or food supply production. For example, efforts to address 
concerns over protozoan contamination of water and chlorine resistance 
have led to an increase in the use of ultraviolet light for compliance with 
water quality standards. An increased reliance on UV light treatment has 
subsequently raised concern over virus resistance, in particular, adenovirus 
(Nwachuku et al. 2005; Thurston-Enriquez et al. 2003). Therefore, changes 
in current applications must be carefully evaluated. Expansion of our food 
supply sources to include regions with deteriorated irrigation water quality 
and poor hygiene has been linked to foodborne outbreaks where water 
played a role in the transmission of disease. An example of this is the pro-
tozoan parasite Cyclospora caryentensis, which was imported into the U.S. 
on produce from developing countries (Mansfi eld and Gajadhar 2004).

Microbes are highly adaptable to environmental pressures and continue 
to evolve. The evolution of microbes can lead to a genetic reassortment that 
may increase the virulence of, or expand the host base for, that organism. A 
recent example of this is the severe acute respiratory syndrome (SARS) virus, 
which moves from the bat population to other animals and humans (Bennett 
2006). The development of molecular methods for pathogen detection and 
source tracking has aided in the monitoring of water supplies and identifying 
causative agents in outbreak situations. Cultural methods are often necessary 
for the determination of pathogen viability in water, but for some of the most 

Table 2. Case-fatality Rates among Immunocompromised Patients with Adenovirus 
Infection.

Patient group Overall % fatality Mean age of patients (yrs)

Bone marrow transplant 60 15.6
Liver transplant 53  2.0
Renal transplant 18 35.6
Cancer patients 53 25.0
AIDS patients 45 31.1

Source: Modifi ed from Hierholzer (1992).
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prevalent pathogenic microbes, laboratory methods for cultural detection 
have not been developed or standardized (i.e., noroviruses).

III. Agents of Waterborne Disease

Pathogens capable of causing waterborne or water-based illnesses include 
viruses, bacteria, and protozoa (Table 3). Also of concern in some geo-
graphical regions are helminths and blue-green algae. Since 1971, the 

Table 3. Agents of Waterborne or Water-based Disease.

Category Pathogen

Bacteria Vibrio cholerae
Salmonella spp.
Shigella spp.

 Toxigenic Escherichia coli
Campylobacter spp.
Yersinia enterocolitica
Plesiomonas shigelloides
Legionella
Helicobacter pylori

Protozoa Giardia lamblia
Cryptosporidium parvum
Entamoeba histolitica
Cyclospora cayetanensis
Isospora belli

 Microsporidia
Ballantidium coli
Toxoplasma gondii
Naegleria fowleri

Viruses Norovirus
 Sapprovirus
 Poliovirus
 Coxsackievirus
 Echovirus
 Paraechovirus
 Enteroviruses 69-91
 Reovirus
 Adenovirus
 Hepatitis A
 Hepatitis E
 Rotavirus
 Astrovirus
 Picobirnavirus
 Coronavirus
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Centers for Disease Control (CDC), USEPA, and other agencies have been 
collecting data regarding waterborne disease outbreaks in the U.S. From 
1971 to 2002 there have been 764 documented waterborne outbreaks asso-
ciated with drinking water, with 12% caused by chemicals, 14% by bacteria, 
19% by protozoa, and 8% by viral pathogens (Fig. 1). Nearly half of all 
documented waterborne outbreaks since 1971 were caused by an undeter-
mined etiology, i.e., acute gastrointestinal illness (AGI). The characteristics 
of these outbreaks of unknown AGI are often consistent with a viral etiol-
ogy, some of which are known to be nonculturable. Outbreaks during 
1971–2002 are known to have resulted in 575,457 cases of illness and 79 
deaths; however, the true impact of waterborne disease is estimated to be 
much higher. For example, Morris and Levin (1995) estimate that 7 million 
people become ill and more than 1,000 die each year as a result waterborne 
microbial infections.

A. Viruses

Viruses range from 0.01 to 0.1 µm in size, are obligate, intracellular parasites, 
and are capable of long-term survival in the water environment (weeks to 
months). Viruses of greatest concern in water, and their associative illnesses, 
include enteroviruses (diarrhea, meningitis, myocarditis, fever, respiratory 
disease, nervous system disorders, birth defects), hepatitis A virus (hepatitis, 
liver damage), noroviruses (diarrhea), astrovirus (diarrhea), adenovirus 
(diarrhea, respiratory disease, eye infections, heart disease), and rotavirus 
(diarrhea).

Viruses have the greatest infectivity, requiring the fewest number to 
cause infection, of all waterborne microorganisms, are excreted in the feces 

Viruses
8%

Bacteria
14%

Protozoa
19%

Chemicals
12%

Unknown AGI

47%

Fig. 1. Drinking water outbreaks by etiological agent, 1971–2002 (n =  764). AGI, 
acute gastrointestinal illness. (From Blackburn et al. 2004; Calderon 2004.)
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in the largest numbers (up to 1011/g), and generally have the longest survival 
in the environment; most only infect humans. They are not effi ciently 
removed by conventional fi ltration and are more resistant to disinfectants 
than bacteria. Because of their small size and ease of transport in the sub-
surface, viruses are of primary concern in groundwater. Viruses are known 
to be the causative agent in 8% of drinking water outbreaks reported in 
recent years (Fig. 2).

B. Bacteria

Bacteria are prokaryotic, single-celled organisms surrounded by a mem-
brane and cell wall, ranging in size from 0.1 to 10 µm. Enteric bacteria are 
able to colonize the human intestinal and gastrointestinal tract. Generally, 
enteric bacteria do not survive long in the environment, although some 
have resistant spores or can form dormant stages that aid in their survival. 
Waterborne outbreaks caused by enteric bacteria primarily occur because 
of failed or absent treatment processes. Examples of waterborne enteric 
bacteria include Salmonella (typhoid, diarrhea), Shigella (diarrhea), Cam-
pylobacter (diarrhea, nervous system disorders), Vibrio cholerae (diarrhea), 
and Escherichia coli (certain strains: diarrhea, hemorrhagic colitis). Legio-
nella (pneumonia, respiratory infections) is an important water-based bac-
teria, and reports of Legionella outbreaks have only recently been added 
to the CDC surveillance summaries; however, six water-associated out-
breaks were recorded in 2001–2002 (Blackburn et al. 2004). Non-Legionella
bacteria are known to have caused 17% of the waterborne outbreaks docu-
mented from 1991 to 2002 (see Fig. 2).

AGI
38%

Chemical
16%

Virus
8%

Parasite
21%

Bacteria
17%

Fig. 2. Waterborne outbreaks associated with drinking water by etiological agent, 
1991–2002 (n =  183). AGI, acute gastrointestinal illness. (From Barwick et al. 2000; 
Blackburn et al. 2004; CDC 1993; Kramer et al. 1996; Lee et al. 2002; Levy et al. 
1998.)
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Helicobacter pylori is a bacterium that has recently been recognized as 
the primary cause of duodenal (90%) and gastric ulcers (80%) (CDC 2001). 
It is considered a class A carcinogen, meaning that infections can lead to 
gastric cancer, the second most common cancer worldwide. Although the 
disease contribution related to the waterborne route of exposure is uncer-
tain, studies have found 10%–60% of individual groundwater wells con-
taminated with H. pylori (Park et al. 2001).

C. Protozoa

Protozoan parasites are single-celled animals that live in the gastrointesti-
nal tract of infected individuals. They range in size from 1 to 100 µm and 
produce an environmentally stable cyst or oocyst stage. The thick cyst or 
oocyst walls are highly resistant to disinfectants used in conventional water 
treatment. Crytosporidium and Giardia lamblia, both causing diarrhea, 
are the primary protozoa of concern with regard to water quality in the 
U.S. Cyclospora caryentensis is another parasite that has been linked to 
a possible waterborne outbreak in the U.S. (Mansfi eld and Gajadhar 2004). 
Naegleria fowleri is a water-based pathogen of primary concern because of 
a high fatality rate in diagnosed cases. Two deaths occurred in an outbreak 
of Naegleria in 2002 (Blackburn et al. 2004). Overall, protozoa caused 21% 
of drinking water outbreaks from 1991 to 2002 (see Fig. 2).

IV. Drinking Water Outbreaks

During the most recent 12-yr survey of waterborne disease (1991–2002), 
there were 183 documented outbreaks associated with drinking water. Most 
(76%) were from a groundwater source, with 18% linked to surface water 
systems (Fig. 3).

Public noncommunity systems, including nontransient noncommunity 
water systems (NTNCWS) serving water to at least 25 of the same people 
at least 6 mon/yr, but not year round (i.e., schools, hospitals, and offi ces with 
their own water systems), and transient noncommunity water systems 
(TNCWS), serving persons who do not remain for long time periods (i.e., 
campgrounds, gas stations, etc.), collectively caused 39% of drinking water-
associated outbreaks from 1991 to 2002, followed by public community 
water systems (CWS) serving the same population year round (36%) and 
individual systems (25%) (Fig. 4). Approximately 264 million people in the 
U.S. are served by a CWS, with 19.8 million served by a noncommunity 
water source (12.9 million by a TNCWS and 6.9 million by a NTNCWS) in 
the U.S.

Although a drinking water outbreak was more likely to occur in a non-
community supply utilizing a groundwater source, outbreaks involving the 
greatest number of individuals exposed occurred in CWS from a surface 
water source (Table 4).
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Groundwater

76%

Surface water 

18%

Mixed

1%

Other*

5%

Fig. 3. Documented disease outbreaks associated with drinking water by source, 
1991–2002 (n =  183). (From Barwick et al. 2000; Blackburn et al. 2004; CDC 1993; 
Kramer et al. 1996; Lee et al. 2002; Levy et al. 1998.)

Community
36%

Noncommunity
39%

Individual
25%

Fig. 4. Documented disease outbreaks associated with drinking water by system 
type, 1991–2002 (n =  183). (From Barwick et al. 2000; Blackburn et al. 2004; CDC 
1993; Kramer et al. 1996; Lee et al. 2002; Levy et al. 1998.)
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In the most recently published survey period (2001–2002), 23 of 25 (92%) 
outbreaks associated with drinking water were from a groundwater source, 
and 9 (39%) of these were associated with individual homeowner systems 
not regulated by the USEPA (Blackburn et al. 2004).

V. Sources of Microbial Contamination

Regarding pathogen exposure, contamination is not evenly distributed but 
rather affected by the number of pathogens in the source water, the age of 
the distribution system, the quality of the delivered water, and climatic 
events that can tax the treatment plant operations. Because it is not practi-
cal to monitor water supplies in real time and at the point-of-use for all 
groups of pathogens, episodic contamination events are diffi cult to predict 
or identify. From 1991 to 2002, the majority of outbreaks occurred because 
of a lack of treatment (primarily groundwater) or a treatment failure 
(Fig. 5). Efforts to control microbial contamination in drinking water are 
focused at four primary sites: (1) the source water, (2) treatment plant, 
(3) distribution system, and (4) point-of-use. Source water protection is the 
fi rst step in control of the water quality.

A. Source Water

All surface waters, no matter how pristine, contain waterborne pathogens, 
because most of the signifi cant waterborne pathogens are zoonoses, meaning 
they can be transmitted to humans from animals. Birds are a signifi cant 
source of Campylobacter, as cattle are of Cryptosporidium. The more animal 
husbandry taking place near a watershed, the greater the concentration of 
zoonotic waterborne agents that can be expected in the water (Cox et al. 
2005). Sewage discharges can also be a source of pathogens, even though 
they may be disinfected. Although chlorination is effective in reducing 

Table 4. Illness Cases Associated with Drinking Water Outbreaks, 1991–2002.

 Illness cases

Source type Community Individual Noncommunity Total

Groundwater   3,967 364 9,468    13,817
Surface water 415,420  65    304 415,789
 Mixed   3,013   0      0   3,013
 Other      0 288      0      288

Total 422,400 717 9,790 432,907

Source: Barwick et al. (2000); Blackburn et al. (2004); CDC (1993); Kramer et al. (1996); 
Lee et al. (2002); Levy et al. (1998).
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the number of bacterial pathogens, it has little effect on protozoan para-
sites and limited effectiveness on viral pathogens, as normally practiced 
(Fallacara et al. 2004). Giardia is more abundant in sewage discharges 
than Cryptosporidium (Smith and Grimason 2003). With the exception of 
hepatitis E virus, enteric viruses are not zoonotic and only originate from 
sewage sources, i.e., sewage treatment plants, combined sewer overfl ows, 
and septic tanks.

The occurrence of enteric pathogens in surface waters is highly variable, 
depending heavily on rainfall events. The elevated concentrations of patho-
gens after such events can pose a major challenge to water treatment plants. 
Extreme rainfall events and waterborne disease outbreaks from drinking 
water have been positively correlated in both the U.S. and Canada 
(Curriero et al. 2001; Thomas et al. 2006).

In contrast to surface waters, groundwater supplies were historically 
thought to be free of pathogenic microbes for reasons of the natural fi lter-
ing ability of the subsurface environment and distance a microbe would 
have to travel to reach the groundwater source. Microbial contaminants 
that fi nd their way into groundwater may originate as a result of lack of 
wastewater treatment or improper management of wastewater disposal, 
septic tank contamination, underground storage tank or landfi ll leaks, mis-
management of animal waste disposal, shallow wells, etc. Improved surveil-
lance using molecular and cultural detection methods has led to increased 
evidence of human enteric viruses and other potentially harmful microbes 
in groundwater. Private groundwater wells are a concern because they are 
rarely, if ever, monitored and treated.

Untreated surface
water (1%) 

Untreated ground 
water (32%) 

Treatment
deficiency (32%)

Distribution
system (23%) 

Unknown
(12%)

Fig. 5. Documented disease outbreaks associated with drinking water by defi ciency, 
1991–2002 (n =  183). (From Barwick et al. 2000; Blackburn et al. 2004; CDC 1993; 
Kramer et al. 1996; Lee et al. 2002; Levy et al. 1998.)
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B. Treatment

Much attention has been focused on enhancing current treatment processes 
to eliminate pathogens that are resistant to conventional water treatment, 
i.e., fi ltration for Cryptosporidium, and to expand treatment recommenda-
tions to source waters that were previously considered protected from 
harmful microbes, i.e., protected surface waters and groundwater. Popula-
tions are still at risk of pathogen exposure partly because of lack of treat-
ment, i.e., no fi ltration of large municipal water supplies, such as New York 
and Boston, and currently no disinfection of municipal groundwater sup-
plies. In addition, individual homeowners with private wells are at risk 
where contamination events would go largely unnoticed due to a lack of 
monitoring and reporting.

Even in the event of administering multibarrier treatment processes, it 
is not possible to remove 100% of the pathogens from the source water 
100% of the time (Haas and Trussell 1998). Table 5 shows the documented 
frequency of various contamination events in a surface drinking water treat-
ment system in Sweden, including treatment failures and distribution system 
contamination. Quantitative microbial risk assessment suggests that, 
depending on the original raw water quality, such events could cause serious 
health consequences (Westrell et al. 2003).

C. Distribution System

Even water that is adequately protected and treated is subject to pathogens 
entering the distribution system. From 1971 to 2002 there were 133 (17% 
of all outbreaks) documented waterborne outbreaks in the U.S. linked to 
distribution system contamination (Barwick et al. 2000; Blackburn et al. 
2004; CDC 1993; Kramer et al. 1996; Lee et al. 2002; Levy et al. 1998). Pre-
liminary data from the 2003–2004 survey period indicate that 38% of the 

Table 5. Frequency and Duration of Pathogen Contamination Events in a Surface 
Drinking Water System.

