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ABSTRACT

This dissertation contains the results of two different projects. The first one is a study

of the transport of protozoa pathogens Cryptosporidium parvum and Encephalitozoon

intestinalis in soils. The aim of this project was to investigate the movement and retention

mechanisms of these microorganisms in natural porous media. The work determined that in

the case of C. parvum, the retention was primarily produced by straining and in the case of

E. intestinalis the main retention mechanism was attachment. The results of C. parvum

lysimeter experiment compared to the results from the 7 cm column experiments suggest that

retention is proportional to the length of the column. 

The second study evaluated the Polymerase Chain Reaction (PCR) as a tool to

identify dechlorinating bacteria in groundwater contaminated with chloroethenes. The target

DNA regions to identify these microorganism were the 16s rDNA specific for

dehalococcoides sp. and Desulfuromonas and DNA sequences coding for the reductive

dehalogenase enzymes pceA, tceA, bvcA and vcrA. Bacteria able to transform PCE into DCE

were detected in all groundwater samples. Bacteria able to transform VC into ethene were

found only in one of the samples. This study shows that PCR analysis of 16s rDNA and

reductive dehalogenase gene sequences together with microcosm results are useful tools to

analyze the populations of reductive dechlorinators and their activity in a given site.
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1. INTRODUCTION

Microorganisms thrive in almost every habitat on earth because, as a result of their

genetic and metabolic versatility, they are capable of exploiting a vast range of energy

sources.  The present work shows two different studies on microorganisms that exploit two

different niches and have contrasting impacts on human populations. The first one focuses

on the pathogenic protozoa Cryptosporidium parvum and Encephalitozoon intestinalis that

live as intracellular parasites in the epithelial cells of the small intestine in mammals. These

microorganisms contaminate water reserves and have negative effects on human health.  The

second study focuses on indigenous subsurface populations of microorganisms able to

decontaminate water reserves polluted with chlorinated ethenes. These microbes transform

these contaminants in to less harmful end products, helping to clean up ground water reserves

used by humans as potable water.

1.1 Transport and Retention of Cryptosporidium parvum and Encephalitozoon

Intestinalis in Natural Sandy Soil

1.1.1 Research Motivation

The enteric protozoa Cryptosporidium parvum and the microsporidium

Encephalitozoon intestinalis are important microbial contaminants associated with high risk

of waterborne illness. C. parvum has been the cause of several outbreaks events in the United

States (Moore et al., 1993; Solo-Gabriel and Neumeister, 1996), and E. intestinalis, recently
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recognized as an agent of disease in humans, have been shown to be responsible for intestinal

disease in immunocompromised individuals (Weber et al., 2000).

Contamination of water supply wells by these enteric pathogens may become a major

cause of waterborne disease outbreaks. Therefore, there is an increasing concern about the

contamination of groundwater reserves and also a great interest in understanding the

transport and fate of these enteric microorganisms in the subsurface. 

1.1.2 Literature Review

Cryptosporidium parvum

Cryptosporidium is a protozoa genus in the phylum Apicomplexa, class Coccidea

(O’Donoghue, 1995), which encompass unicellular microorganisms that have inner cell

membrane organelles, have an apical complex that enables them to penetrate host cells, live

as intracellular parasites in epithelial cells of digestive organs and the respiratory tract of

vertebrates, and present both sexual and asexual reproduction (Fayer et al., 1997).

Cryptosporidium causes gastrointestinal illness in as many as 152 mammals and many other

vertebrates such as birds and reptiles (Jokipii et al., 1985; O’Donoghue, 1995; Fayer et al.,

2000)

Cryptosporidium parvum is the only species among all Cryptosporidium species able

to infect humans (Arrowood, 1997); however C. parvum is also able to infect other

vertebrates including farm animals.  This pathogen causes the human illness
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cryptosporidiosis and the clinical manifestations of the illness include diarrhea, nausea,

vomiting, and abdominal cramps (Laurent, et al., 1999). 

C. parvum. completes its life cycle in a single host and it starts when the infective

stage of the pathogen, the oocyst, is ingested. The oocyst  reaches the small intestine and

releases four sporozoites  (Figure 1), which adhere to the luminal surface of the epithelial

cells. These sporozoites differentiate into a trophozoite, which matures into the asexual form

called schizont or meront. Meronts type 1 infect a new host cell. Meronts type 2 invade new

cells and also initiate the sexual multiplication by differentiating into microgametocyte or

macrogamont stages. The microgametocytes contain sperm like microgamentes, which

fertilize the microgamonts to produce the oocysts. Finally, between 10  and 10 oocysts are9 10

released into the environment in the feces of the infected human or animal (O’Donoghue,

1995; Chapell et al., 1996). 

The oocysts are round to elliptical in shape (O'Donoghue, 1995) and their size ranges

between four and five micrometers (Casemore et al., 1997) (Figure 2). Ooocysts are protected

by an outer shell that allows them to survive outside the host’s body for long periods of time

and makes them very resistant to chlorine  based disinfectants (Korich et al., 1990).

The broad host range,  the high output of oocysts, and the fact that oocysts are highly resistant

to chlorine disinfection and resistant to adverse environmental conditions, ensure  a high level

of contamination in the environment and favors the pathogen transmission.  The main

transmission  routes by which a person may be infected are: (1) ingestion of fecally

contaminated water (water-borne) through drinking water or recreational water, (2) ingestion
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of fecally contaminated food (food-borne), and (3) person-to-person or animal-to-human

direct/indirect contact (Fayer et al., 2000). In healthy individuals, symptoms of

cryptosporidiosis generally begin 2 to 10 days after becoming infected with the parasite and

the symptoms usually last about one or two weeks. However, C. parvum causes more severe

symptoms in young children, pregnant women, and people with a weak immune system

(Current et al., 1983). 

Figure 1.Cryptosporidium parvum life cycle:(a) Oocysts are ingested in food or water. (a, b)
Sporozoites excyst in the small intestine. (c) Sporozoites attach to the epithelial surface  of
the mucosa. (d, e) Asexual reproduction, (f, g, h, i). Sexual reproduction results in a zygote,
the oocysts. (J, k) Oocysts are released in feces. Taken from Current and Garcia, 1991. 
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The illness produced  by C. parvum is associated to alterations in intestinal structure

and function.  After the sporozoite attachment, the epithelial mucosa cells release cytokines

that activate resident phagocytes (Goodgame, 1996). These activated cells release soluble

factors that increase intestinal secretions of water and chloride and also inhibit absortion.

These soluble factors include histamine, serotonin, adenosine, prostaglandins, leukotrienes.

Consequently epithelial cells are damaged by 1) cell death as direct result of parasite

invasion, multiplication and extrusion or 2) cell damage through T- cell mediated

inflamation. The result is the distortion of the luminal surface of the epithelial cells, nutrient

malabsortion and diarrhea.

Cryptosporidium parvum was first described by Ernest Edward Tyzzer in 1912

(Fayer, et al. 1997) but it was not until 1976 that C. parvum was reported to be a human

pathogen (Meisel et al., 1976; Nime, et al., 1976). Up to this time, this protozoa was

considered an opportunistic pathogen because few isolated cases of infected humans had

been reported, however cases increased dramatically after 1982 and Cryptosporidiosis was

recognized as an important emerging infection. 

Several water-borne outbreak events have occurred in the United States and Europe

(Craun, et al., 1998). The first documented water-bone outbreak was in 1984 in Braun

Station, San Antonio Texas  (D’Antonio, 1985), where 2,006 people were infected. The

suspected source of the contamination was contaminated ground water.  In 1987 treatment

deficiencies in the water treatment plant  produced an  outbreak affecting 12,960 people in

Carrollton County, Georgia. (Hayes et al. 1989). In 1993 there was a massive outbreak in
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Milwaukee, Wisconsin, also transmitted through the public water supply,  affecting 403,000

individuals (MacKenzie, et al., 1994).

Figure 2. Epifluorescent microscope photograph of Cryptosporidium parvum oocysts. Picture
taken by J. Santamaría.

The Microsporidium Encephalitozoon intestinalis

Microsporidians are protozoa in the phylum Microspora. They are eukaryotic,

unicellular and obligate intracellular parasites. They have no mitochondria, no typical golgi

apparatus and their ribosomes resemble the ribosomes of prokaryotic organisms. Another

important characteristic is the presence of the extrusion or infection apparatus in the spore

(polar tube), which functions when the spore content is injected into a host cell (Vavra and
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Larsson, 1999). Encephalitozoon intestinalis is one of the two species of microsporidian able

to infect the  human intestinal track (Desportes-Livage, 2000).  

The infective stage of  E. intestinalis, the spore, extrudes its polar tube and infects

the host cell. The spore injects its infective sporoplasm into the eukaryotic host cell through

the polar tubule. Inside the cell the sporoplasm undergoes extensive multiplication either by

binary fission or multiple fission. The development occurs inside a vacuole termed a

parasitophorus vacuole where microsporidia develop by sporogony to mature spores. During

sporogony, a thick wall is formed around the spore which provides resistance to adverse

environmental conditions. When the spores increase in number and completely fill the host

cell cytoplasm, the cell membrane is disrupted and releases the spores to the surroundings.

These free mature spores can infect new cells, thus continuing the cycle. The transmission

of the infection is fecal-oral through the ingestion of food contaminated with spores. Large

numbers of spores can be introduced into the environment from feces. The spores are able

to survive and remain infective for weeks (Bryan, 1995; Didier,1998). The most common

symptom associated with infection is diarrhea (Cali and Owen, 1992)

Sources of Groundwater Contamination

The infective stage of C. parvum and E. intestinalis, oocysts and spores respectively,

are released in the feces of contaminated hosts in large numbers. These structures can survive

wastewater treatment and chlorine disinfection (Kohrich et al., 1990; Gerba et al., 2003) and

remain viable in the environment for a long time. Thus, contaminated waste disposed on soils
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is a potential source of groundwater contamination. Some examples of waste that might

contain high concentration of pathogens are manure, sewage sludge, biosolids, the sewage

of leaking sewage systems, and reclaimed water when used as non-potable water source

(Gennaccaro et al., 2003; Santamaria and Toranzos, 2003). When fecal contaminated wastes

are applied to the soil, the vertical movement of percolating water, either in the form of

irrigation or rainfall may leach the microorganisms towards the subsurface (Madsen and

Alexander, 1982; Trevors et al., 1990). During the percolation, microorganisms are retained

in the porous media as a result of physicochemical filtration, straining and predation, which

can be very effective at  removing pathogens (Ginn et al., 2002; McGechan and Lewis,

2002). However, a potential result may be the degradation of the ground water quality

because, although soil acts as a filter reducing the number of pathogens, the microorganisms

may survive and be transported via ground water movement through porous media. Field

surveys of Cryptosporidium spp. show that ground water contamination with low

concentrations of Cryptosporidium oocysts is frequent (Lisle and Rose, 1995; Hancock et al.,

1997). These low levels of contamination are of great concern because human infections can

be produced by ingestion of low numbers of oocysts (Dupont et al., 1995). In some of the

reported outbreaks it is suspected that the form of transmission was through the

contamination of ground water by leaking septic systems and leaching of livestock waste

(D’Antonio et al., 1985; Bridgman et al., 1995; Willocks et al., 1998). Ground water

contamination by E. Intestinalis has also been confirmed by Dowd et al., 1998.  Quantitative

information on the distances over which these protozoa can travel  and on the time required
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for them to span those distances is needed in order to define protection zones around

groundwater abstraction wells.

The water treatment technology known as riverbank filtration has also been identified

as a possible source of groundwater contamination. Many water utilities pump groundwater

from alluvial-valley aquifers to collection wells. Pumping groundwater from these systems

may induce infiltration of contaminated surface water. Natural filtration by the surface

porous media can significantly reduce the number of pathogens that reach the collection well.

However, one concern is the determination of adequate setback distances between the

contaminated surface water and the collection wells so the desired reductions in aqueous

concentrations of pathogens are achieved. Currently, setback distances are determined by the

states. Understanding the transport and fate behavior of the oocysts and spores in porous

media will help to obtain quantitative information about the removal of these protozoa

microorganisms in order to define safe setback distances for artificial recharge systems in

water treatment.