Type of incident Frequencya Duration (hr/incident)

Suboptimal treatment:
 Wrong coagulant dosage  6  0.6
 Filter operation 60  5
Chlorination failure  2  0.4
Pipe contamination:
 Cross-connection  0.00016  3 d
 Main line  0.021 14 d

aPer 1,000,000 persons/y.
Source: Westrell et al. (2003).
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reported outbreaks associated with drinking water systems were also asso-
ciated with distribution systems (NRC 2006; Liang et al. 2006).

Municipal Distribution Systems

During the most recently published survey period (2001–2002), 5 of 25 
(20%) of the documented waterborne outbreaks were associated with 
drinking water distribution system defi ciencies and, of the 7 outbreaks 
reported involving community water systems, 4 (57.1%) were linked to 
distribution system problems (Blackburn et al. 2004). Although the overall 
number of reported outbreaks associated with community water systems 
has decreased in the last decade, the proportion of outbreaks associated 
with distribution systems has increased (Fig. 6). The reduction in total 
waterborne outbreaks is largely attributed to the promulgation of numer-
ous regulations by the USEPA, including the surface water treatment rule, 
primarily aimed at reducing the risks of waterborne protozoa and improv-
ing water treatment (Pierson et al. 2001; Blackburn et al. 2004), but the 
current regulatory requirements do not appear to reduce the proportion of 
outbreaks associated with distribution systems.

The distribution system includes both the pumping, piping, and storage 
networks that deliver fi nished water to end users. There are approximately 
1 million miles of distribution system networks in the U.S. and an estimated 
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Fig. 6. Waterborne disease outbreaks in community water systems (CWS) associ-
ated with distribution system defi ciencies. (Modifi ed from NRC 2006.)
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154,000 fi nished water storage facilities, with more than 13,000 miles of new 
pipes installed each year (AWWA 2003; Grigg 2005; Kirmeyer et al. 1994). 
In a 2005 report on the nation’s infrastructure, the USEPA acknowledged 
the need for signifi cant investment in installing, upgrading, or replacing 
infrastructure for delivering and storing drinking water at an estimated 
20-yr cost of $208.4 billion (USEPA 2001, 2004). In the U.S. there is a wide 
range of distribution pipe age and materials with varying life expectancies. 
Pipes in the U.S. are replaced at an average rate of once every 200 yr (Grigg 
2005); however, the life expectancies range from 75 to 120 yr (AWWA 2001; 
AWWSC 2002). Approximately 26% of the distribution pipes in the U.S. 
are in poor condition, and the annual number of documented main breaks 
has signifi cantly increased from about 250 in 1970 to 2,200 in 1989 (AWWSC 
2002). It is estimated that even well-run water distribution systems experi-
ence about 25–30 breaks per 100 miles of piping/yr (Deb et al. 1995). Using 
a value of 27 main breaks/100 miles/yr, Kirmeyer et al. (1994) estimated 
237,000 main breaks/yr in the U.S.; however, variation between utilities is 
considerable. Haas (1999) reported results from a survey of water systems 
that showed a range of average main breaks of 488/yr for systems serving 
more than 500,000 people, to 1.33/yr for systems serving fewer than 500 
people. The public health signifi cance of these breaks in the distribution 
system is not currently known.

Maintaining the hydraulic integrity (positive pressure) of water distribu-
tion is important given that insuffi cient pressure has led to disease epidem-
ics worldwide (reviewed in Lee and Schwab 2005). Negative hydraulic 
pressure creates a backfl ow of nonpotable water into the potable water 
supply via back-siphonage, where signifi cant pressure drops siphon con-
taminants into the system at cross-connections or leakage points, or back-
pressure from pressures in the system that exceed the supply pressure 
(Herrick 1997). Even minor pressure fl uctuations create back-siphonage 
where intrusion rates are estimated at >1 gpm (LeChevallier et al. 2003a). 
During power outages, up to 90% of nodes have been shown to draw a 
negative pressure (LeChevallier et al. 2003b).

A survey of 26 water utilities in the U.S. found that the percent of leakage 
(unaccounted-for water) ranged from <10% to as high as 32% (Kirmeyer 
et al. 2001). Water systems commonly lose >10% of the total water produced 
through leaks in the pipelines (AWWA and AWWARF 1992). At least 20% 
of distribution mains are reported to be below the water table, but it is 
assumed that all systems have some pipe below the water table for some 
time throughout the year, thus providing an opportunity for intrusion of 
exterior water under low or negative pressure conditions (LeChevallier 
et al. 2003b). In addition, pipes buried in soil are subject to contamination 
with fecal indicators and pathogens from the surrounding environment 
(Karim et al. 2003; Kirmeyer et al. 2001). A survey of water utilities in North 
America found that 28.8% of cross-connections resulted in bacterial 
contamination (Lee et al. 2003). Negative hydraulic pressure can draw 
pathogens from the surrounding environment into the water supply where 
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residual disinfection effi cacy is uncertain and variable, depending on the 
magnitude of such events (Gadgil 1998; Haas et al. 1998; Trussell 1999). 
Little is known about the extensiveness of distribution system inadequacies 
and whether they are sporadic or continuously occurring (Lee and Schwab 
2005), but outbreaks have been documented following external contamina-
tion in the distribution system despite the presence or requirement of 
residual disinfectant (Craun and Calderon 2001; Levy et al. 1998).

Decline in residual disinfectant is related to many factors, including the 
distance traveled, water fl ow velocity, residence time, age and material of 
pipes, and water pressure (Egorov et al. 2002). Although residual chlorine 
is present in the distribution system of treated water, the levels do not 
provide signifi cant inactivation of pathogens in intrusion events (Payment 
1999; Snead et al. 1980). More recent modeling studies have evaluated intru-
sion events at specifi c locations, with consideration to mixing, contact 
time, and other distribution system variables, before consumption. Under 
these realistic exposure scenarios, monochloramine disinfectants performed 
poorly against Giardia and Escherichia coli. Typical concentrations of chlo-
rine residual (0.5 mg/L) inactivated E. coli in simulated sewage intrusion 
events but were again ineffective for Giardia (Baribeau et al. 2005; Propato 
and Uber 2004). Intentional contamination events in the distribution system 
are also a concern where public water supplies are potentially vulnerable 
to bioterrorism threats.

According to a Centers for Disease Control (CDC) survey, cross-
connections and back-siphonage caused the majority (51%) of outbreaks 
linked to the distribution system from 1971 to 2000, followed by water main 
contamination (a collective 33%) and contamination of storage facilities 
(16%) (Fig. 7). Data compiled by the USEPA indicate that only a small 
percentage of contamination from cross-connections and back-siphonage 
are actually reported and that the CDC data underreports known instances 
of illnesses caused by backfl ow contamination events. For example, from 
1981 to 1998, only 97 of 309 (31%) documented incidents were reported to 
public health authorities (USEPA 2002). Of the 97 reported incidences, 
75 (77%) reported illnesses (4,416 estimated cases); however, only 26 (27%) 
appear in the CDC summaries of waterborne disease outbreaks.

Water quality may degrade in treated water storage facilities because of 
loss of disinfectant residual, increased temperature, and external contami-
nation from birds, insects, animals, wind, rain, algae, etc. Storage tanks are 
particularly vulnerable to contamination in the absence, or failure, of a 
protective cover or barrier, open hatches, and vents; however, birds have 
been known to contaminate even covered public water supply distribution 
storage tanks (AWWA and EES 2002; Clark et al. 1996).

Home Distribution Systems

Bacterial colonization of pipes, connections, and faucets positioned 
along the channels of drinking water distribution, including the utility’s 
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distribution system, the homeowner’s premise plumbing, and fi xtures in the 
home is well documented. Pepper et al. (2004) found that the bacteriologi-
cal quality of water signifi cantly deteriorates in the home plumbing relative 
to the distribution system, as evidenced by survey of heterotrophic plate 
count (HPC) bacteria (Table 6). Stagnant water in premise plumbing pro-
vides an environment where bacteria can grow to values several orders of 
magnitude higher than in the municipal distribution system (Edwards et al. 
2005). Although HPC bacteria in drinking water is not considered a direct 
health risk (WHO/NSF 2003), opportunistic pathogens such as Legionella
and Mycobacterium are associated with human disease and have been 
found in premise plumbing biofi lms (Flannery et al. 2006; Pryor et al. 2004; 
Thomas et al. 2006; Tobin-D’Angelo et al. 2004; Vacrewijck et al. 2005). 

5% 1%

51%

9%

8%

10%

16% Contamination of mains during
construction, repair or flushing

Water main and sewer in same trench
or inadaquately separated

Cross-connection or back-siphonage

Broken or leaking water mains

Contamination of service lines or
household plumbing

Corrosion

Contamination during storage

Table 6. Tracking Deteriorating Water Quality to the 
Tap.

Sample site HPC (cfu/mL)

Groundwater source     1–10
Distribution system    10–100
Household tap 1,000–1,000,000

Source: Pepper et al. (2004).

Fig. 7. Waterborne outbreaks caused by distribution system defi ciencies, 1971–2000 
(n =  120). (From Calderon 2004.)
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Since 2001, Legionella outbreaks have been documented in the CDC 
surveillance summaries of waterborne disease and comprise a signifi cant 
portion of drinking water outbreaks (19% in 2001–2002). All six of the 
documented Legionella outbreaks in 2001–2002 were related to regrowth 
of Legionella in the distribution systems of large buildings or institutions 
(Blackburn et al. 2004).

VI. Geographical Distribution of Reported Violations

Predicting the most at-risk populations based on geographical distribution 
is diffi cult for reasons of the relative signifi cance of source water type and 
quality, treatment plant reliability, climatic events, distribution system integ-
rity, reporting bias, and other factors. The Safe Drinking Water Information 
System provides data on CWS reporting health based violations of the 
National Primary Drinking Water Regulations (NPDWRs). The NPDWRs 
are legally enforceable standards that apply to public water systems subject 
to inorganic, organic, radionuclide, microbial, or other health-effecting con-
taminants. These primary standards set maximum contaminant levels 
(MCLs), the maximum permissible level of a contaminant in water deliv-
ered to any user of a public water system. In fi scal year 2003, 3,986 CWS 
(8% of total systems reporting) serving 24.4 million people (9% of the 
population) delivered drinking water in violation of at least one of the 
health-based standards (Fig. 8). Although about half of these violations 

0-6% of systems 

6-11% of systems 

11+% of systems 

Fig. 8. Reported community water systems violating maximum contaminant levels 
or treatment standards in FY 2002. (From USEPA 2004.)
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were the result of monitoring and reporting errors, the top two reported 
violations were under the category of the total coliform rule (9,056 reported 
violations) and the surface water treatment rule (1,747 reported violations). 
U.S. commonwealths and territories (i.e., American Samoa, Puerto Rico, 
U.S. Virgin Islands) were documented with an average of 44% of CWS 
reporting health-based violations, potentially impacting 71% of the popula-
tion (USEPA 2004). Most of the U.S. population receives water from 
a CWS. Although there are 54,064 community water systems, serving 
a total of 263.9 million people, just 7% serve 81% of the population 
(USEPA 2006b).

VII. Evidence of Groundwater Vulnerability

Community water systems have more groundwater than surface water 
sources, but more people drink from a surface water system. A reported 
11,403 systems, serving 178.1 million people, relied on surface water com-
pared to 42,661 systems, serving 85.9 million people, reliant upon ground-
water sources (USEPA 2006b). States with groundwater sources serving the 
greatest number of individuals are diagramed in Fig. 9. Before the newly 
promulgated Ground Water Rule (USEPA 2006), utilities with a ground-
water source were not required to disinfect the water supply and many 
small communities and individual homeowners continue to consume 
untreated groundwater. Several national surveys have documented evi-
dence of viruses in groundwater (Table 7). The newly promulgated Ground 
Water Rule applies to more than 147,000 public water systems and more 

5.6M (8.9K) 

6.7M (5.4K)

3.4M (5.1K) 

3.3M (4.9K)

10.7M (6.5K) 

14.2M (6.3K) 

Fig. 9. States with the highest populations served by groundwater. (From USEPA 
2004.)
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than 100 million consumers, utilizing municipal groundwater sources. The 
rule requires that sanitary surveys be conducted by December 31, 2012, for 
most CWS and by 2014 for CWS with outstanding performance and for all 
noncommunity water systems, to help identify defi ciencies that may lead to 
impaired water quality. Source water monitoring for indicator microbes, 
corrective actions for systems with signifi cant defi ciencies or source water 
fecal contamination, and compliance monitoring are further required. The 
USEPA estimates that the Ground Water Rule will reduce waterborne viral 
illnesses by approximately 42,000 cases each year, a 23% reduction from 
the current baseline estimate.

One survey of 448 utility wells in 35 states, using molecular methods 
of detection (reverse transcriptase-polymerase chain reaction, RT-PCR), 
found evidence of enteric viruses, including enterovirus, rotavirus, and 
hepatitis A RNA, in approximately 32% of groundwater supplies 
(Abbaszadegan et al. 2003). Molecular methods for virus detection do not 
determine viability, and thus the public health signifi cance of these results 
is not known, but the presence of viral RNA in groundwater suggests a 
potential for exposure and adverse health risks.

An additional survey of 321 samples from 29 U.S. utility wells, collected 
over 1 yr, detected human enteric viruses including enterovirus, reovirus, 
norovirus, and hepatitis A virus in 72% of the sites and 16% of the samples 
using RT-PCR (Fout et al. 2003). Similarly, 50% of samples from 48 midwest 
utility wells tested positive for human viruses (Borchardt et al. 2004). In the 
latter study, three samples were found positive for culturable hepatitis 
A virus. Another study of 50 private homeowner wells found enteric viruses 
in 8% of the samples collected (Borchardt et al. 2003a). In addition to human 
viruses, protozoan parasites have been documented in groundwater. Of 199 
groundwater samples surveyed, 5% of vertical wells, 20% of springs, 50% 
of infi ltration galleries, and 45% of horizontal wells tested positive for 
Cryptosporidium oocysts, calling for a reevaluation of the notion that ground-
water is inherently free of protozoan parasites (Hancock et al. 1998).

Helicobacter pylori has been found in biofi lms of water distribution 
systems (Park et al. 2001) and individual groundwater wells. Epidemiological 

Table 7. Evidence of Enteric Virus Contamination in U.S. Groundwater Wells.

Sample description Virus positive Source

448 utility wells, 35 states 32% enteric virus Abbaszadegan et al. (2003)
50 homeowner wells 8% enteric virus Borchardt et al. (2003a)
29 utility wells 16% enteric virus Fout et al. (2003)
48 midwest utility wells 42% enterovirus Borchardt et al. (2004)

6% norovirus group 1
211 Californian utility wells 10% enterovirus Yates (unpublished, 2004)
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studies in Germany have linked infection in children with drinking untreated 
well water serving individual homes (Herbarth et al. 2001), as did a study in 
West Virginia linking contaminated homeowner wells (Elitsur et al. 1998). 
Studies of groundwater quality have implicated an association with septic 
systems and disease. Borchardt et al. (2003b) found that viral diarrhea in 
children from 14 contiguous zip codes in Wisconsin positively correlated 
with septic tank density. Water holding tanks and bacterial diarrhea were 
also positively correlated. Raina et al. (1999) showed E. coli in well water 
was correlated to diarrhea in rural families. The closer the septic system 
was in proximity to the drinking water well, the greater the incidence of 
disease. Overall, 46% of wells were contaminated if the septic system was 
within 20 m.