Factors Influencing Transport of Protozoa Microorganisms Through Saturated

Porous Media

The transport of microorganisms in the subsurface is subjected to physicochemical

and biological processes. The physical processes, which primarily depend on the structure

and properties of the groundwater flow system and porous media,  include advection,

diffusion, dispersion, exclusion, straining and physical filtration (Murphy and Ginn, 2000).
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Most of the transport models incorporate some of the major physical processes and these

processes have been the focus of numerous experimental and numerical modeling studies.

The most important biological processes for the protozoa pathogens in subsurface

environments are survival, predation and those related to microbial surface properties

(Bolster et al., 2000; Murphy and Ginn, 2000; Ginn et al., 2002; McCarthy and McKay,

2004) but, unlike the physical processes, these biological  have not been well studied and

have received little attention in transport models.

Microorganisms migrate through soil by advection and dispersion. Advection is the

movement of the microorganisms via groundwater flow  due to the groundwater hydraulic

(i.e. head) gradient. Dispersion is the longitudinal spreading of the microbe caused by

mechanical mixing and diffusion. If there was no dispersion, all of the contaminant would

travel at the  same velocity. With dispersion, some microbes travel faster and some slower

than the mean velocity.

Microorganisms are retained in soil by straining and physical filtration. Straining is

the trapping of microbes in pore throats that are too small to allow passage and is exclusively

a result of pore geometry (Corapcioglu and Horidas, 1984). The most recent experiment-

based work incorporating well-sorted model porous media has reported straining to be

insignificant when the ratio of the mean soil grain diameter to the colloid diameter is higher

than 200 (Bradford et al., 2002, 2004; Tufenkji et al., 2004). Physical filtration is the

removal of particle mass from solution via collision with and deposition on the porous

media. The term deposition includes both sedimentation and attachment. Sedimentation is
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filtration due to gravity and depends on particle buoyancy. Attachment is governed by

electrostatic forces when surfaces are charged (van der Waal forces, electrostatic

interactions) and by intermolecular forces governed by the hydrophobic or hydrophilic

composition of both surfaces (Tufenkji and Elimelech, 2004)

The chemical factors controlling the interaction forces that result in attachment of the

colloid to the grain surface are solution chemistry (ionic strength, pH), presence of metal

hydroxides and variations in the surface chemistry or charge on the microbes. High rates of

attachment are observed for high ionic strength solutions, which is consistent with the

interpretation that the electrical double layer is compressed at higher ionic strengths resulting

in stronger attachment (Rockhold et al., 2004). Metal hydroxides of iron, aluminum and

manganese (isoelectric point = 8.3) are the most common sources for positively charged sites

at neutral pH providing a high density of attachment sites for the negatively charged

microorganisms (isoelectric point for microorganism is generally bellow 7.0) (Ginn et al.,

2002). Individual cells within a microbial population express different surface properties and

surface charges and attachment probabilities can vary inside a microbial population (Bolster

et al., 2000).

Cryptosporidium parvum Transport in Porous Media

Previous studies indicate that C. Parvum can undergo significant transport in porous

media (Mawdsley et al., 1996; Brush et al., 1999; Harter et al., 2000; HSU et al., 2001;
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Logan et al., 2001; Darnault et al., 2003). The retention of these microorganisms has been

described by the “clean bed” filtration model (Yao et al., 1971), which  is the most

commonly used to describe deposition of colloidal particles. In this model the removal of

suspended particles is represented by first order kinetics, resulting in concentrations of

suspended and retained particles that decline exponentially with distance. The results of

resent studies indicate that the retention of C. Parvum often deviates from that predicted by

the standard colloid filtration theory as a result of repulsive electrostatic interactions, surface

charge heterogeneities, and straining (Tufenkji et al., 2004, 2005; Bradford and Bettahar,

2005). In these studies, changing experimental conditions to obtain more ideal conditions for

pore geometry, ionic strength and soil pore size distribution causes the retention of C.

parvum oocysts to behave as it is predicted by the “clean bead” filtration model. In all these

reported experiments deposition accounted for most of the retention. These studies derived

their results from experiments conducted with columns packed with model porous media

such as well sorted, quartz sand or glass beads, whose properties differ from those of natural

porous media such as soil. The transport behavior of C. parvum in natural soils may differ

from that in model porous media given that natural soils have wider particle size and pore

size distributions, more complex pore geometry, and greater physical and chemical surface

heterogeinity.
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Colloid Filtration Theory

Colloid transport models typically employ a modified form of the advective

dispersive equation, which incorporate colloid filtration theory (Schijven and Hassanizaden,

2000; Ginn et al., 2002), which is the most commonly used to describe deposition of

colloidal particles. In these models irreversible surface deposition (attachment) of colloids

o(eq. 1) is expressed in terms of collector efficiency (ç ) and sticking efficiency (á).

Eq. 1

b pWhere C is aqueous-phase colloid concentration, è is porosity,  ñ  is bulk density, d  is the

aporous medium grain diameter, õ is average pore-water velocity, and k  is the first order

attachment coefficient.

The sticking efficiency (á) is defined as the ratio of the experimental collector

oremoval efficiency (ç) and the predicted collector contact efficiency (ç ) (eq. 2).

Eq. 2
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oThe collector contact efficiency (ç ) indicates the fraction of particles flowing toward

a collector (grain of media) that collides with the collector. Mechanisms by which particles

collide with the collector surface are interception, gravitational sedimentation and Brownian

motion (Yao, et al., 1971). These mechanisms are expressed in dimensionless form by the

R pe vdWaspect ratio (N ), Peclet number (N ), the van der Waals number (N ), the gravity number

G A(N ) and the attraction number (N ) (Tufenkji and Elimelech, 2004b). The correction factor

(As) is a dependent porosity parameter introduced to account for the pore geometry and its

impact on the packed bed collector efficiency (eq. 3).  The collector efficiency is calculated

from the physical properties of porous media, water and colloids using equations of the

following form (eq. 3)  (Tufenkji and Elimelech, 2004):

Eq. 3

Eq. 3.2

The collector removal efficiency (ç) is a measure of the likelihood of attachment and
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is defined as the fraction of particles colliding with a collector surface that result in

attachment. The value of ç is determined from the particle breakthrough curve using:

Eq. 4

 where å L is the packed bed length and C/Co is the normalized effluent concentration. The

collision is largely controlled by the surface chemistry of the colloids and collector media.

In the absence of a repulsive energy barrier between colloids and collector surfaces,

every collision results in attachment (á = 1). In presence of a repulsive energy barrier due to

electrostatic repulsion of similarly charged surfaces not every collision results in attachment

(á < 1) (Kretzshmar et al., 1997). Values of á above the maximun theoretical limit (á=1)

indicate that retention is produced by mechanisms not accounted for by filtration theory, e.g.,

straining.

Equation 1, with alpha included has been used to describe the retention in porous

media under environmental conditions. Colloid filtraton models assume that the rate of

coefficient for deposition onto porous media is spatially invariant, which predicts a log linear

decrease in colloid concentrations (suspended and retained) with distance (x) from the source

(Eq. 5). 
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Eq. 5

However, in column experiments conducted with microbes the concentration of

retained bacteria decreased with distance from the source at a rate that was greater than that

expected from log linear behavior (Tufenkji and Elimelech, 2005). This indicated that the

deposition rate coefficient was not spatially invariant, but rather decreased with distance of

transport. The discrepancies with the predicted values by the models indicate that retention

is produced by mechanisms not accounted for the filtration model.

1.1.3 Objective

The Objective of this study was to investigate the transport behavior of C. parvum

oocysts and E. Intestinalis spores in natural soils focusing on the relative significance of

deposition and straining to total retention.
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1.2 Occurrence of Anaerobic Chloroethenes Reducer Bacteria in Subsurface

Environments

1.2.1 Research Motivation

The chlorethenes tetrachloroethene (PCE) and trichloroethene (TCE), used as

solvents or used in the manufacture of plastics, are among the most common contaminants

in groundwater systems as a result of improper handling, storage or spillage (Haggblom and

Bossert, 2003). Their presence in drinking water aquifers is of concern because their harmful

effects on human health have been demonstrated (USEPA, 2003). Densities and low water

solubilities of PCE and TCE make them difficult to remove by the pump and treat water

remediation technology (Cherry et al. 1999). This is an expensive treatment and often fails

to achieve the drink water standard concentration levels set by EPA (5 ì/L). Monitoring

Natural Attenuation is less expensive and may be more effective as an alternative strategy

to clean up contaminated sites because it is based on natural physical, chemical and

biological transformation processes (USEPA, 1999). However, it is necessary to collect

evidence demonstrating that MNA will reduce the mass, toxicity and/or mobility of

subsurface contamination in a way that reduces risk to human health and the environment

to acceptable levels (USEPA, 1999), before it is selected as a remedial alternative. 

One line of evidence of natural attenuation is the presence of active microorganisms

able to transform the chloroethenes into ethene. Under anaerobic conditions, some microbes

use PCE and TCE as a terminal electron acceptor in a process called dehalorespiration
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(Holliger and Schumacher, 1994). This reductive  dechlorination is the main pathway for the

biodegradation of these chlorinated compounds (Middeldorp et al., 1999).

It is important to determine whether dechlorinating bacteria are present that can

dechlorinate TCE completely to ethene or whether dechlorination will be carried out only to

the dichloroethene  isomers or vinyl chloride. Depending upon the dechlorinating species that

are present, it may or may not be possible to achieve water standard concentration levels at

a particular site. Molecular techniques can be used to  identify, enumerate and track the

specific microorganisms capable of dehalogenating these compounds. DNA  molecules are

extracted from the environmental matrix in order to look for 16s rRNA sequences specific

for a particular group of bacteria or for sequences coding for enzymes involved in the

contaminant transformation. The next sections will describe the dehalogenation process, the

dehalogenators and the molecular techniques used to identify these microorganisms.

1.2.2 Literature Review

Anaerobic Respiration

In the biodegradation of organic substances microorganisms induce oxidation-

reduction reactions that transform organic substances into smaller molecules. Complete

biodegradation involves oxidation of the parent compound to form carbon dioxide and water.

Often, the energy released is utilized by the microorganisms involved (Maier, 2000). The

strongest oxidizer and one of the most common electron acceptors of living organisms is
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molecular oxygen. Therefore when oxygen is present in a biological system, it will almost

always act as the electron acceptor (Brock, 1991). Anaerobic processes are defined as those

that occur in the absence of oxygen. If oxygen is not available, other substances such as

2nitrate, manganese, iron, sulfate or CO  can serve as electron acceptors. These inorganic

compounds which support anaerobic respiration are used in order of preference, according

to their reduction potential (Chadwick and Chorover, 2001). In general, the reduction of

nitrates to nitrogen is favored over the reduction of sulfates to hydrogen sulfide, which is

favored over the reduction of carbon dioxide to methane. 

Reductive Dechlorination

Aerobic environments do not allow the degradation of higher chlorinated compounds

due to the high oxidation state of these halogenated compounds (Vogel, 1994). However,

under anaerobic conditions, certain groups of  bacteria use chlorinated compounds as

terminal electron acceptors for the oxidation of available substrates (i. e. electron donors).

The result of this process known as dehalorespiration is a less chlorinated ethene. This

transformation of chlorinated compounds occurs by a reductive dechlorination reaction (Eq.

1), which is the replacement of a chlorine atom of a molecule with a hydrogen atom  (Mohn

and Tiedje, 1992).

Eq. 1  

In the case of the reductive dechlorination of tetrachloroethene (PCE), two electrons
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that are released by the oxidation of an electron donor are transfered to PCE, thus removing

a chlorine atom. The PCE is sequencially reduced to trichloroethene (TCE), followed by

dichloroethene (DCE), vinyl chloride and eventually ethene (Figure 3). With each successive

reduction, the compound becomes less oxidized and therefore less susceptible to reduction.