VIII. Estimating Waterborne Disease risk in the United States

Variable approaches have been used to estimate gastrointestinal illness 
from waterborne pathogens including epidemiological studies and expo-
sure analysis. Information is lacking, however, regarding risk estimates con-
sidering gastroenteritis and other illnesses related to microbial contaminants 
in drinking water.

A. Estimates of Gastroenteritis from Epidemiological Studies

Estimating the incidence of endemic acute gastrointestinal illness attribut-
able to drinking water has been approached using information obtained 
from household intervention trials (Colford et al. 2002, 2005; Hellard et al. 
2001; Payment et al. 1991, 1997). Determining the illness attributable to 
drinking water involves estimating the baseline of gastrointestinal illness 
within communities, and such information can be useful when conducting 
quantitative microbial risk assessments of drinking water quality. The 
household intervention trials conducted in the research investigations cited 
above are types of epidemiological studies that involve randomly designat-
ing one group of households as the “intervention group” where household 
members utilize drinking water obtained via an in-home treatment system 
and then having another group of households use water directly from their 
tap or through a fake device that provides no additional water treatment. 
In the latter situation, the study is blinded, meaning that neither group 
knows during the study whether their in-home device is actually providing 
treatment.

Such household intervention trials have been conducted in the U.S., 
Canada, and Australia. Table 8 lists and highlights various aspects of these 
studies. For all these trials, the human health outcome of interest was gas-
trointestinal illness, with some variation regarding the specifi c symptoms in 
defi ning that outcome. All participants were immunocompetent individuals 
who kept health diaries throughout the study to record symptoms related 
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to gastrointestinal illnesses. The source (surface) waters were reported to 
have varying levels of microbial contamination.

Payment et al. (1991) were fi rst to conduct a household intervention trial 
addressing (gastrointestinal) illness attributable to drinking tap water. The 
tap water met both Canadian and U.S. regulations, but the source water was 
subject to contamination from sewage. The limitation of this study is that it 
was not blinded, so those persons drinking tap water (therefore no treat-
ment device) may have been more inclined to report poorer health symp-
toms. An overall conclusion from this study is that an estimated 35% of 
the gastrointestinal illnesses occurring within the tap water group may be 
attributable to their drinking water.

Payment et al. (1997) conducted a follow-up study to address the results 
from their previous study (Payment et al. 1991). A goal of this investigation 
was to evaluate the role of distribution system water quality in gastrointes-
tinal incidence, which resulted in a study design involving four groups of 
participants: a tap water group and a bottled purifi ed water group (to 
address those exposed and unexposed, respectively), and a plant bottled 
water group and a tap water group using a purge valve (to address distribu-
tion system water quality). The attributable risk percent ranged from 3% 
for the bottled plant water group (rate of illness for this group is the same 
as for those drinking the bottled purifi ed water), to 12% for the tap water 
group, to 17% for those in the tap water group with a purge valve. The 
investigators concluded that the excess number of gastrointestinal illnesses 
observed in the fi rst study may not have been associated with surface water 
contamination but rather was associated with contamination within the 
distribution system because the rate of illness of the bottled plant water 
group was similar to those drinking bottled purifi ed water. A limitation, 
however, is that about half the participants in the bottled plant water group 
dropped out during the course of the study. In addition, as with their previ-
ous study (Payment et al. 1991), this study was also unblinded.

Hellard et al. (2001) designed the fi rst blinded household intervention 
study, which was conducted in Australia. Some participants used a water 
treatment device that involved an ultraviolet application and fi ltration 
while others were given a fake (no treatment) device. As with the Payment 
et al. studies (1991, 1997), participants recorded gastrointestinal illness 
symptoms in diaries, although this study used a slightly more strict defi ni-
tion of gastrointestinal illness. Participants were followed for more than 1 yr, 
another strength of the study besides the blinding of participants, and the 
investigators observed similar rates of illness of the participants using the 
fake device as those using the water treatment device.

Colford et al. (2002, 2005) conducted two household intervention trials 
in the U.S. Their fi rst study was designed as a pilot to obtain information 
regarding the practicality of a study design to include blinding of partici-
pants. The investigators utilized a blinding index (James et al. 1996), 
which led to the conclusion that the study they designed could incorporate 
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effective participant blinding. The investigators observed an attributable 
risk of 0.85 and concluded that 24% of the gastrointestinal illnesses could 
be attributable to tap water.

The goal of the Colford et al. (2005) follow-up study was to determine 
if water treatment at the tap could reduce the number of gastrointestinal 
illnesses. Again, the investigators used a blinding approach, and participants 
recorded gastrointestinal health symptoms in diaries. The investigators 
observed no difference in the rate of illness between those participants 
using the fake device and those using the treatment device. The authors 
offered the explanation that perhaps their study owed this conclusion to 
successful water treatment practices and a well-maintained water distri-
bution system. In addition, it was recognized that water consumption by 
the participants outside the home may have had some effect on the 
study results.

Colford et al. (2006) reviewed the household intervention trials described 
above as well as presenting an approach for estimating the occurrence of 
acute gastrointestinal illness in the U.S. that can be attributable to drinking 
water. Their proposed approach considers the following: (a) the estimated 
incidence of acute gastrointestinal illness in the U.S. of 0.65 episodes per 
person-year based on data collected from the Foodborne Diseases Active 
Surveillance Network (FoodNet) (Hawkins et al. 2002; Jones et al., 2007); 
(b) the attributable risks determined from the household intervention trials 
(median attributable risk of 0.08 and a median attributable risk percent of 
12%); (c) the proportion of risks of acute gastrointestinal illness associated 
with source water and/or water treatment quality; (d) the number of people 
in the U.S. served by community water systems and consuming drinking 
water from surface water sources and groundwater sources; and (e) the 
number of people in the U.S. served by community water systems that are 
known to have either poor quality source water or poor water treatment.

Based on considerations just listed and various assumptions, Colford 
et al. (2006) estimated that as many as 11.69 million cases of acute gastro-
intestinal illness, occurring each year, may be attributable to drinking tap 
water in the U.S. Assumptions include the applicability of the attributable 
risk percent estimates from the household intervention trials to the entire 
U.S. population. In addition, the authors created scenarios assuming differ-
ent risk levels associated with either poor source water quality/poor water 
treatment or problems with quality within a distribution system. The latter 
resulted in the 11.69 million cases of acute gastrointestinal illnesses/yr esti-
mation and a lower estimate of 4.26 million cases/yr associated with poor 
source water quality/poor water treatment (Colford et al. 2006). The authors 
emphasize that the primary purpose of their estimation of acute gastroin-
testinal illness incidence attributable to drinking tap water in the U.S. is to 
demonstrate a methodology that can be improved upon with more data.

Besides household intervention trials, community intervention studies 
have also been conducted to address waterborne gastrointestinal disease 
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risks (Calderon 2001; Frost et al. 2006; Goh et al. 2005; Hellard et al. 2002; 
Kunde et al. 2006; McConnell et al. 2001). These types of studies offer some 
advantages over household intervention trials including that they may be 
simpler and less costly to conduct (Calderon and Craun 2006): they have 
included cohort, case-control, and ecological types of designs. Two of these 
(Calderon 2001; Goh et al. 2005) concluded that a reduction in gastrointes-
tinal illnesses was observed as a result of additional water treatment. A 
preliminary report from the Kunde et al. (2006) study also indicates 
a decrease in diarrheal illness risk in participants over age 35 following 
the intervention. Conversely, preliminary data analysis from the Frost 
study (2006) does not indicate a signifi cant difference; however, analysis is 
reported to be ongoing for both of these aforementioned studies (reviewed 
in Calderon and Craun 2006).

B. Estimates of Gastroenteritis from Exposure

Messner et al. (2006) described an approach for estimating the incidence 
of gastrointestinal disease in the U.S. from drinking water. These investiga-
tors assume that for each population served by a community water system, 
a distribution of incidence rates of acute gastroenteritis can be estimated 
that can then be used to derive an overall national estimate of this disease 
attributable to drinking water in the U.S. They emphasize the need for 
addressing “mixtures” of pathogens as opposed to considering health risks 
from exposure to an individual pathogen as one of the premises for the 
approach described in this paper. The authors speculate that the mean 
incidence of acute gastrointestinal illness attributable to drinking water 
among community water systems ranges widely because of variations in 
source water quality, water treatment effi ciencies, water quality within a 
distribution system, and water quality management practices.

Messner et al. (2006) propose the development of a “risk matrix” to cat-
egorize community water systems (CWS) based on relative microbial risk 
levels. The authors suggest connecting the information obtained from epi-
demiological studies regarding the incidence rate of acute gastrointestinal 
illness to risk factors identifi ed in the epidemiological studies that have 
been conducted and to other CWS. Identifi cation of these risk factors will 
allow for risk-based categorizing of other CWS that have similar character-
istics, therefore assuming that generalizations can be made regarding all 
U.S. CWS and the populations they serve. Completing this process involves 
overcoming several challenges from the lack of data related to both patho-
gen occurrence and variation in survivability and infectivity, as well as 
knowing the actual effi ciency of water treatment applications, as opposed 
to theoretical information. Messner et al. (2006) utilize in their approach 
specifi c information obtained during the Payment et al. studies (1991, 1997) 
regarding factors associated with source water/water treatment quality and 
factors related to distribution system defi ciencies, and also therefore utilize 
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the specifi c defi nition of gastrointestinal illness as defi ned in these studies, 
for highly credible gastrointestinal illness.

To estimate the incidence of acute gastrointestinal illness in the U.S. 
caused by drinking water, Messner et al. (2006) selected 2004 as their refer-
ence year and assumed that a certain number of cases are the result of 
source water/water treatment quality and a certain number are caused by 
distribution system defi ciencies. In addition, the investigators assume a 
lognormal distribution to address the variability of relative microbial risk 
related to both, leading to an estimation of a statistical distribution of acute 
gastrointestinal illness among CWS within the U.S.. The authors consider 
that there is an approximate 5-log range regarding mean pathogen concen-
trations in source waters and a 2- to 6-log range regarding mean pathogen 
reduction. They used Monte Carlo simulations to ultimately compute this 
estimate of the distribution of acute gastrointestinal illness.

Based on the described assumptions, Messner et al. (2006) estimate that 
the mean national estimate of gastrointestinal illness, using the Payment 
et al. (1991, 1997) defi nition of highly credible gastrointestinal illness, attrib-
utable to drinking water is 0.11 cases/person/yr (with a 95% credible bound 
of 0.03–0.22) (Table 9). The investigators relate their 0.11 cases/person/yr 
estimate to the reported rate of diarrheal “episodes” of 1.3/person/yr 
(Imhoff et al. 2004) and estimate that the percentage of “episodes” attribut-
able to drinking water is 8.5%. If this same percentage is assumed and 
applied to the Imhoff et al. (2004) reported incidence, due to all causes, for 
acute gastrointestinal illness of 0.72 cases/person/yr, the investigators esti-
mate that the incidence of acute gastrointestinal illness attributable to 
drinking water is 0.06 cases/person/yr (95% credible interval of 0.02–0.12). 
When applying the 0.72 cases of acute gastrointestinal illness/person/yr 

Table 9. Estimates of Gastrointestinal Illness Attributable to Drinking Water.

Health outcome and drinking Mean illness incidence
water attribute (cases/person-yr) 95% credible bounds

Total highly credible 0.11 0.03, 0.22
gastrointestinal illnessa

 Due to water source/ 0.048 0.011, 0.086
 treatment
 Due to distribution system 0.062 0.005, 0.16
Total acute gastrointestinal 0.06 0.02, 0.12
illness
 Due to water source/ 0.03 0.006, 0.05
 treatment

aEstimated using data from Payment et al. (1991, 1997) studies.
Source: Modifi ed from Messner et al. (2006).
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from all causes reported in Imhoff et al. (2004) to the 272.5 million people 
served by CWS (based on data in USEPA 2006b), this results in an estimate 
of approximately 196 million cases/yr of total acute gastrointestinal illness. 
Assuming, based on estimates provided above, that 8.5% of the cases are 
attributable to drinking water, this translates into approximately 16 million 
cases of acute gastrointestinal illness/yr, which is a little higher than the 
upper end estimate computed by Colford et al. (2006) (11.69 million 
cases/yr).

C. Estimates of Waterborne Disease from Exposure

The following section represents our estimates of waterborne infection and 
illness risks in the U.S. categorized by source water type (Fig. 10). These 
estimates are based on the total number of water systems in the U.S. and 
total populations exposed. Illness risk estimates represent all possible ill-
nesses associated with the microbial infection, not only gastroenteritis.

Groundwater risk estimates are based on predicted number of viral 
infections and illnesses associated with viruses in groundwater. For both the 
community system and noncommunity system groundwater risks, it was 
assumed that 10% of wells are positive for infectious viruses, assuming one 
infectious virus for every positive well. Dose–response data for rotavirus 
(Gerba et al. 1996b) were used, an exposure volume of 1.4 L/person/d was 
assumed (Covello and Merkhofer 1993) and the yearly risk was calculated 
based on a 350-d exposure (Aboytes et al. 2004).

When considering the number of people served by groundwater supplies, 
the number of viral infections estimated is 10.7 million/yr and 2.2 million/yr 
for community and noncommunity systems, respectively. Assuming that half 
of all infections lead to illness (Haas et al. 1993), this results in 5.4 million 
cases/yr associated with community groundwater systems and 1.1 million 
cases/yr associated with noncommunity groundwater systems. These infec-
tion and illness estimates may offer higher estimates of risk due to the high 
infectivity associated with rotavirus exposure. In addition, this exercise 
represents a methodology for estimating risks associated with exposure to 
any waterborne virus and infections that may lead to a wide range of clinical 
outcomes, not only gastroenteritis.

The estimated number of infections and illnesses associated with exposure 
to pathogens in municipal surface waters were also determined. This exercise 
utilized the same assumptions described for the groundwater risks as well as 
dose–response data for Cryptosporidium (exponential model; Messner et al. 
2001) and Campylobacter (beta-Poisson model; Medema et al. 1996). 
Assuming a 1% frequency of contamination among the more than 11,000 
CWS in the U.S. using surface water, and combining risk estimates associated 
with Cryptosporidium, Campylobacter, and rotavirus, 26 million infections/yr 
are estimated. When assuming that 50% of these infections will result in some 
type of illness, 13 million illnesses/yr are predicted.
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Risk calculation 2: Estimated number of viral infections and illnesses 
associated with noncommunity groundwater supplies 

• Assume
- Of 111,036 groundwater systems serving 18 million people 

(USEPA 2006b), 10% contain infectious virus 
- One infectious virus per liter (100-L samples analyzed)
- 1.4 L water consumed per day (Covello and Merkhofer 1993)
- 50% infections result in illness (Haas et al. 1993) 

• Annual risk of infection = 0.12 

•  2.2 million infections per year 
•  1.1 million illnesses per year 

Risk calculation 1: Estimated number of viral infections and illnesses 
associated with community groundwater systems

• Assume
- Of 42,661 groundwater systems serving 86 million people 

(USEPA 2006b), 10% contain infectious virus 
- One infectious virus per liter (100-L samples analyzed)
- 1.4 L water consumed per day (Covello and Merkhofer 1993)
- 50% infections result in illness (Haas et al. 1993) 

• Annual risk of infection = 0.12 

•  10.7 million infections per year 
•  5.4 million illnesses per year 

Risk calculation 3: Estimated number of infections and illnesses associated 
with municipal surface water supplies 

• 178,000,000 persons supplied by surface water supplies in the U.S. 
(USEPA 2006b) 

• Combined risk of Cryptosporidium, Campylobacter, and rotavirus infections

• Based on 1% frequency of contamination events 

• Assuming 50% infections result in illness (Haas et al. 1993)

•  26.0 million infections per year 
•  13.0 million illnesses per year 

Fig. 10. Estimates of waterborne infection and illness risks in the U.S. categorized 
by source water type.



 Waterborne Illness 145

Total estimated number of waterborne illnesses
per year in the U.S.

• Groundwater (municipal) = 5,400,000
• Groundwater (noncommunity) = 1,100,000
• Surface water supplies = 13,000,000

Total estimate = 19,500,000

Risk of viral infection associated with exposure to contaminated groundwater 
using rotavirus dose–response data

• beta-Poisson model for rotavirus (Gerba et al. 1996b): 

Probability of infection (Pi)  = 1 – (1 + N/β)-α

 where α  = 0.26 and β = 0.42

• Probability of infection for 1 virus (n = 1): 0.27

• Concentration of viruses in groundwater: 
- Assuming  4,266 positives/total volume analyzed (100 L per sample) 
- Assuming one virus per positive sample and 10% are positive = 0.001

• Daily risk: 
      [Concentration (0.001 viruses/L)][Pi for 1 virus (0.27)][1.4 L/d ingestion] 
  =  0.000378 infections   

• Annual risk:
             1 – (1 – daily risk)350  = 0.12 infections per year

Fig. 10. (cont.)

When combining illness estimations from all water sources addressed in 
this exercise, the total is 19.5 million cases/yr in the U.S. associated with 
drinking water. This estimation is higher than both the Colford et al. (2006) 
illness estimate, upper estimate of almost 12 million cases/yr, and the 
Messner et al. (2006) illness estimate, 16 million cases/yr, yet our estimate 
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potentially refl ects all health outcomes associated with exposure to patho-
gens in drinking water rather than just gastrointestinal illness.

IX. Water Treatment at the Point-of-Use

Water treatment technologies at the point-of-use can provide an additional 
barrier of protection from waterborne contaminants, particularly those 
entering the distribution system and present in premise plumbing. Point-
of-use (POU) water treatment devices may be installed at the end of the 
faucet, plumbed in-line, or stand-alone pitchers, or they may be point-of-
entry (POE) systems installed where water from the distribution system 
enters the premise plumbing. Many POU/POE systems are designed for 
aesthetic (i.e., taste, odor, hardness) improvements only, while others employ 
technologies to remove organic and inorganic chemicals, pathogens, bacte-
ria, and radionuclides. According to a survey by the Water Quality Associa-
tion (2001), 41% of homes in the U.S. report having a water treatment 
device in place at the point-of-use or the point-of-entry and 39% drink 
bottled water (Fig. 11). Most report the use of a tabletop pitcher, which are 
currently not designed or marketed for eliminating microbial pathogens 
from drinking water. Generally, systems designed to eliminate a wide variety 
of physical, chemical, and biological contaminants are costly and require 
routine professional maintenance. Membranes used for fi ltration in POU/
POE devices must be changed at regular intervals, and systems with ultra-
violet light disinfection must be routinely inspected for buildup on the 
lamps that could prevent effective light emission. Improper maintenance of 
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POU/POE treatment systems could result in exposure to a greater concen-
tration of pathogens. In addition, heterotrophic plate count (HPC) bacteria 
often increase by several orders of magnitude in POU/POE water treat-
ment devices.

A. Signifi cance of Regrowth in POU/POE Water Treatment Devices

Several factors are related to bacterial regrowth in water, including, fi ltra-
tion, temperature, disinfectant type and residual, assimilable organic carbon 
level, corrosion control, and distribution pipe material. HPC bacteria are 
able to persist and grow in and on point-of-use/entry treatment device 
media, membranes, fi lters, and other surfaces to concentrations 10 fold or 
more higher in effl uent waters. Granulated activated carbon (GAC) is a 
common medium used in POU/POE treatment devices known to support 
growth of HPC bacteria. Among other contaminants, GAC removes chlorine 
disinfectant residuals from tap water. Although this is desirable to improve 
the taste and odor of drinking water, the lack of disinfectant residual and the 
collection of bacterial growth substrates provides a suitable environment for 
HPC bacteria to attach to the media and grow, especially following periods 
of non-use and stagnation. HPC bacteria may also grow in water storage 
vessels, distribution pipes, pressure tanks, and hot water heaters.

Although many studies have documented the presence of large numbers 
of HPC bacteria in POU-treated water, there has been no correlation to 
increased disease (Allen et al. 2004; Calderon 1991; Colford et al. 2002; 
Edberg and Allen 2004; WHO/NSF 2003; Payment et al. 1991, 1997). Rela-
tive to HPC levels in common foods, water plays a minor role as a source 
of ingested bacteria (Stine et al. 2005). Certain HPC bacteria, such as Pseu-
domonas, Klebsiella, and Aeromonas, are opportunistic pathogens, meaning 
they are capable of causing disease in an immunocompromised host. 
Although these organisms can be isolated from treated water systems 
(Chiadez and Gerba 2004), ingestion is not their route of disease transmis-
sion. There is insuffi cient evidence linking these opportunistic pathogens to 
disease transmission via drinking water (Allen et al. 2004).

Several studies have shown that HPC bacteria in POU/POE treatement 
devices can outcompete human pathogens and may offer a protective effect 
to consumers (Camper et al. 1985; Gerba 2003; Rollinger and Dott 1987). 
Gerba (2003) found commercially available POU carbon fi lter devices 
placed on home faucets and used for 3–6 wk established a background 
culture of HPC bacteria within the systems. Salmonella typhimurium,
E. coli, poliovirus, and hepatitis A virus, all known human enteric pathogens, 
were added to sterile tap water, regular tap water, and POU-treated tap 
water that was high in HPC organisms. HPC bacteria in the POU-treated 
water were clearly antagonistic to the pathogenic bacteria used in this study, 
reducing their counts >10 fold in 1 d and >10,000 fold in 2 d. A similar, but 
less dramatic, trend was seen with the pathogenic viruses.
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Other studies supporting the antagonistic effect of HPC bacteria on 
pathogens have been conducted (Camper et al. 1985). Three enteric bacte-
rial pathogens, Yersinia enterocolitica, Salmonella typhimurium, and entero-
toxigenic E. coli, readily grew on sterile GAC; however, in the presence of 
water containing populations of HPC organisms, the pathogen counts grad-
ually decreased. The most dramatic results were seen when bacterial popu-
lations from river water were previously established on GAC and a mixture 
of HPC and pathogenic bacteria were added to the media. Pathogens not 
only decreased at a more rapid rate but were prevented from initial attach-
ment compared to sterile GAC fi lters. These studies suggest an antagonistic 
effect on pathogenic bacteria caused by the presence of HPC bacteria on 
the fi lters, possibly because pathogenic bacteria do not compete well in the 
presence of high HPC bacteria.

B. Health Benefi ts of POU/POE Water Treatment Devices

Few studies have directly targeted the benefi ts of POU water treatment 
systems for reduction of waterborne disease. Most of the available data are 
from epidemiological studies with a few incidental pieces of information 
from outbreak events. For example, survey data showed that no one who 
died in the waterborne Cryptosporidium outbreak in Milwaukee was using 
any type of fi ne fi ltration device for water treatment in the home (WQA 
2002). In the same outbreak, persons who did have a point-of-use fi ltration 
device in place reported signifi cantly lower incidences of diarrhea com-
pared to those without (Addiss et al. 1996).

Epidemiological studies, in Canada, by Payment et al. (1991, 1997) suggest 
that 35% of all gastrointestinal illnesses could be waterborne when source 
water quality was degraded (see previous discussion). The 1997 study also 
found that children gain the most by having a POU water treatment system 
in place. In 2- to 5-yr-old children, drinking tap water resulted in an excess 
of 40% of gastrointestinal illness compared to those drinking tap water fi l-
tered at the point-of-use, and an excess of 17% was seen with children 
drinking bottled tap water versus POU-treated water.

Two epidemiological studies using randomized, blinded, controlled trials 
to evaluate risks related to tap water consumption determined that the risks 
were equal among groups supplied with POU-treated (1-µm fi ltration and 
UV disinfection chamber) water compared to untreated tap water (Colford 
et al. 2005; Hellard et al. 2001). Some of the uncertainties of these studies 
are that only a single water system was evaluated and, in the Hellard study, 
a pristine water source. The Colford study evaluated the Iowa-American 
Water Company, reported to be one of the best in the country, utilizing 
conventional fi ltration and a combination of chlorine and chloramine dis-
infectants. The study included intensive monitoring of the distribution 
system water quality and pressures and indicated high-quality delivery of 
the fi nished product.
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More studies are needed to assess the impact of POU fi ltration systems 
for waterborne disease reduction. Future studies should evaluate multiple 
water systems over a wide geographical area to determine the effi cacy of 
POU water fi ltration systems over varying fi nished water qualities. Direct 
monitoring of POU fi lters, placed in residential or commercial applications 
in regions where source water quality or distribution system integrity is 
questionable, would provide much-needed pathogen occurrence and expo-
sure data.

X. Conclusions

Although current protocols in municipal treatment requirements are effec-
tive at eliminating pathogens from water if properly applied, inadequate, 
interrupted, or intermittent treatment has repeatedly been associated with 
waterborne disease outbreaks. Factors to consider with regard to pathogen 
exposure is that contamination is not evenly distributed but rather affected 
by the number of pathogens in the source water, the age of the distribution 
system, the quality of the delivered water, and climatic events that can tax 
the treatment plant operations.

Weather events are diffi cult to predict but are known to infl uence expo-
sures to microbial pathogens by their increased transport and dissemination 
via rainfall and runoff and the survival and/or growth through temperature 
changes (CGER 2001). Effects of increased rainfall on watershed pro tection, 
infrastructure, and storm drainage systems affected by increased rainfall may 
lead to increased risk of contamination events. Extreme precipitation events 
preceded 51% of outbreaks from 1948 to 1994 (Curriero et al. 2001).

Current regulatory standards and monitoring requirements do not guar-
antee the absence of human pathogens in tap water. For example, the Total 
Coliform Rule, mandating the use of bacterial indicators of water quality, 
does not predict vulnerability to an outbreak (Craun et al. 2002). In fact, 
few community and noncommunity water systems that reported an out-
break from the survey period 1991–1998 had violated the coliform standard 
in the 12-mon period before the outbreak.

In 2002, the USEPA reported that 94% of the U.S. population served by 
community water systems received drinking water that met all applicable 
health-based drinking water standards through treatment and source water 
protection. An internal audit indicated that the fi gure was believed to be 
closer to 81% (USEPA 2004). Furthermore, little is known about exposures 
to waterborne pathogens in populations not served by public water systems 
where there is a general lack of monitoring.

Finally, of particular concern are sensitive populations in the U.S. that 
are susceptible to higher rates of infections and to more serious health 
outcomes from waterborne pathogens. These subpopulations include not 
only individuals experiencing adverse health status, but also those experi-
encing “normal” life stages, e.g., pregnancy, or those very young or old. 
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Individuals in any of these situations may want to consider additional 
strategies to prevent waterborne illness attributable to drinking water, 
such as the utilization of a point-of-use water treatment device. Better 
communication between water quality professionals and healthcare provid-
ers is needed to develop and distribute materials to inform the public of 
mitigation options beyond the current multibarrier approach of municipal 
water treatment.

Summary

Outbreaks of disease attributable to drinking water are not common in the 
U.S., but they do still occur and can lead to serious acute, chronic, or some-
times fatal health consequences, particularly in sensitive and immunocom-
promised populations. From 1971 to 2002, there were 764 documented 
waterborne outbreaks associated with drinking water, resulting in 575,457 
cases of illness and 79 deaths (Blackburn et al. 2004; Calderon 2004); 
however, the true impact of disease is estimated to be much higher. If prop-
erly applied, current protocols in municipal water treatment are effective 
at eliminating pathogens from water. However, inadequate, interrupted, or 
intermittent treatment has repeatedly been associated with waterborne 
disease outbreaks. Contamination is not evenly distributed but rather 
affected by the number of pathogens in the source water, the age of the 
distribution system, the quality of the delivered water, and climatic events 
that can tax treatment plant operations. Private water supplies are not regu-
lated by the USEPA and are generally not treated or monitored, although 
very few of the municipal systems involved in documented outbreaks 
exceeded the USEPA’s total coliform standard in the preceding 12 mon 
(Craun et al. 2002).

We provide here estimates of waterborne infection and illness risks in 
the U.S. based on the total number of water systems, source water type, and 
total populations exposed. Furthermore, we evaluated all possible illnesses 
associated with the microbial infection and not just gastroenteritis. Our 
results indicate that 10.7 M infections/yr and 5.4 M illnesses/yr occur in 
populations served by community groundwater systems; 2.2 M infections/yr 
and 1.1 M illnesses/yr occur in noncommunity groundwater systems; and 
26.0 M infections/yr and 13.0 M illnesses/yr occur in municipal surface water 
systems. The total estimated number of waterborne illnesses/yr in the U.S. 
is therefore estimated to be 19.5 M/yr. Others have recently estimated 
waterborne illness rates of 12 M cases/yr (Colford et al. 2006) and 16 M 
cases/yr (Messner et al. 2006), yet our estimate considers all health out-
comes associated with exposure to pathogens in drinking water rather than 
only gastrointestinal illness.

Drinking water outbreaks exemplify known breaches in municipal water 
treatment and distribution processes and the failure of regulatory require-
ments to ensure water that is free of human pathogens. Water purifi cation 
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technologies applied at the point-of-use (POU) can be effective for limiting 
the effects of source water contamination, treatment plant inadequacies, 
minor intrusions in the distribution system, or deliberate posttreatment acts 
(i.e., bioterrorism). Epidemiological studies are confl icting on the benefi ts 
of POU water treatment. One prospective intervention study found that 
consumers of reverse-osmosis (POU) fi ltered water had 20%–35% less 
gastrointestinal illnesses than those consuming regular tap water, with an 
excess of 14% of illness due to contaminants introduced in the distribution 
system (Payment 1991, 1997). Two other studies using randomized, blinded, 
controlled trials determined that the risks were equal among groups sup-
plied with POU-treated water compared to untreated tap water (Hellard 
et al. 2001; Colford et al. 2003). For immunocompromised populations, POU 
water treatment devices are recommended by the CDC and USEPA as one 
treatment option for reducing risks of Cryptosporidium and other types of 
infectious agents transmitted by drinking water. Other populations, includ-
ing those experiencing “normal” life stages such as pregnancy, or those very 
young or very old, might also benefi t from the utilization of additional water 
treatment options beyond the current multibarrier approach of municipal 
water treatment.
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I. Introduction

The removal of ammonia from wastewater has become a worldwide 
emerging concern because ammonia is toxic to aquatic species and causes 
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eutrophication in natural water environments (Tchobanoglous et al. 2003). 
Nitrogen compounds in wastewater can only be effectively removed by 
biological approaches (EPA 1993; Zhu et al. 2007a,b). Based on the micro-
bial nitrogen cycle and the metabolism of inorganic nitrogen compounds 
(Fig. 1), many biological technologies and processes have been developed 
and implemented for nitrogen removal from wastewater, such as predeni-
trifi cation (Anoxic/Oxic), modifi ed Bardenpho, Bio-denitro, sequencing 
batch reactor (SBR), oxidation ditch (OD), step feeding, anaerobic/anoxic/
aerobic (A2/O), and University of Cape Town (UCT) processes (Wentzel 
et al. 1992; Østgaard et al. 1997; Williams and Beresford 1998; Tchobano-
glous et al. 2003; Pai et al. 2004). These processes have been widely employed 
in wastewater treatment plants for nitrifi cation and denitrifi cation (EPA 
1993). However, with the effl uent discharge standards having become more 
stringent (<10 mg total nitrogen/L), conventional processes cannot meet the 
new requirements (Khin and Annachhatre 2004).