The most common mechanisms of reductive dechlorination for the chloethenes is

reductive hydrogenolysis, which involves the sequencial replacement of chloro-substituents

with H from protons, releasing HCl (Field and Sierra-Alvarez, 2004).
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Figure 3. Overview of the reductive dechlorination pathway of chlorinated ethenes (Vogel
et al., 1987; Wiedemeier et al., 1999).
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Dehalorespiring bacteria

Dehalorespiring bacteria are capable of using PCE, TCE, DCE and VC as electron

acceptors  to generate biologically useful energy. Most of the isolated microbes so far, carry

out  an incomplete reductive dechlorination of TCE and PCE, which leads to the

accumulation of cis 1,2-dichloroethene (cis-DCE), trans 1,2-dichloroethene (trans DCE),

and vinyl chloride (Abelson, 1990; DiStefano et al., 1991).This last compound is highly toxic

and a known human carcinogen (Kiehlhorn et al., 2000) and its maximun concentration level

was set at 2 ìg/L. The species involved in partial reductive dechlorination of PCE and TCE

include: Dehalospirillum multivorans, a Proteobacteria from the å subdivision (Neumann,

et al., 1994); Desulfuromonas sp., a Proteobacteria from the ä subdivision ; Dehalobacter

restrictus and Desulfitobacterium sp., which are low G+C Gram-positive bacteria (Loffler

et al., 2003). The only known group of bacteria capable of  complete dechlorination of PCE

to ethene is Dehalococcoides sp. This is a group within the green nonsulfor bacteria

(chloroflexi) (Seshadri et al., 2005). There have been five members of this group identified

as  able to use chlorinated ethenes as electron acceptors. The first one,  Dehaloccocoides

ethenogenes strain 195 and strain FL2, which are able to dechlorinate PCE to VC and ethene.

The last transformation step from VC to ethene occurs slowly in a cometabolic process,

leading to  VC accumulation (Maymó-Gatell et al., 2001). The next two are  Dehaloccoides

sp. strains BAV1 and VC, which dechlorinate all DCE isomers and VC metabolically to

produce non-toxic ethene; however they do not metabolize PCE or TCE (Muller et al., 2004;

He et al., 2003). The fifth is  Dehalococcoides sp. strain GT that seems to be the first
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identified organism with the ability to reductively dechlorinate TCE all the way to ethene in

a metabolic process (Sung et al., 2006).

Co-Metabolic Reductive Dehalogenation

Cometabolisms is the fortuitous transformation of an organic compound by enzymes

or cofactors produced by organisms for other purposes. Here the organisms do not obtain

energy from the transformations (McCarty, 1994). Choroethenes can also be reductively

dehalogenated via cometabolic reactions by certain species of methanogenes, fermentative

bacteria,  sulfate reducing bacteria, and iron reducing bacteria (Bagley and Gossett, 1989;

Field and Sierra-Alvarez, 2004) and novel bacteria type that do not fall in either category

(Maymo-Gatell et al, 1995). In these type of dehalogenation, only a small fraction of the total

reducing equivalents derived from the oxidation of electron donors is used to reduce the

chlorinated compound (Lee et al., 1998).

Competitors for Dehalogenating Bacteria

Hydrogen and  organic fermentations are the primary hydrogen supply for

dehalogenation. Dehalogenating bacteria have to compete with other hydrogen-consuming

microorganisms for hydrogen in anaerobic mixed environments such as Fe(III)-reducing,

Mn(II)-reducing, nitrate reducing, sulfate reducing and methanogenic bacteria (Chen, 2004).
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Organic electron donors, such as methanol, results in the displacement of the

dechlorinators by methanogenic bacteria.  Non-methanogenic substrates such as organic

acids, that when fermented produce low levels of hydrogen, suppress this competition

because dechlorinating bacteria have a higher affinity for hydrogen than methanogens

(Fennell and Gossett, 2003). Thus electron donors such as fatty acids that produce hydrogen

only at low levels channels hydrogen to dechlorination and away from methanogenesis.

Sulfate reducing bacteria inhibit dechlorinating bacteria activity as a result of : 1)

competition for the electron donor (both organisms have similar affinity for hydrogen)

(Mazur and Jones, 2001), 2) inhibition of the enzymes involved in the dehalogenation by

sulfate, thiosulfate or sulfite, and 3) selective use of sulfate, thiosulfate or sulfite as the

terminal electron acceptor instead chlorinated compounds. When sulfate is depleted there is

an increase of dechlorinating activity.

Reductive Dehalogenase Enzymes

Reductive dehalogenases are the catalysts in the reductive dehalogenation mediated

by anaerobic microorganisms. These enzymes are monomeric, corrinoid-dependant, and

contain iron-sulfur clusters (Holliger et al., 2003). Their molecular characterization indicates

that these enzymes present highly conserved function-related sequence motifs (Smidt and de

Vos, 2004).
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The PCE reductive dehalogenase (PCE-RDase) is the  enzyme that catalyzes the

reductive removal of a chlorine atom from PCE and TCE, with cis-1,2-dichloroethene (DCE)

as the transformation product. The gene coding for this enzyme contains two open reading

frames (ORF), one of which (pceA) encodes the soluble and membrane associate PCE

reductive dehalogenase. The other ORF, located downstream of pceA, encodes for an

hydrophobic protein , the PceB. This protein serves a membrane anchor for the soluble,

catalytic subunit of the PceA reductive dehalogenase (Holliger et al., 1999). The PCE-RDase

has been purified from Dehalospirillum multivorans, Desulfuromonas sp., Dehalobacter

restrictus, and Desulfitobacterium sp. (Neumann et al., 1998; Loffler et al., 2000; Maillard

et al., 2005; Suyama et al., 2002). The PCE-RDase from Dehalococcoides ethenogenes strain

195 is different because it accepts only PCE as a substrate, converting it to TCE. D.

ethenogenes strain 195 and strain FL2 contain a second enzyme, TCE- RDase, which

converts TCE to DCE and VC (Magnuson et al., 1998;He et al., 2005). Dehalococcoides sp.

strains BAV1 and VC synthesize  VC reductases, are codified by genes bvcA and vcrA,

respectively. These enzymes carry out the reduction of the DCE isomers and VC to ethene

(Krajmalnik-Brown, R. et al. 2004; Muller et al., 2004).

Identification of Dechlorinating Microorganisms

Analysis of the dehalogenating bacteria has been limited in the passt because these

microbial populations are extremely difficult to culture in the lab . Presently, DNA-based
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molecular biology provides the means to investigate the microbial communities at a

particular site  and the types of biochemical transformations they are able to perform .

Among the molecular genetic technics used to identify  microbial populations are  PCR

amplification of 16s rDNA sequences, and PCR amplification of functional genes that work

as functional markers (Akkermans et al., 1995). 