Several novel nitrogen removal processes have been developed to 
enhance nitrifi cation and denitrifi cation. This review focuses on these novel 
processes, including simultaneous nitrifi cation and denitrifi cation (SND), 
shortcut nitrifi cation and denitrifi cation, anaerobic ammonium oxidation 
(ANAMMOX), aerobic deammonitrifi cation, completely autotrophic 
nitrogen removal over nitrite (CANON), oxygen-limited autotrophic 
nitrifi cation-denitrifi cation (OLAND) processes (Muller et al. 1995; Strous 
et al. 1999; Fux et al. 2002; Third et al. 2001; Schmidt et al. 2003; Nielsen 
et al. 2005; Peng and Zhu 2006). Particularly, this review presents a critical 
comparison of various biological processes, discusses the key control param-
eters, and summarizes the current research status of functional microorgan-
isms for nitrogen removal. Moreover, several challenging and unsolved 
problems of these processes are addressed.

Fig. 1. Microbial nitrogen cycle. (From Rick and Stuart 2001.)
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II. Conventional Biological Technologies for Nitrogen Removal

A. Mechanism and Principle

Conventional microbial nitrogen removal is based on autotrophic nitri-
fi  cation and heterotrophic denitrifi cation. In the fi rst step of nitrifi ca-
tion, ammonia-oxidizing bacteria (AOB) oxidize ammonium (NH4

+) to 
nitrite (NO2

−) via hydroxylamine (NH2OH) (reactions 1 and 2, below). 
Membrane-bound ammonia monooxygenase (AMO) and hydroxylamine 
oxidoreductase (HAO) are involved in these two reactions. In the second 
step, nitrite-oxidizing bacteria (NOB) oxidize nitrite to nitrate (NO3

−)
with the involvement of membrane-bound nitrite oxidoreductase (NOR) 
(reaction 3).

NH O H NH OH H OAMO
2 23 2 2+ + [ ] ⎯ →⎯⎯ +  (1)

HN OH O NHO +2H +2HAO
2

+
2 20 5+ ⎯ →⎯⎯ −. e  (2)

NO O NONOR
2 2 30 5− −+ ⎯ →⎯⎯.  (3)

In anoxic denitrifi cation, NO3
− and NO2

− are reduced to gaseous nitrogen 
with a variety of electron donors, such as methanol, acetate, and organic 
substances in wastewater (reactions 4 and 5).

 2NO3
− +  10H+ +  10e− → N2 +  2OH− +  4H2O (4)

 2NO2
− +  6H+ +  6e− → N2 +  2OH− +  2H2O (5)

B. Typical Processes for Biological Removal of Nitrogen

Many biological nitrogen removal processes have been developed, includ-
ing Bardenpho, predenitrifi cation, postdenitrifi cation, SBR, OD, and step 
feeding (Tchobanoglous et al. 2003; Dapena-Mora et al. 2004; Khin and 
Annachhatre 2004; Zhu et al. 2005, 2007a,b). The advantages and limitations 
of these processes are summarized in Table 1.

In most countries, especially in China, about 80% of wastewater treat-
ment plants use the predenitrifi cation [i.e., anoxic/oxic (A/O)] process for 
biological nitrogen removal (Zhu 2006). Predenitrifi cation has distinct 
advantages for nitrogen removal. With infl uent fi rst entering the anoxic 
denitrifi cation zone, organic carbon sources serve as electron donors for 
denitrifi cation and are biodegraded by denitrifying bacteria. This method 
can improve nitrogen removal effi ciency and shorten the aerobic duration. 
However, because of the confi guration of A/O processes, the NOX-N
concentration in effl uent equals that of internally recycled wastewater, 
which results in an overall low nitrogen removal effi ciency (Baeza 
et al. 2004; Rosso and Stenstrom 2005). For instance, based on the theory 
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of predenitrifi cation process (Chiou and Ouyang 2001), a 100% sludge 
recycle and 200% internal recycle can achieve only 75% nitrogen removal 
effi ciency.

C. Disadvantages and Limitations of Conventional Processes

Because nitrifi cation and denitrifi cation are carried out by different micro-
organisms under different conditions, they should be designed and operated 
in separate time sequences or spaces (Lee et al. 2001). Consequently, a long 
retention time or a large volume is required to accomplish complete nitro-
gen removal. Moreover, a high level of oxygen, set as 4.2 g O2/g NH4

+-N, is 
required for nitrifi cation (Bruce and Perry 2001), and a suffi cient organic 
carbon source [2.86 g chemical oxygen demand (COD)/g NO3

−-N) is neces-
sary for denitrifi cation (Gradly and Lim 1980). A high level of external 
carbon sources (methanol, acetate, etc.) is normally added in the denitrifi ca-
tion process when treating wastewater with high nitrogen concentration or 
low C/N ratio (Tam et al. 1992), which increases the operational cost for 
conventional biological processes. The limitations of low removal effi ciency, 
high oxygen requirement, long retention time, and an external carbon 
source are the driving forces for developing new low-cost biological treat-
ment processes for complete nitrogen removal (Jetten et al. 2002).

III. Novel Biological Processes for Nitrogen Removal

A. Simultaneous Nitrifi cation and Denitrifi cation (SND)

Mechanism and Advantages

Simultaneous nitrifi cation and denitrifi cation (SND) means that nitrifi ca-
tion and denitrifi cation occur concurrently in the same reactor (Keller et al. 
1997; Helmer and Kunst 1998). There are two mechanisms for SND: physical 
and biological (Robertson and Kuenen 1984; Baumann et al. 1996; Hibiya 
et al. 2003). The conventional physical mechanism is that SND occurs as the 
consequence of dissolved oxygen (DO) concentration gradients within 
activated sludge fl ocs or biofi lms due to diffusional limitation (Fig. 2). The 
nitrifi ers exist in aerobic regions with DO higher than 1–2 mg/L, whereas 
the denitrifi ers stay alive in anoxic zones with DO less than 0.5 mg/L. The 
presence of oxygen concentration gradients in activated sludge fl ocs and 
biofi lm has been verifi ed by microelectrode measurements (Snidaro et al. 
1997; de Beer et al. 1998; Satoh et al. 2003; Li and Bishop 2004; Holman and 
Wareham 2005) and 15N tracer techniques (Wyffels et al. 2003).

The biological mechanism for SND is more complicated than the physi-
cal ones and is contradictory to the traditional “engineering” conception of 
autotrophic aerobic nitrifi cation and heterotrophic anoxic denitrifi cation. 
Several species of heterotrophic nitrifi ers and aerobic denitrifi ers have been 
identifi ed in wastewater and night soil treatment systems (Patureau et al. 
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1998; Hu and Kung 2000; Kim et al. 2005). Alcaligenes sp., Corynebacterium
sp., Acinetobacter sp., Xanthomonas sp., and Bacillus strains were identifi ed 
as heterotrophic nitrifi ers (Castignetti and Gunner 1981; Castignetti and 
Hollocher 1982; Kshirsagar et al. 1995; Hu and Kung 2000; Kim et al. 2005). 
Thiosphaera pantotropha was identifi ed as both heterotrophic nitrifi er and 
aerobic denitrifi er (Gupta 1997). Paracoccus denitrifi cans, an aerobic deni-
trifi er isolated from activated sludge (Robertson et al. 1988, 1995; Baumann 
et al. 1996), reduced nitrate even under oxygen saturation. Other aerobic 
denitrifi er strains, such as Microvirgula aerodenitrifi cans (Patureau et al. 
1998) and Thaurea mechernichensis (Scholten et al. 1999), have been iso-
lated. From a microbiological point of view, SND has been regarded as the 
consequence of the oxidization of ammonia by heterotrophic nitrifi ers and 
the reduction of nitrate or nitrite by aerobic denitrifi ers (Robertson et al. 
1988, 1995; Wyffels et al. 2003).

SND has signifi cant advantages over conventional processes (Pochana 
et al. 1999; Zhang et al. 2005). With denitrifi cation taking place concurrently 
with nitrifi cation in aeration tanks the SND process can save the costs for 
anoxic tanks, and simplify the overall process design. SND is of particular 
interest when treating wastewaters with a low C : N ratio (<5), because the 
cost of an extra carbon source will be saved (Guo et al. 2005).

Key Control Factors

On-line monitoring DO and redox potential (ORP) is an effi cient approach 
in the SND process (Zhao et al. 1999; Fuerhacker et al. 2000). SND occurs 
at a DO of 0.5 mg/L, under which condition the nitrifi cation and denitrifi ca-
tion rates are the same (Munch et al. 1996; Peng et al. 2001). However, SBR 
occurs at a wide ORP range, from −60 to −198 mV (Hanaki et al. 1990; 
Fuerhacker et al. 2000; Hu et al. 2005).

Other operational parameters, such as sludge retention time (SRT), 
hydraulic retention time (HRT), and pH, have signifi cant infl uence on the 
SND process. Because heterotrophic nitrifi ers grow more rapidly and have 

Fig. 2. Schematic of oxygen concentration profi le within a microbial fl oc. Reprinted 
form Pochana and keller 1999, with permission from IWA Publishing.
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stronger tolerance to acidity than autotrophic nitrifi ers, short SRT and an 
acidic environment would be favorable for their growth (Focht and 
Verstraete 1977; Killham 1986; van Niel 1991). A bench-scale SBR system 
achieved a complete removal of NH4

+-N and COD with no NO2
−-N in the 

effl uent at a C/N ratio of 11.1, SRT of 20 d, and HRT of 1 d. However, 
the nitrogen removal effi ciency decreased gradually with increasing 
ammonium-loading rates and F/Ms (Chiu et al. 2007). Until now, the SND 
processes have been tested with consistent SRT and HRT. There is no 
research on the infl uence of SRT and HRT on the effi ciency of SND. In 
addition, pH and free ammonia (FA) should be studied as critical parame-
ters for SND via NO2

− as they have signifi cant effects on the competition 
between AOB and NOB.

Research Status and Unsolved Concerns

There are three major factors for the SND processes: carbon source, DO 
concentration, and fl oc size (Lee et al. 2001; Holman and Wareham 2005).

Organic carbon is critical for SND, because high biological oxygen 
demand (BOD) concentration causes the inhibition of autotrophic nitrifi ers 
whereas low BOD leads to the defi ciency of electron donors for denitrifi ers 
(Tam et al. 1992). SND occurs well when treating municipal wastewater at 
a BOD of 100–150 mg/L (Castignetti and Gunner 1981; Kim et al. 2005).

DO concentration is also important for SND (Pochana et al. 1999): it has 
a twofold effect on SND performance (Pochana and Keller 1999; Hu et al. 
2005; Zhang et al. 2005). Low DO concentration suppresses nitrifi cation 
while high DO concentration inhibits denitrifi cation. Nitrifi cation and deni-
trifi cation rates became the same at a DO concentration of 0.5 mg/L and 
achieved a complete SND (Munch et al. 1996). Zhao et al. (1999) found 
that an extended aeration duration in an intermittent aeration (IA) process 
favored sequential nitrifi cation and denitrifi cation (SQND). The optimal 
DO concentration for SND via nitrite was around 2.0  ±  2.5 mg/L at the end 
of the aeration period in the IA process (Yoo et al. 1999).

Some researchers attribute the occurrence of SND to the size of acti-
vated sludge fl oc, which is normally 80–100 µm (Li and Ganczarczyk 1990, 
1993; Pochana and Keller 1999). SND is more likely to occur in the large-
size fl oc (>125 µm) because of the oxygen diffusion limitation, but the 
occurrence of SND in activated sludge fl ocs smaller than 20 µm is unclear. 
If SND is detected in small fl oc sludge (Wilen and Balmer 1999), the current 
physical explanation of SND processes will be put in question.

B. Shortcut Nitrifi cation and Denitrifi cation

Mechanism and Advantages

Shortcut nitrifi cation and denitrifi cation, namely partial nitrifi cation-deni-
trifi cation, is the process in which nitrifi cation and denitrifi cation are 
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correlated by NO2
− instead of NO3

−. As an intermediate product, NO2
− is 

produced in nitrifi cation and reduced to N2 in the following NO2
− denitrifi ca-

tion (Fdz-Polanco et al. 1996; van Dongen et al. 2001; Peng et al. 2006). 
Compared with traditional nitrifi cation and denitrifi cation via NO3

−, short-
cut nitrifi cation and denitrifi cation has the following advantages (Beccari 
et al. 1983; Turk and Mavinic 1989; Peng and Zhu 2006):

1. 25% lower oxygen consumption in the aerobic phase implies 60% energy 
saving in the entire process.

2. The requirement for electron donors is as much as 40% lower in the 
anoxic phase.

3. NO2
− denitrifi cation rate is 1.5 to 2 times higher than NO3

− denitrifi cation 
rate.

Partial nitrifi cation via NO2
− is reported to be technically feasible and 

economically favorable, especially when treating wastewater with high 
ammonia concentration or low C : N ratio (Turk and Mavinic 1989; 
Villaverde et al. 1997).

The Single reactor system for High Ammonia Removal Over Nitrite 
(SHARON) process, the fi rst full-scale process with NO2

− as the intermedi-
ate product, is a cost-effective treatment system for total nitrogen removal 
from wastewater with high nitrogen concentrations (>550 mg/L). The system 
has been used for treating wastewater generated from dewatered primary 
sludge, waste-activated sludge, sludge dryers, and incinerators (van Dongen 
et al. 2001).

Key Control Factors

The inhibition of nitrite-oxidizing bacteria (NOB) is critical for shortcut 
nitrifi cation and denitrifi cation because NOB oxidize NO2

− to NO3
− and 

convert partial nitrifi cation to complete nitrifi cation (Picioreanu et al. 1997; 
Hellinga et al. 1998; Hidaka et al. 2002; Peng and Zhu 2006). Several param-
eters, including DO concentration, temperature, SRT, substrate concentra-
tion, aeration pattern, and chemical inhibitor, have been found to selectively 
inhibit NOB.

Dissolved Oxygen Concentration. Compared with ammonia oxidizing 
bacteria (AOB), NOB require a high DO concentration. The DO half-
saturation value for oxygen (Ks,O), representing the affi nity for oxygen, is 
62µM for NOB whereas it is 16 µM for AOB (Picioreanu et al. 1997; 
Schramm et al. 1999, 2000). Therefore, AOB dominate NOB at low DO 
concentration, which results in the accumulation of NO2

− and the occurrence 
of partial nitrifi cation and denitrifi cation via NO2

−.
Although a low DO concentration (<1.5 mg/L) is favorable for partial 

nitrifi cation, it reduces nitrifi cation rates, lowers COD removal effi ciencies, 
and causes sludge bulking. Different DO concentrations have been reported 



Nitrogen Removal from Wastewater 167

for partial nitrifi cation, ranging from 0.3 to 2.5 mg/L (Wyffels et al. 2004a,b). 
High DO concentrations (>2 mg/L) could convert partial nitrifi cation to 
complete nitrifi cation, whereas low concentrations (<0.5 mg/L) could reduce 
nitrifi cation rat. A DO concentration of 1.0–1.5 mg/L has been found suit-
able for shortcut nitrifi cation and denitrifi cation in real municipal wastewa-
ter treatment, which has been verifi ed (Hanaki et al. 1990; Hao et al. 2002a; 
Peng et al. 2003).
Temperature. Correlation of the maximum growth rate of nitrifying bac-
teria and temperature is described in the Arrhenius equation at tempera-
tures of 5°–40°C (Anthonisen 1976):

µ µmt m
aE t
R t

= −
−( )

+( )
⎡
⎣⎢

⎤
⎦⎥20

20
293 273

 exp  (6)

in which µmt is the maximal specifi c growth rate (d−1), µm20 is the maximal 
specifi c growth rate at 20°C (d−1), Ea is the activation energy (kJ/mol), and 
R is a constant of 8.314 (J/mol K).

Growth rates of AOB and NOB vary with temperature. AOB have a 
higher maximal specifi c growth rate (0.801 d−1) than NOB (0.788 d−1) at 20°C 
(Hellinga et al. 1998), while the specifi c growth rate of AOB (0.523 d−1) was 
lower than that of NOB (0.642 d−1) at 15°C. Therefore, NOB dominate AOB 
at temperatures below 15°C, and AOB outcompete NOB at temperatures 
above 20°C (Brouwer et al. 1996) (Fig. 3). A higher temperature not only 
promotes the growth of AOB but can also expand the growth rate differ-
ences between AOB and NOB (Balmelle 1992; Hunik 1993; Yoo et al. 1999). 

Fig. 3. Effect of temperature on growth rate of ammonia oxidizers and nitrite 
oxidizers.
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The SHARON process has been successfully operated at 35°C, where AOB 
became dominant (Mulder et al. 2001). As a result of different bacterial 
growth rates in SHARON, a selection of microbial community should be 
made wherein NOB are washed out of the system while AOB are still 
retained along with denitrifying bacteria in the system. This operational 
mode allows a 25% reduction in oxygen consumption for nitrifi cation and 
a 40% reduction in the external carbon source addition.

Sludge Age. AOB (e.g., Nitrosomonas) need a longer retention time than 
NOB (e.g., Nitrobacter) at temperatures below 15°C, while the trend was 
reversed at temperatures above 25°C (see Fig. 3). Thus, AOB and NOB can 
be selectively accumulated by appropriately adjusting SRT in a suspended-
growth system (Hellinga et al. 1998).

SRT is equal to HRT in SHARON. Nitrogen was removed via nitrite in 
a SHARON process with an oxic HRT below 2 d. At an oxic HRT of 
approximately 1.5 days, the COD/N ratio clearly illustrates the metabolic 
pathways from ammonia to nitrogen via nitrite (Fig. 4).

Aeration Pattern. The aeration pattern has been proposed as an alterna-
tive to SRT for partial nitrifi cation control (Hidaka et al. 2002). Aeration 
duration is inversely related to the extent of partial nitrifi cation, because 
partial nitrifi cation will be converted to complete nitrifi cation at long 

Fig. 4 Continuous operation chemical oxygen demand (COD)/N-removal nitrite 
pathway in Rotterdam SHARON system.
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aeration periods (Turk and Mavinic 1989). Turk and Mavinic (1987) observed 
NO2

− accumulated during a transition from anoxic to aerobic condition. 
This accumulation persisted 2–3 hr in the aerobic condition. Intermittent 
aeration favors partial nitrifi cation (Yoo et al. 1999; Pollice et al. 2002). Peng 
et al. (2004a) reported that partial nitrifi cation was successfully completed 
using the aeration control strategy, even though the temperature decreased 
from 32°C to 21°C.

Substrate Concentration and Load. AOB are divided into two groups 
according to cell growth rates: slow-growing and fast-growing (Zheng et al. 
2004). Slow-growth bacteria, referred to as K strategists, have high affi nity 
to substrate and are dominant at low substrate concentrations, whereas 
fast-growth bacteria, referred to as R strategists, have low affi nity to 
substrate and thrive at high substrate concentrations. Because ammonia 
concentrations are normally below 5 mg/L in wastewater treatment pro-
cesses to meet the discharge requirements, K strategists may be dominant. 
R strategists were found to become dominant in partial nitrifi cation 
processes at high ammonia concentrations (>50 mg/L) (Surmacz-Gorska 
et al. 1997).

Inhibitors. Several inhibitors suppress NOB and lead to partial nitrifi ca-
tion. Ag, Hg, Ni, Cr, Zn, Cu, and Pb, listed in increasing order of toxicity, 
inhibit nitrifi cation (Camilla et al. 1998). Organic compounds such as aniline, 
ortho-cresol, and phenol exhibit stronger inhibitions on NOB than on AOB. 
Wastewater with these compounds might inhibit NOB and cause the accu-
mulation of nitrite (Neufeld et al. 1986). Oxidants such as ClO2

− and chlorate 
also inhibit NOB (Belser and Mays 1980). Seawater or saline wastewater 
containing a high level of ClO2

− can achieve shortcut nitrifi cation (Peng 
et al. 2004c).

High concentrations of free nitrous acid (HNO2) and free ammonia (FA) 
also have adverse impacts on nitrifi cation (Wouter et al. 1999; Villaverde 
et al. 2000). Anthonisen (1976) and Hellinga et al. (1998) reported HNO2-N
inhibited the nitrite oxidation at concentrations of 0.2–0.22 mg/L. Vadivelu 
et al. (2006) and Pratt et al. (2003) reported that free nitrous acid started 
inhibiting the anabolism of Nitrobacter at 0.011 mg HNO2

−N/L (0.8 µM),
and completely suppressed the biomass synthesis at 0.023 mg HNO2

−N/L
(1.6µM).

Many lab-scale systems have achieved stable shortcut nitrifi cation and 
denitrifi cation through the inhibition of free ammonia (FA, NH3-N). NOB 
are inhibited by NH3-N in the range of 0.1–1.0 mg/L (Anthonisen 1976; 
Chang et al. 2002), while AOB can tolerate NH3-N as high as 10–150 mg/L. 
However, FA only temporarily inhibits the activities of AOB and NOB 
(Anthonisen 1976; Peng et al. 2004b). The nitrite oxidation by NOB recov-
ered when the FA concentration was lowered to 0.2 mg/L (Han et al. 2003). 
It should be noted that the FA concentration is affected by wastewater pH 
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and temperature (Anthonisen 1976), which further affects the stability of 
shortcut nitrifi cation (Fdz-Polanco et al. 1994; Cecen 1996; Cecen et al. 1996; 
Surmacz-Gorska et al. 1997).

Research Status and Unsolved Matters

A stable partial nitrifi cation can be achieved by regulating one of the factors 
described above. DO concentration is an economically feasible control 
parameter. Low DO concentration will save aeration cost but may reduce 
COD biodegradation rate and cause sludge bulking. Furthermore, 
idiographic and practical conditions should be considered. For example, 
because of the high specifi c heat of water, it is impractical to raise waste-
water temperature to facilitate AOB. It is necessary to consider the 
economic feasibility when using DO, temperature, pH, and inhibitor as 
control parameters.

SHARON is the fi rst full-scale process in which nitrifi cation/denitrifi -
cation can be achieved with nitrite as the intermediate product (Hellinga 
et al. 1998). It has been used for treating sludge digestion liquid in 
Rotterdam, Dokhaven, Utrecht, Zwolle, and Beverwijk (all in The Nether-
lands). However, SHARON needs to be operated at high temperatures 
(>35°C) and high ammonium concentrations, which limit its application 
(STOWA 1995). In contrast, SBR systems with long sludge ages (>30 d) 
have successfully achieved partial nitrifi cation at low temperatures (<13°C)
when treating municipal wastewater (Peng and Zhu 2006).

Until now the most successful operation of partial nitrifi cation via nitrite 
has been achieved in sequencing batch processes (Cecen 1996; Verstraete 
and Philips 1998; Hidaka et al. 2002). The only study for partial nitrifi cation 
in a continuous-fl ow process was conducted by Schmidt et al. (2003) with 
infl uent NH4

+-N higher than 50 mg/L. The current challenge is how to imple-
ment stable partial nitrifi cation in con tinuous-fl ow processes treating waste-
water with low ammonia concentration (<60 mg/L).

C. Anaerobic Ammonium Oxidation (ANAMMOX)

Mechanism and Advantages

The Anaerobic Ammonia Oxidation (ANAMMOX) process, developed at 
Delft University of Technology in the 1990s, is a novel and low-cost approach 
to removing nitrogen from wastewater (van Graaf et al. 1995; Strous et al. 
1999; Fux et al. 2002). In ANAMMOX, ammonia is oxidized to nitrogen 
by anaerobic AOB with nitrite as the electron acceptor. Hydrazine and 
hydroxylamine are the intermediate products (Schalk et al. 1998; Jetten 
et al. 1999). External carbon sources are not needed in ANAMMOX 
because carbon dioxide serves as the main carbon source for anaerobic AOB 
(van Graaf et al. 1996). Equation 7 is the ANAMMOX reaction (Jetten 
et al. 1999):
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 NH4
+ +  1.31NO2

− +  0.066HCO3
− +  0.13H+ →

 1.02N2 +  0.26NO3
− +  0.066CH2O0.5N0.15 +  2.03H2O (7)

The possible mechanism for anaerobic ammonium oxidation is shown in 
Fig. 5. Nitrite-reducing enzyme (NR) is on the cytoplasm side of the cell 
membrane. It catalyzes the reduction of NO2

− to hydroxylamine. Hydrazine 
hydrolase (HH) across the cell membrane condenses hydroxylamine and 
ammonia to hydrazine. Hydrazine-oxidizing enzyme (HZO) is on the anam-
moxosome side of the cell membrane and catalyzes hydrazine to nitrogen. 
The electrons generated from these reactions are transferred back to NR.

Two ANAMMOX bacteria, tentatively named Brocadia anammoxidans 
(Strous et al. 1997a) and Kuenenia stuttgartiensis (Schmid et al. 2000; Cirpus 
et al. 2005), were found to carry out anaerobic ammonium oxidation. Bro-
cadia anammoxidans was detected in the Netherlands, whereas Kuenenia
stuttgartiensis was detected in Germany and Switzerland. These two bacte-
ria have similar structures and produce hydrazine from exogenously sup-
plied hydroxylamine. Two new species of ANAMMOX bacteria, Candidatus 
Scalindua brodae and Candidatus Scalindua wagneri, have been recently 
discovered (Schmid et al. 2003).

Compared with conventional nitrifi cation-denitrifi cation processes, 
ANAMMOX has two major advantages. First, because ANAMMOX is 
carried out by autotrophic bacteria, there is no need for organic carbon 
sources, which saves chemical dosage costs. Second, the biomass yield of 
ANAMMOX is very low (0.11 g VSS/g NH4

+-N, VSS—volatile suspended 
solids), which saves sludge treatment costs (Jetten et al. 1999; Fux et al. 2002; 
Cirpus et al. 2005).

Fig. 5. Mechanism of anaerobic ammonium oxidation. NR is a nitrite-reducing 
enzyme (NH2OH is the assumed product); HH (hydrazine hydrolase) condenses 
hydrazine from ammonia and hydroxylamine; HZO is a hydrazine-oxidizing enzyme 
(which may be equivalent to hydroxylamine oxidoreductase). (From Jetten et al. 
2001.)
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Key control factors

Reactor confi guration. As a result of the slow growth rate of ANAMMOX 
bacteria, these reactors should have long SRT to maintain high biomass 
concentrations, especially at the startup stage. Studies have revealed that 
biofi lm systems (fi xed-bed reactor, fl uidized-bed reactor, gas-lift reactor, 
etc.) (Sliekers et al. 2003; Dapena-Mora et al. 2004) and SBR (Strous et al. 
1997c, 1998, 1999; van Dongen et al. 2001) are feasible for ANAMMOX.

DO concentration. Strous et al. (1997a) demonstrated that the activity of 
ANAMMOX bacteria was temporarily inhibited at the DO concentration 
of 0.2 mg/L and later recovered under anoxic conditions. The activity of 
ANAMMOX bacteria was completely inhibited at DO concentration of 
0.2–1.0 mg/L.

Substrate concentration. Ammonia (the substrate for ANAMMOX) and 
nitrate (the by-product) produce little inhibition on ANAMMOX bacteria 
when their concentrations are below 1000 mg/L (Jetten et al. 1999). However, 
nitrite (another substrate) exhibits an adverse impact on ANAMMOX 
bacteria at a concentration of 100 mg/L (Strous et al. 1999). It is critical to 
maintain nitrite concentration below 70 mg/L in this process (Schmidt et al. 
2002a).

pH. pH affects this process in terms of substrate constituents. The percent-
age of ammonia and nitrite in wastewater is signifi cantly infl uenced by pH 
(Anthonisen 1976; Abeling and Seyfried 1992) and can be expressed in the 
following equations (Eqs. 8 and 9):

NH3
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1
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+
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−
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in which [Ka] is the ionization constant. Appropriate pH range for 
ANAMMOX bacteria is 7.7–8.3 with the maximum reaction rates occurring 
at pH of 8.0 (Strous et al. 1997a). Reaction rates increased at pH of 6.0–7.5 
but decreased at pH 8.0–9.5.

Temperature. Temperature is an important factor for cell growth and meta-
bolic activity. Normally, cells grow faster at higher temperature. Because 
the growth rate of ANAMMOX bacteria is very slow, there has been no 
accurate correlation between their growth rates and temperatures. The 
activation energy of ANAMMOX bacteria is similar to that of aerobic AOB 
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(about 70 kJ/mol) (Strous et al. 1997b). ANAMMOX can take place at 
temperatures ranging from 6°C to 43 °C, whereas the optimal temperature 
for its bacteria is 26°–28°C (Fig. 6) (Thamdrup and Dalsgaard 2002). The 
reaction rate drops rapidly at temperatures lower than 15°C or higher than 
40°C.

NO and NO2. Both NO and NO2 are the intermediate products of NOB. 
They affect not only ANAMMOX bacterial activities but also their growth 
rates. Schmidt et al. (2002b) found that consumption rates of NH3 and NO2

−

and production rates of NO3
− increased with addition of NO2

−, and were 
highest at [NO2

−] of 50 mg/L, but dropped at [NO2
−] higher than 600 mg/L. 

The specifi c growth rate of Brocadia anammoxidans increased from 0.003 h−1

without the addition of NO2
− to 0.004 h−1 at the [NO2

−] of 50 mg/L, but dropped 
to 0.0028 h−1 at [NO2

−] of 200 mg/L.

Fig. 6. Effect of temperature on growth rate of ANAMMOX bacteria.
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Sludge age. Because of the slow growth rate and low biomass yield of 
ANAMMOX bacteria, a long sludge age is critical for this process. Although 
the theoretical doubling time of the bacteria is 11 d, longer SRT enhances 
ANAMMOX performance (Strous et al. 1999; Schmidt et al. 2002a).