The 16S rDNA, which codes for the small subunit of ribosomal RNA, is now the

most widely used informational macromolecule for bacterial systematic studies at the family,

genus, species, and subspecies levels. The 16S rDNA contains conserved sequences that can

be used to infer natural relationships between distantly related species and variable regions

that can be used to separate closely related ones  (Gutell et al., 1994; van de Peer et al.,

1996). Such a 16S rDNA sequence-based identification technique substantially facilitates the

study of non culturable microorganisms. One major limitation of 16s rDNA is that ribosomal

sequences do not provide information regarding the physiological attributes of an organism,

therefore the functional attributes of an organism can not be determined by 16s rDNA alone.

For example, 16s rDNA PCR primers have been design to detect  dechlorinating

microorganisms such as Dehalococcoides sp. and Desulfuromonas (Loffler et al., 2000;

Fennell et al., 2001; Hedrickson et al., 2002; Macbeth et al., 2004); however, once this

sequence has been detected in an environmental sample it is not possible to know if the

microorganism detected are able to fully dechlorinate PCE or if they just partially transform

this compound to DCE.
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DNA sequences coding for reductive dehalogenase enzymes are the functional

markers used to detect the presence of dehalogenating microorganisms. DNA sequences

coding for reductive dehalogenase enzymes reported in previously published literature, make

possible the design of specific PCR primers to detect the presence of these sequences in

environmental samples.  The gene sequences coding for the Pce reductive dehalogenase

(PCE-RDase) from Dehalospirillum multivorans, Dehalobacter restrictus and

Desulfitobacterium sp., which carry out reductive dechlorination of PCE or TCE to cis-1,2-

dichloroethene (DCE) have been reported by Neumann et al., 1998; Maillard et al., 2003; and

Suyama et al., 2002. The sequences of genes pceA and tceA in Dehalococcoides sp. Strains

195 and FL2 are found in Magnuson et al., 1998; He et al., 2005 and finally the sequences

of genes vcrA and bvcA in Dehalococcoides sp. Strains  VS and BAV1 are reported in

Krajmalnik-Brown et al. 2004; Muller et al., 2004.

1.2.3 Objective

The availability of 16s rDNA specific sequences and the DNA sequences of the

reductive dehalogenase genes  in previously published literature,  make it possible to use

molecular techniques to characterize the dechlorination potential at a site. The objective of

this work is to use the polymerase chain reaction as a screening tool for the presence of DNA

specific to bacteria able to reductively dechlorinate chlorinated ethenes in groundwater

samples from the Park-Euclid PCE contaminated site in Tucson, AZ. The target sequences
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will be the 16s rRNA from the Dehalococcoides sp. and Desulfuromona sp. and the genes

pceA. tceA, bvcA and vcrA. This is the first time, to our knowledge,  that coding DNA

regions of reductive dehalogenases are being used to assess the indigenous reductive

dechlorination potential for a PCE contaminated site.

1.3 Explanation of the Dissertation format

The present dissertation is based on the paper’s format option. Chapter one of this

dissertation presents the introduction,  literature review and objectives for two different

microbial studies. The first study, contributes to the characterization of the mechanisms

responsible on the transport and retention of Cryptosporidium parvum and Encephalitozoon

intestinalis in natural sandy soils. The results obtained from this research were used to

prepare three manuscripts, which are presented in appendix A, B, and C.  The second study,

focuses on the identification of bacteria able to transform the organic solvent

tetrachloroethelene (PCE) into less chlorinated compounds. This microbial identification

study, based on 16s rDNA and dehalogenase enzymes gene sequences, shows that molecular

biology tools can be used to obtain evidence for Monitoring Natural Attenuation at a given

contaminated site. The manuscript prepared based on this study is presented on appendix D.

The research performed on manuscripts presented in appendix A, C and D involved

laboratory work. The manuscript presented on appendix D involved both lab and field work

at the  weighing lysimeter located at The University of Arizona’s Karsten Center for
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Turfgrass Research. Chapter two provides a brief summary of the methods and results in

each study. A detailed description of the laboratory and field procedures is found in each of

the manuscripts.

The candidate obtained most of the laboratory data presented on manuscript in

Appendix A and D. The candidate is also responsible for data analysis, figures and definition

of the structure and drafting of the papers. Juliana Araujo contributed with two of the

experiments presented on appendix A. Results from microcosms studies performed by

Concepción Carreón were used to complement the DNA identification results in appendix

D.

The field work presented in appendix B was organized by Luke Lemmond. The

candidate, Ann Russo and Juliana Araujo helped to conduct the experiment in the field. The

candidate processed these samples in the lab. The candidate was also responsible for data

analysis, definition of the structure and drafting of the manuscript in appendix B. 

The candidate performed 25% of the column experiments presented in appendix C.

She also participated in this study culturing the spores in the lab and counting spores in the

effluent samples from all experiments.
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2. PRESENT STUDY

2.1 C. parvum and E. intestinalis Transport Experiments

2.1.1 Methods

Transport experiments were conducted by pumping a suspension of the protozoa

pathogen through a saturated stainless steel column packed with natural sandy soils of

different mean diameter and pore size distribution (Vinton, Eustis and Accusnad). The

properties of these porous media are listed in Table 1, and 2, appendix A. Pentafluorobenzoic

acid (PFBA) was used as a conservative, nonreactive tracer to characterize the hydrodynamic

properties of the packed columns.  The microorganisms in the effluent samples were filtered

and stained with flouorescein-labeled monoclonal antibodies specific for C. parvum and E.

intestinalis. The number of spores and oocysts in the effluent samples was determined

directly on the membranes using an epifluorescence microscope. The transport behavior of

the pathogens was visualized by plotting the normalized concentration of spores and oocysts

versus the pore volumes. Transport experiments, designed to minimize deposition,  were

conducted with the Vinton soil to investigate retention mechanisms (Table 3, appendix A):

1) DI water was used as a flushing solution to maximize the degree of repulsive interactions,

32) Soils were treated with 3M NaOH and 5M  HNO  to remove potential surface attachment

sites such as oxides/hydroxides and organic substances, and 3) the flow was increased to

reduce the residence time. Control transport experiments used a 10 mM NaCl flushing

solution, and  a flow rate equivalent to a pore water velocity of 7 cm h . The operative-1
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hypothesis was that the altered conditions would result in higher recoveries than those

observed in the control experiments if deposition was a significant retention mechanism for

the Vinton soil. However, if oocysts removal was controlled by straining, these treatments

would not result in significant differences in recoveries between the controls and the

additional experiments.