Combined Partial Nitrifi cation and ANAMMOX Process

The critical point for a successful process is to maintain a suffi cient popula-
tion of anaerobic AOB (Jetten et al. 1999). Because high [NO2

−] inhibits 
anaerobic AOB, reducing NO2

− accumulation will be a solution for this 
process. Partial nitrifi cation can effectively convert NO2

− to N2 without sig-
nifi cant accumulation; thereby, coupling with partial nitrifi cation is expected 
to solve the NO2

− problem in ANAMMOX (Fig. 7) (Fux et al. 2002). In this 
combined process, part of NH4

+ is oxidized to NO2
− by aerobic AOB, and 

NO2
− is then reduced to N2 by denitrifi ers. The other part of NH4

+ is oxidized 
to N2 with NO2

− as an electron acceptor by anaerobic AOB. The oxygen 
requirement of this combined process is 40% less than traditional nitrogen 
removal systems. The organic dosage for denitrifi cation is also saved. In 
addition, sludge production is low because of the slow growth rate of 
anaerobic AOB, which reduces sludge treatment costs (Jetten et al. 1997). 
However, there are several problems for this combined system:

1. The residual DO in the effl uent of partial nitrifi cation might inhibit 
ANAMMOX bacterial activity because anaerobic AOB are sensitive to 
oxygen.

2. The optimal ratio of ammonia to nitrite should be 1.0 : 1.3 for the 
ANAMMOX process (see Eq. 5). This ratio might be diffi cult to maintain 
as a result of the involvement of complex biochemical reactions and 
diverse microorganisms in the process.

3. Because anaerobic AOB (cell yield, 0.11 g VSS/g NH4
+-N) grow slower 

than aerobic AOB (cell yield, 0.13 g VSS/g NH4
+-N), they will be outcom-

peted by the aerobic AOB present in the effl uent of partial nitrifi cation.

Aeration

Partial nitrification ANAMMOX

Supernatant

NH4+NO2

Decanted water 

NH4, NO2 Æ
N2, NO3

Fig. 7. The combined partial nitrifi cation–ANAMMOX process.
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A step-feeding mode for partial nitrifi cation and ANAMMOX can 
reduce the competition between anaerobic AOB and aerobic AOB (Fig. 8). 
Applying this operation mode can result in the following advantages:

1. Eliminating the competition of aerobic AOB and anaerobic AOB 
for ammonia, especially when ammonia concentration is low in raw 
wastewater.

2. Providing an optimal substrate ammonia and nitrite ratio (1.0 : 1.3) and 
thus enhancing total-N removal effi ciency.

3. Ensuring an obligate anaerobic environment for ANAMMOX, because 
residual DO in the effl uence of partial nitrifi cation is depleted by COD 
in the infl uent.

4. Part of the nitrate produced in ANAMMOX can be removed by deni-
trifi cation with the remaining COD as electron donors, which will improve 
total-N removal effi ciency.

5. Because of the low growth rate of the bacteria, aerobic AOB in partial 
nitrifi cation effl uent might have a dilution or competition effect on 
ANAMMOX bacteria. The step-feeding strategy can reduce this dilution 
effect.

Research Status and Unsolved Matters

ANAMMOX has been operated in full-scale plants for treating sludge 
digestion supernatant in the Netherlands (Fux et al. 2002). Anammox effec-
tively solves the nitrite inhibition problem in SHARON. The current chal-
lenge is how to effi ciently accumulate anaerobic AOB. Strous et al. (1998) 
estimated that the cell yield value for anaerobic AOB was 0.066 mol cell/mol 
(NH4

+)reduced, ammonium consumption rate was 45 nmolNH4
+/mgcell/min, and 

the maximum specifi c growth rate was 0.0027 hr−1, which meant their dou-
bling time was at least 11 d. Because the growth rate of these bacteria is 
slow, a long cell retention time is critical (Schmidt et al. 2003). When the 
level of cell loss is higher than cell growth, this process will become unstable 

Aeration

Partial nitrification ANAMMOX

2.31NH4
+

1.31NH4
+ 1NH4

+

1.3NO2
-

0.2NO3
-

1NH4
++1.3 NO2

-

Fig. 8. Schematic graph of the combined partial nitrifi cation–ANAMMOX process.
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(Dapena-Mora et al. 2004). Moreover, due to the slow growth rate of 
ANAMMOX bacteria, it is diffi cult to analyze cell concentration. Until now 
there is no report on the quantitative relation between bacterial popula-
tions and nitrogen removal effi ciency.

D. Aerobic Deammonitrifi cation

Mechanism and Advantages

In aerobic deammonitrifi cation, NH4
+ is oxidized to N2 in a single step (Poth 

and Focht 1985; Bock et al. 1995; Hippen et al. 1997; Siegrist et al. 1998b). 
Two models have been proposed for aerobic deammonitrifi cation: the 
simultaneous nitrifi cation and denitrifi cation model (Fig. 9) and the sepa-
rated nitrifi cation and denitrifi cation model (Fig. 10).

In the fi rst model, aerobic deammonifi cation is achieved by aerobic nitri-
fi ers and anaerobic ANAMMOX AOB (Fig. 9). Alternate aerobic/anoxic 
biofi lm reactors have been found to develop aerobic deammonifi cation. 
Siegrist et al (1998a) observed that Nitrosomomas (aerobic AOB) on the 
surface layer of biofi lm converted ammonia NH4

+ to NO2
− using oxygen from 

bulk wastewater in biological rotation contactors, and NH4
+ and NO2

− then 
transfused to the inner anoxic layer of biofi lm and were removed by anaero-
bic AOB. This model has been verifi ed stoichiometrically (Helmer-Madhok 
et al. 2002). Paracoccus pantotropha were found to carry out both anoxic 
and aerobic denitrifi cation (Arts et al. 1995).

In the second model, aerobic deammonifi cation is achieved by nitrifi ers 
(mainly AOB, such as Nitrosomomas) (see Fig. 10). The AOB on the biofi lm 
surface oxidize NH4

+ to NO2
− in the presence of oxygen. NO2

− then transfuses 

Fig. 9. The simultaneous nitrifi cation and denitrifi cation mode for aerobic deam-
monifi cation. Reprinted from Stuven and Block 2001, with permission from 
Elsevier.
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to the inner layer of the biofi lm and is reduced to N2 with NADH2 as elec-
tron donor (Abeliovich 1987, 1992). In this model, hydroxylamine is the 
intermediate product of ammonium oxidation, and NADH2 is the product 
of hydroxylamine oxidization. However, only 67% of NO2

− can be converted 
to N2 by AOB, based on this model (Siegrist et al. 1998b).

Research Status and Unsolved Matters

It has been found in pilot-scale and full-scale studies that NH4
+ is oxidized 

to N2 when treating municipal wastewater and landfi ll leachate (Siegrist 
et al. 1998a,b). Because aerobic deammonifi cation normally occurs in the 
systems designed for conventional nitrifi cation, the process design has not 
yet been optimized and nitrogen loading rates are low (90–250 g N/m3

reactor d−1) (Verstraete and Philips 1998). More studies need to be con-
ducted to understand the mechanisms, characterize the microbial communi-
ties, and enhance process control.

E. Completely Autotrophic Nitrogen Removal over Nitrite (CANON)

Mechanism and Advantages

Because a signifi cant amount of nitrogen is lost as nitrogen gas during the 
treatment of wastewater with high ammonia loadings but low organic load-
ings (Helmer and Kunst 1998; Koch et al. 2000; Helmer et al. 2001), a new 
process named Completely Autotrophic Nitrogen removal Over Nitrite 
(the CANON process) has been developed (Dijkman and Strous 1999). This 
process includes partial nitrifi cation and anoxic oxidation of ammonia 
carried out by aerobic AOB and anaerobic AOB (Pynaert et al. 2002a,b; 
Third et al. 2001; Hao et al. 2002b; Nielsen et al. 2005). The interaction 
between these two types of nitrifi ers under oxygen-limited conditions results 
in a complete conversion of ammonium to nitrogen gas in a single auto-
trophic reactor.

Fig. 10. Possible degradation of ammonia to dinitrogen and nitrite. Reprinted from 
Pochana and Keller 1999, with permission from IWA Publishing.
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Under oxygen-limited condition, NH4
+ is oxidized to NO2

− by aerobic 
nitrifi ers (Eq. 10) (Hanaki et al. 1990):

NH4
+ +  1.5O2 → NO2

− +  2H+ +  H2O (10)

Anaerobic AOB subsequently convert NH4
+ and NO2

− to nitrogen gas and 
NO3

−:

NH4
+ +  1.3NO2 → 1.02N2

− +  0.26NO3
+ +  2H2O (11)

With NO2
− serving as the electron donor for the formation of biomass 

from carbon dioxide, the oxidation of NO2
− to NO3

− is stoichiometrically 
coupled with cell growth. The combination of reactions 9 and 10 results in 
the following overall nitrogen removal reaction (Eq. 12) (Strous 2000):

 NH4
+ +  0.85O2 → 0.435N2 +  0.13NO3

− +  1.3H2O +  1.4H+ (12)

Both CANON and ANAMMOX removed nitrogen through the reaction 
of NH4

+ and NO2
−. However, NO2

− is the electron donor in CANON and is 
produced in shortcut nitrifi cation by AOB, whereas NO2

− is the electron 
acceptor in ANAMMOX and needs to be added from other sources. 
CANON is operated at low oxygen condition (DO  <  0.5 mg/L) whereas 
ANAMMOX is operated at obligate anaerobic condition.

CANON is cost-effective for wastewater with high ammonia concentra-
tions (Pynaert et al. 2004). No extra carbon source is required, because it is 
completely autotrophic. In addition, nitrogen removal can be achieved in a 
single reactor with low aeration intensity. CANON consumes 63% less 
oxygen than conventional nitrogen removal processes (Sliekers et al. 2002).

Key Control Factors

There are three key factors for CANON: dissolved oxygen concentration, 
ammonia concentration, and an AOB population. Oxygen has two inhibi-
tion impacts on this process. It is toxic to anaerobic AOB and suppresses 
anaerobic AOB with the excessive production of nitrite. A DO concentra-
tion of 0.5  ±  0.07 mg/L is recommended (Sliekers et al. 2003).

Ammonia concentration is critical for this process. Ammonia oxidation 
is limited only by oxygen concentration when ammonia is suffi cient in 
CANON, while nitrite oxidation is limited by both oxygen and nitrite con-
centrations. If either dissolved oxygen or nitrite is maintained at a low level, 
NOB can be inhibited in the system and ensure a stable CANON perfor-
mance (Pynaert et al. 2002b; Nielsen et al. 2005). It has been found that a 
defi ciency of ammonia substantially lowered this process effi ciency, with 
31% of NO2

− generated by AOB reacting in anaerobic ammonifi cation and 
69% of nitrite reacting in nitrifi cation. When ammonia became suffi cient, 
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100% of NO2
− generated by AOB reacted in anaerobic ammonifi cation 

(Third et al. 2001). The experimental results showed that an ammonia 
loading of 14 mg/L hr provided a suffi cient ammonia source in CANON 
(Third et al. 2001).

The interaction between aerobic AOB and anaerobic AOB affects this 
process (Third et al. 2001, 2005). These two types of bacteria live on differ-
ent substrates, with aerobic AOB requiring ammonia and oxygen and 
anaerobic AOB requiring ammonia and nitrite. Therefore, CANON will be 
disrupted by the presence of NOB because NOB use oxygen and nitrite as 
substrates and compete with aerobic AOB for oxygen and with anaerobic 
AOB for nitrite.

Research Status and Unsolved Matters

The CANON process has been tested in full-scale nitrifi cation systems 
(Helmer et al. 2001; Boran et al. 2004). N-removal rates reached 1.5 kg 
N m−3 d−1 in this process (Sliekers et al. 2003), 20 times higher than other 
biological nitrogen removal processes (Kuai and Verstraete 1998; Sliekers 
et al. 2002). More studies are needed to clarify microbial communities in 
CANON, broaden its application, and enhance its resistance to shocks.

F. Oxygen-Limited Autotrophic Nitrifi cation-Denitrifi cation (OLAND)

Mechanism and Advantages

Nitrogen removal can also be accomplished in another single-step process, 
named the Oxygen-Limited Autotrophic Nitrifi cation-Denitrifi cation 
(OLAND) process (Kuai et al. 1998), in which AOB oxidize a portion of 
NH4

+ to NO2
− with oxygen as the electron acceptor and then reduce NO2

− to 
N2 with the other portion of NH4

+ as the electron donor. OLAND is sup-
posed to take place via two steps (reactions 13 and 14) (Poth 1986; Muller 
et al. 1995):

NH4
+ +  1.5O2 → NO2

− +  H2O +  2H+ (13)

NH4
+ +  NO2

− → N2 +  2H2O (14)

Combining these two steps, we can get an overall reaction:

 2NH4
+ +  1.5O2 → N2 +  3H2O +  2H+ (15)

There is no clear distinction between OLAND and CANON. OLAND 
is achieved by aerobic AOB (N. eutropha) under oxygen-limited condition 
(Pynaert et al. 2004), while CANON is carried out by both aerobic AOB 
and anaerobic AOB under oxygen-limited condition. OLAND also exhibits 
a good tolerance of NH4

+ and NO2
− shocks (Windey et al. 2005). Compared 
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with conventional nitrogen removal processes, OLAND consumes 63% less 
oxygen and does not require alkalinity dosage (Bock et al. 1995; Hippen 
et al. 1997; Pynaert et al. 2004).

Key Control Factors

Oxygen concentration is critical for OLAND because the population 
of aerobic AOB drastically decreases at low oxygen concentration 
(DO <  0.1 mgL−1) (Kuai and Verstraete 1998; Philips et al. 2002; Zhang 
et al. 2004). Compared with CANON, OLAND has a shorter sludge reten-
tion time and a lower requirement for nitrite sources (Wyffels et al. 2004a; 
Windey et al. 2005).

Research Status and Unsolved Matters

Although OLAND is easier to operate than CANON, the application of 
this one-step process is severely limited by the low nitrogen removal effi -
ciency (lower than 40%) and the uncertainty of the operational conditions 
(Schmidt and Bock 1997). To enhance OLAND performance, the oxidation 
rate of NH4

+ to NO2
− and the growth rate of aerobic AOB under oxygen-

limited condition should be improved. In addition, the impacts of tempera-
ture and pH need to be studied, which is important for the growth of AOB 
and nitrogen removal effi ciency.