A larger-scale transport of C. parvum oocysts were performed under controlled

conditions in the lysimeter facility located at The University of Arizona’s Karsten Center for

Turfgrass Research. The lysimeter is packed with Vinton fine sand. A 114 liter pulse of

groundwater containing 10 oocysts L  was applied uniformly to the surface of the lysimeter,-6 -1

followed by 3690 liters of groundwater over a four-day period. The effluent from the

lysimeter was directed through an in-line filter (Gelman Envirochek High Volume filter,

PALL Gelman Sciences, Inc., Ann Arbor, Mich) to collect the pathogen.  The final pellets

recovered from the filters were resuspended in DI water.  The number of Cryptosporidum

oocysts for each sample was enumerating using the same methods described above. 
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2.1.2 Summary of Most Important Findings

Cryptosporidium parvum Transport Experiments

These experiments were the basis for the manuscript presented in appendix A. 

Recovery of Cryptosporidium in column effluent was greater for the two porous

media Accusand and coarse Vinton with the larger mean grain sizes (Table 4, appendix A).

Recoveries for the fine Eustis and Vinton soils were less than 1% respectively. Conversely,

recoveries for experiments conducted with the Accusand (9.4%) and the coarse Vinton

(33.3%) were significantly higher (Table 4, appendix A). The fine Vinton and Eustis had

statistically similar recoveries as expected based on their similar grain size and uniformity

coefficient, however, Eustis shows a tendency of lower recoveries and less variation among

replicates than Vinton. This result may be related to differences in their organic carbon

content. Higher contents of organic materials in Eustis may increase the retention by means

of hydrophobic interactions (Bales and Shimin, 1993; Kinoshita, 1993 24) between the soil

organic matter and the oocysts, which has been reported as highly hydrophobic at ionic

strengths below 10mM (Brush, 1998). 

The relative significance of attachment and straining to total retention of oocysts was

evaluated in additional experiments using the fine and coarse Vinton soils. Oocyst effluent

recoveries did not increase in any of the treatments for the fine and coarse Vinto soils. The

recoveries  were within the 95% confidence interval showed by the control experiments

(Table 4, appendix A). These results indicate that deposition was not the sole, major source
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of oocyst retention for the Vinton systems. Thus, it appears that straining is the primary

retention mechanism for the Vinton soil. 

Effluent recoveries did not increase when column experiments where conducted

under non-favorable conditions for deposition. This result differs from those reported in

model porous media. Tufenkji et al. 2004, showed that oocyst effluent recoveries from an

ultra pure quartz sand was 63% when the flushing solution was DI water. The recovery

decreased fifteen times when the ionic strength increased to 10 mM.  It is possible that the

retention observed in the Vinton  porous medium, was influenced by its surface

heterogeneity. ESM images of the coarse Vinton grains (Figure 3, appendix A) show a very

irregular surface with protrusions and openings, many of which range in size from 5 to 100

mm. These pores are larger than the average oocysts diameter and may trap oocysts. As

previously shown, grain angularity can increase the significance of straining (Tufenkji et al,

2004). 

A comparison of retention from different Cryptosporidium column experiments

reported in the literature shows that natural soils have higher retention than that of model

quartz sands of similar grain size. Bradford et al. 2005 reported the following effluent

50 recoveries for the Ottawa sand: 14, 21 and 43%, using these experimental conditions: d =

0.15, 0.36 and 0.71 mm; ionic strength = 1mM; residence time = 0.71 h . In the present-1

study, Accusand showed and average recovery of 9.4% (see exp. cond. in Table 4). These

recoveries are considerable higher than the ones reported for a natural soil (0.7, 0.23%) by
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Harter et al. 2000 (exp. cond.: sand fraction 0.18-0.25, 0.42-0.5 mm; ionic strength = 0.003

mM; residence time = 0.17, 1.69 h ), and higher than the recovery reported for the Vinton-1

50soil (0.18%) in the present study  (exp. cond.: d =0.26 mm; ionic strength = 0 mM;

residence time = 0.98 h ). This comparison also shows that systems with similar-1

experimental conditions produced similar results. The recoveries for the natural soils used

by Harter et al. 2000 and used in the present study are in the same order of magnitude. This

is also true for the model sands (Accusand and Ottawa sands).  Reported data in the literature

shows that the magnitude of retention produced by straining differs between natural and

model porous media. 

In summary, this study provided the first investigation on the transport and retention

mechanisms of Cryptosporidium parvum oocysts in natural porous media. More than 99%

of the oocysts injected into the columns were not recovered in the effluent as a result of

colloid filtration processes. Oocysts recovery was not influenced by changes in water and soil

surface chemistry, suggesting removal from solution mainly through straining. Observed

recoveries in the coarse soil fraction, for which straining is unlikely to be of significance,

where lower than the expected considering the grain size/colloid size ratio, even under

unfavorable conditions for deposition. It seems that surface heterogeneity increased the

retention by straining. The results of this study suggest that the retention of Cryptosporidium

p. in natural soils is more constrained than in model quartz sands, for which effluent

recoveries tend to be higher.
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Cryptosporidium parvum Lysimeter Experiment

These experiments were the basis for the manuscript presented in appendix B.

The objective of this study was to investigate the retention and transport of Cryptosporidium

oocysts in a natural sandy soil under variably saturated conditions using an in-situ lysimeter

facility. Cryptosporidium oocysts were detected in the lysimeter effluent.  The arrival of the

oocysts coincided with that of bromide, the nonreactive tracer.  Significant retention of

Cryptosporidium oocysts was observed, with a 5-log removal efficiency.  The results of this

study indicate that Cryptosporidium oocysts may be expected to experience significant

retention and removal during transport in natural sandy soil. 

Enzephalitozoon intestinalis Transport Experiments

These experiments were the basis for the manuscript presented in appendix C.

The recoveries for a experiment conducted with the natural Vinton soil was  27%

(Experiment 5, Table 2, appendix C ).  The relative significance of attachment and straining

to total retention of microsporidium by the Vinton soil was evaluated in additional

experiments.  An experiment was conducted with a sieved coarse fraction of Vinton soil for

which the median grain diameter is approximately ten times larger than that of the unsieved

Vinton soil.  Straining is unlikely to be of significance for this sieved fraction considering

50 cthe relative diameters of the spores compared to the porous-medium grains (d /d  > 1700).