G. Current Status of Nitrifying Bacteria

Understanding the population and function of nitrifying bacteria is critical 
to the design and operation of nitrogen removal processes. Because micro-
organisms are critical in nitrogen removal processes, many studies have 
investigated nitrifying bacterial species and activity. Based on gene sequence 
analysis, there are fi ve genera of AOB: Nitrosococcus, Nitrososmonas, 
Nitrosospira, Nitrosovibrio, and Nitrosolobus; and four of NOB: Nitrobac-
ter, Nitrospira, Nitrococcus, and Nitrospira. By using classical microbial 
screening techniques, and Painter (1986) found that Nitrosomonas europa
and Nitrobacter winogradskyi were the main genera of AOB and NOB. In 
contrast, the studies using molecular biology-based techniques including 
16S ribosomal RNA (rRNA)-targeted methods have shown a great diver-
sity of nitrifi ers in activated sludge. Nitrosospira and Nitrospira were found 
as the main genera of AOB and NOB in both bench-scale systems (Burrell 
et al. 1998; Schramm et al. 1998, 1999; Rittmann et al. 1999; Morgenroth 
et al. 2000; You et al. 2003; Gieseke et al. 2002) and wastewater treatment 
plants (Juretschko et al. 1998; Coskuner and Curtis 2002), whereas Nitro-
somonas and Nitrobacter were still characterized as dominant nitrifying 
bacteria in some other studies using bench-scale systems (Gieseke et al. 
2001; Chen et al. 2003: Tsuneda et al. 2003) and wastewater treatment plants 
(Wagner et al. 1996; Daims et al. 2001; Dionisi et al. 2002; Coskuner and 
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Curtis 2002; Hallin et al. 2005). In addition, although nitrifying bacterial 
populations (AOB  +  NOB) are generally supposed to be greater than 5%–
8% in biomass for good nitrifi cation (Randall et al. 1992; Koch et al. 2001), 
a wide variation in the percentage of nitrifying bacteria in the microbial 
community has been reported. It varied from 0.34% in activated sludge 
(Dionisi et al. 2002), through 6%–18% in a combined activated sludge and 
rotating biological contactor process (You et al. 2003) and a sewage plant 
(Wagner et al. 1995), and to more than 50% in a carbon-limited autotrophic 
nitrifying biofi lm (Kindaichi et al. 2004) and an SBR system (Morgenroth 
et al. 2000). These studies refl ect the differences between AOB and NOB 
populations in treatment facilities and raise two questions: (1) Does the 
dominance of specifi c nitrifying bacterial species vary with operational 
conditions and infl uent qualities? and (2) What is the correlation between 
microbial population and operational conditions in the treatment 
systems?

There are discrepancies in the dominance of AOB and NOB. It was 
generally accepted that AOB dominated over NOB with a ratio of 2.0–3.5 
under conditions of good nitrifi cation (Copp and Murphy 1995; You et al. 
2003), possibly because of the inherent high growth rates of AOB (Schramm 
et al. 1999) and the higher energy generation of NH4

+ oxidization by AOB 
than NO2

− oxidization by NOB (You et al. 2003). Cell size could also con-
tribute to the dominance of AOB, since AOB cells were larger than NOB 
(Altmann et al. 2003) and existed in larger colonies (Schramm et al. 1996; 
Juretschko et al. 1998). Another explanation was that AOB could maintain 
ribosome content under adverse conditions because inactive AOB could 
still be detected in high abundance by fl uorescent in situ hybridization 
(FISH) targeting ribosomal RNA (rRNA) (Wagner et al. 1995; Okabe 
et al. 2004). However, several other studies revealed that the population of 
AOB was lower than that of NOB. Schramm et al. (1999) found that NOB 
(Nitrospira) was more than 30 times that of AOB (Nitrosospira) in a waste-
water treatment plant, and Gieseke et al. (2001) found that NOB popu-
lation (Nitrospira) was 85 times more than AOB (Nitrosomonas) in a 
bench-scale biofi lm system. By using real-time quantitative PCR and assum-
ing two copies of amoA gene per AOB cell and one copy of 16S rDNA 
gene per NOB cell, Dionisi et al. (2002) estimated the NOB population 
(Nitrospira) as 190 times greater than AOB (Nitrosomonas) in a wastewater 
treatment plant. This discrepancy between bacterial populations and their 
functions could be the result of different treatment processes and different 
types of genetic material targeted in these studies, and poses a requirement 
for information on gene expression or examination of the genetic material 
(e.g., mRNA) (Logan and Rittmann 1998).

To explain nitrifying bacterial communities in treatment systems, several 
studies assumed that Nitrosomonas and Nitrobecter were r-strategists
(low affi nity for substrates and high growth rates) and dominated at 
high substrate concentrations, whereas Nitrosospira and Nitrospira were 
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k-strategists (high affi nity for substrates and low growth rate) and thrived 
at low substrate concentrations (Manz et al. 1996; Schramm et al. 1998, 2000; 
Noguera et al. 2002). In addition, Nitrobecter was found to have the unique 
ability to live heterotrophically, whereas most of Nitrospina, Nitrococcus,
and Nitrospira were unable to grow heterotrophically (Ehrich et al. 1995; 
Burrell et al. 1998).

Unsolved Matters

The importance of elucidating nitrifying bacterial populations and function 
in wastewater treatment processes has been well recognized. The combina-
tion of microelectrode and molecular biology has revealed the variation 
of different nitrifying bacterial species in the microenvironment of biofi lm 
and activated sludge. However, there is one major unsolved problem: the 
application of microbial community in engineering design and operation. 
Although diverse nitrifying bacterial groups have been identifi ed, the 
current activated sludge/biofi lm models still assume nitrifying bacteria as a 
single group with the same cell growth rate and use empirical kinetic param-
eters, which leads to malfunction of the nitrogen removal process and the 
uncertainty of seeking the real causes. To enhance the performance of 
nitrogen removal processes, it is critical to incorporate the microbial com-
munity fi ndings into the design and operation of treatment processes.

IV. Critical Comparisons of the Various Technologies

The novel and conventional nitrogen removal processes are compared in 
terms of reactor complexity, treatment performance, and operational costs 
(Table 2) (Jetten et al. 2002; Schmidt et al. 2003). From the aspect of reactor 
numbers, conventional technologies require two reactors while the novel 
technologies require only one, thus saving construction costs. As for oxygen 
requirement, conventional technologies normally require high dissolved 
oxygen concentrations to carry out complete nitrifi cation, while the novel 
technologies need only low or limited oxygen supply, thus saving aeration 
costs. In terms of the addition of carbon sources, the conventional technolo-
gies require high infl uent C : N ratios for denitrifi cation, while novel tech-
nologies have a low carbon requirement and exhibit good adaptation to both 
high and low C : N ratios. 

With the low cell growth rates of anaerobic nitrifi ers, novel technologies 
produce less sludge than conventional technologies and thus reduce sludge 
treatment costs. All novel technologies except ANAMMOX can effi ciently 
remove nitrogen from municipal wastewater. These advantages make the 
novel technologies promising. However, several features of these technolo-
gies need to be improved, such as operational stability, nitrogen removal 
effi ciency, and growth of specifi c nitrifi ers.

Shortcut nitrifi cation-denitrifi cation (partial nitrifi cation) and 
ANAMMOX are the most developed among these novel technologies. 
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Shortcut nitrifi cation-denitrifi cation achieves nitrogen removal in a single 
tank at a low DO concentration. ANAMMOX has high effi ciency when 
operated at higher total-N loadings and can be combined with partial nitri-
fi cation through anaerobic AOB. The SHARON and CANON processes 
are derived from these two technologies. Aerobic dammonitrifi cation is a 
combined process of partial nitrifi cation and ANAMMOX reactions occur-
ring at different layers of biofi lm.

Summary

This comprehensive review discusses diverse conventional and novel tech-
nologies for nitrogen removal from wastewater. Novel technologies have 
distinct advantages in terms of saving confi guration, aeration, and carbon 
sources. Each novel technology possesses promising features and potential 
problems. For instance, SND and OLAND processes can achieve 100% 
total nitrogen removal, but the low oxygen concentration required by these 
two processes substantially reduces the nitrifi cation rate, which limits their 
application. On the other hand, denitrifi cation can still be carried out by 
aerobic denitrifi ers at high DO levels in activated sludge process, but it is 
diffi cult to cultivate this type of bacteria.

The SHARON process is most commonly used for shortcut nitrifi cation 
and denitrifi cation because of its low requirements for retention time, 
oxygen concentration, and carbon source. However, its high operational 
temperature (about 35°C) limits the application. Several real-time control 
strategies (DO, pH, and ORP) have been developed to achieve a stable 
nitrite accumulation in SHARON.

The ANAMMOX process can sustain at high total-N loadings and has 
been employed in full-scale treatment plants, but the problem of nitrite 
supply has not been solved, and the treated wastewater still contains nitrate. 
In addition, the inoculation and enrichment of ANAMMOX bacteria (i.e., 
anaerobic AOB) is diffi cult. The problem of nitrite supply has been solved 
by combining partial nitrifi cation with ANAMMOX, which provides abun-
dant nitrite for anaerobic AOB. ANAMMOX is currently used for treating 
sludge digestion supernatant.

Aerobic dammonitrifi cation is a process combining partial nitrifi cation 
and ANAMMOX at different layers of biofi lm. Although the technology 
has been tested in pilot- and full-scale experiments, the mechanism is still 
unclear.

CANON and OLAND are one-step ammonium removal processes that 
possess distinct advantages of saving carbon sources and aeration costs. The 
major challenge is the enrichment of anaerobic microorganisms capable of 
oxidizing ammonia with nitrite as the electron acceptor.

Molecular biology and environmental biotechnology can help identify 
functional microorganisms, characterize microbial communities, and develop 
new nitrogen removal processes. Extensive research should be conducted 
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to apply and optimize these novel processes in wastewater treatment plants. 
More effort should be invested to combine these novel processes (e.g., 
partial nitrifi cation, ANAMMOX) to enhance nitrogen removal effi ciency.
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Pharmaceutical EC50s, aquatic higher 
plants (table), 81

Pharmaceutical effects, aquatic plants, 
risk assessment, 99

Pharmaceutical effects, plants, 
microcosm studies, 98

Pharmaceutical metabolic pathways 
(diagram), 74

Pharmaceutical releases, various 
sources listed, 69

Pharmaceutical toxicity, aquatic plants 
(table), 81

Pharmaceutical toxicity in plants, 80
Pharmaceuticals, algae sensitivity, 95
Pharmaceuticals, animal husbandry 

releases, 69
Pharmaceuticals, animal manure 

releases, 69
Pharmaceuticals, aquatic plant 

exposure effects/risks, 67 ff.
Pharmaceuticals, aquatic plants 

exposure, 68
Pharmaceuticals, comparative 

sensitivity, various plants, 95
Pharmaceuticals, ecotoxicology, 67 ff.
Pharmaceuticals, effects/risks, aquatic 

plants, 67 ff.
Pharmaceuticals, higher plants 

sensitivity, 95
Pharmaceuticals, no risk guidelines 

established, 70
Pharmaceuticals, pathway/receptor-

specifi c endpoints, 99
Pharmaceuticals, pesticide aquatic 

registration guidelines, 71

Pharmaceuticals, plant toxicity receptor 
sites, 71

Pharmaceuticals, toxicity risk to aquatic 
plants, 101

Pharmaceuticals, veterinary application 
releases, 69

Pharmaceuticals, wastewater treatment 
releases, 69

Phosphate fertilizers, cadmium buildup, 
pasture soils, 36

Phosphate fertilizers, cadmium levels, 
35

Phosphate fertilizers, fl uorine buildup, 
pasture soils, 36

Phosphate fertilizers, fl uorine levels, 35
Phosphorus:cadmium ratios, New 

Zealand soils, 39
Phosphorus:fl uorine ratios, New 

Zealand soils, 39
Phosphorus rock, main pasture 

fertilizer, 30
Phosphorus rock, toxic element 

contaminants, 30
Plant bleaching, DNA gyrase inhibitors 

cause, 87
Plant enzymes, metabolizing 

xenobiotics, 97
Pleuromutilin antibiotic targets, in 

chloroplasts, 75
Pleuromutilins, chloroplastic translation 

& anabolic inhibitors, 89
Point-of-use water treatment devices, 

U.S., 146
Point-of-use water treatment devices, 

organism regrowth problems, 147
Point-of-use water treatment, health 

benefi ts, 148
Polycyclic Aromatic Hydrocarbons, See 

PAHs, 1 ff.
Polycylic organic matter, domestic coal 

stove source, 12
Predenitrifi cation, nitrogen removal, 

162
Predicted environmental concentration, 

antibiotics (table), 103
Priority Pollutants (China), nine 

PAHslisted, 3
Priority Pollutants (USEPA), 16 PAHs 

listed, 3
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Protozoa, agents of waterborne disease 
(table), 121

Pseudokirchneria subcapitata (green 
algae), test, 71

Pyrolysis, PAH formation, 14
Pyrosynthesis, PAH formation, 14

Receptor sites, pharmaceutical plant 
toxicity, 71

Resistant pathogens, conventional 
water treatment, 128

Risk assessment, pharmaceutical 
effects, aquatic plants, 99

Rotterdam SHARON system, nitrogen 
removal (diag.), 168

Sensitive populations, waterborne 
pathogen disease, 119

Sequencing batch reactor, nitrogen 
removal, 162

Sewage discharges, Giardis (protozoa)
abundance, 127

SHARON, Rotterdam system, nitrogen 
removal (diag.), 168

Shortcut nitrifi cation & denitrifi cation, 
nitrogen removal, 165

Simultaneous nitrifi cation & 
denitrifi cation, nitrogen removal, 
163

Skeletonema costatum (marine diatom), 
test organism, 71

Skin cancer, PAH-related, 9
Sludge age, nitrogen removal, 

wastewater, 168
Soil properties, effects cadmium/

fl uorine dynamics, 41
Soot, PAHs source, 10, 14
States served by groundwater drinking 

water (map), 134
Statin cholesterol inhibition, mode of 

action, 79
Statin lipid regulator target, mevalonic 

acid pathway, 79
Step feeding, nitrogen removal, 162
Streptomycin-related antibiotics, 

chloroplast resistance, 76
Sulfonamide antibiotic targets, 

mitochondrial folate biosynthesis, 
77

Sulfonamide antibiotics, mode of 
action, 77

Supercritical fl uid extraction, PAHs, 3
Surface water illness outbreaks, 126
Surface water, untreated, disease 

outbreaks, 127
Surface waters, enteric pathogen 

sources, 127

Technologies comparisons, 
nitrogen removal, wastewater, 
183

Temperature effect, growth rate of 
ammonia oxidizers (diag.), 167

Tetracycline targets, in chloroplasts, 
75

Tetracyclines, chloroplastic translation 
& anabolic inhibitors, 88

Toxicology, PAHs, 7
Transient noncommunity water 

systems, described, 124
Translation & anabolic inhibitors, 

chloroplasts, antibiotics, 88
Triclosan target, chloroplast fatty acid 

biosysthesis, 78

Untreated groundwater, disease 
outbreaks, 127

Untreated surface water, disease 
outbreaks, 127

Unvented indoor coal burning, hazards, 
12

Uranium, phosphorus rock toxic 
element, 30

Veterinary applications, pharmaceutical 
releases, 69

Viral infections, contaminated 
groundwater, 145

Viruses, agents of waterborne disease 
(table), 121

Wastewater nitrogen removal, 159 ff.
Wastewater treatment, pharmaceutical 

releases, 69
Water distribution system, enteric 

pathogen source, 128
Water system violations, geographical 

distribution (map), 133
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Water treatment at point-of-use, 146
Water treatment systems, disease 

control failures, 128
Waterborne disease bacteria, 123
Waterborne disease control failures, 

water treatment systems, 128
Waterborne disease estimates, from 

exposure, 143
Waterborne disease outbreaks, 

distribution system defi ciencies, 
132

Waterborne disease protozoa, 124
Waterborne disease risk calculations 

(tables), 144
Waterborne disease risk, U.S., 136
Waterborne disease, sensitive 

populations, 119
Waterborne disease viruses, 122

Waterborne illness risks, U.S. (tables), 
144

Waterborne illnesses, drinking water, 
117 ff.

Waterborne illnesses per year, U.S., 145
Waterborne pathogen disease, sensitive 

populations, 119
Waterborne pathogens, drinking water, 

117 ff.
Waterborne pathogens, population 

impacts, 118
Waterborne viral illnesses, 

groundwater, U.S., 144

Xenobiotic metabolism, plant enzymes, 
97

Xenobiotic metabolism, plant species 
enzyme differences, 97