The spore recovery for this experiment was 25% (experiments 6, Table 2, appendix C),
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which is similar to the recovery obtained for microsporidia transport in the un-sieved Vinton

soil.  An additional experiment was conducted with a subsample of the coarse fraction that

was acid-washed to reduce potential surface attachment sites.  Spore recovery was complete

for this experiment (experiment 7, Table 2, appendix C).  These results suggest surface

deposition was the primary removal mechanism for microsporidium transport in Vinton soil.

The role of a surface-deposition process in retention of microsporidium is further

supported by the results of an experiment performed by Jenny K. Oleen. In this experiment

deionized water was flushed through a column that was previously flushed with electrolyte

solution.  For this experiment, effluent spore concentrations increased upon injection of

deionized water, indicating re-mobilization of spores upon a change in water chemistry

(Figure 2, appendix B).  The introduction of water with a reduced ionic strength increased

recovery of the spores, indicating an electrostatic-adsorption process (e.g., Gerba, 1984;

Elimelech and O’Melia, 1990; Hsu et al., 2001; Tufenkji et al., 2004).

In summary, these transport experiments show that C. parvum and E. intestinalis can

be transported through porous media to varying degrees.  The larger pathogen, C. parvum,

was trapped in the porous media primarily by straining. In the case of E. intestinalis, whose

average size is four to five times smaller than C. parvum, the retention was primarily

produced by deposition. A comparison of the result observed in the short column

experiments versus those observed in the lysimeter suggests that retention increases as the

length of the travel pathway increases.  However, the increase was not to the degree that
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would be predicted based on the simple colloid retention theory.

These results suggest that there is a higher probability for E. intestinalis than for C.

parvum to reach groundwater reserves. It appears that natural soils are very efficient at

filtering C. Parvum, with very low numbers of oocysts transported long distances, as the 4

m long lysimeter experiment showed.  However, the few oocysts that may travel longer

distances remain a concern, as only a very few are required to cause infection. Future work

should focus on transport and retention under field conditions, where transport is influenced

by structuring and heterogeneity of the subsurface. 

2.2 Identification of Dechlorinating Microorganisms

2.2.1 Methods

Total DNA was isolated from groundwater samples coming from a tetrachloroethene (PCE)

contaminated perched aquifer at the Park-Euclid WQARF site in Tucson, Arizona. Isolated

DNA was tested for the presence of Dehalococcoides sp. and Desulfuromonas specific 16s

rDNA sequences, and for the presences of gene functional markers of dechlorination activity

such as the genes pceA, tceA, vcrA and bavA, which codify for reductive dehalogenase

enzymes. Groundwater was collected from three different wells (SVE-103, SVE-101 and

PEP-9) in three sampling dates: May-2005, Nov. 2005 and March-2006. Polymerase Chain

Reaction (PCR) was used to detect the target sequences using  specific primers. The

sequences of these primers were obtained from  already published literature.  The identity of
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the PCR amplification products was confirmed by sequencing them at the Genomic Analysis

and Technology Core Facility at The University of Arizona.

2.2.2 Most Important Findings

The Dehaloccoides sp. specific 16s rDNA region was detected by the PCR analysis

in all groundwater samples, This finding confirms the presence of Dehalococcoides sp. in

the perched aquifer of the Park-Euclid site. However, with these results it is not possible to

know if the strains detected are capable of either total or partial dechlorination because all

Dehaloccoides sp. strains have between 88 and 99.9 % similarity in their 16s rDNA region

(He et al., 2005). The Desulfuromona sp. specific 16s rDNA region was only detected in

groundwater samples from one of the three sampling sites.

All sampled wells showed the presence of the microorganisms that synthesize the

PceA reductive dehalogenase, which transforms PCE into DCE.  The coding region of gene

tceA in was detected by PCR in samples coming from wells SVE 103 and PEP-9. The coding

region of gene vcrA was only amplified by PCR  in samples coming from well SVE 103. The

coding region of gene bvcA was not detected for any collection date. A summary of these

results are found in Table 2, and 3, appendix D. Sequence analysis of these PCR amplicons

confirmed the identity of these products. The temporal variability in the PCR results (Table

2, and 3, appendix D) may reflect a temporal dynamic in the numbers of this microorganisms

or it may reflect a heterogeneous spatial distribution of the bacteria present in the ground
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water. 

Laboratory microcosms prepared by Carreón, 2006 with the same sampled

groundwater used in this study  showed that dechlorination did not go further than cDCE.

(Table 4, appendix D). The microcosms results  agree with the results reported in this study

for wells PEP-9 and SVE-101 where the reductive dehalogenases capable of using cDCE as

electron acceptors were not found. This is a possible reason why cDCE accumulated in the

microcosms experiments. However, groundwater from well SVE-103 that was positive for

the vcrA gene, did not show ethene as a final product of PCE degradation for the microcosm

study. This indicates that the microorganisms capable of using VC as electron acceptor exists

in this well but, this microorganisms are not active maybe, as a result of adverse

environmental conditions such as competition, presence of inhibitors, and low concentration

of a particular nutritional factor.

This study shows that PCR reaction analysis can be used as an additional tool to

assess the  Monitoring Natural Attenuation implementation at contaminated sites.  This

technique proved to be specific and sensitive to detect functional genes such as the pceA,

tceA and vcrA,  which are useful molecular markers to identify the presence of chloroethenes

reducer bacteria. Presently, microcosms experiments are sometimes used to evaluate

biological degradation at contaminate sites. However, such studies are time consuming, and

may not always provide robust results. The PCR detection method is a relatively quick

method to establish the presence of  biodegrader microorganisms.  However, the method
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does not provide direct characterization of microbial activity. The next step in this project

should be to assess the activity of dehalogenator microorganisms by Reverse Transcription

Polymerase Chain Reaction. This molecular technique detects specific messenger RNA

molecules, which are transcribed from specific genes and traduced to proteins. Thus if it is

possible to detect mRNA sequences coding for dehalogenase enzymes, it would be evidence

of dehalogenating activity.
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ABSTRACT

The role of straining and deposition in the retention and transport of Cryptosporidium

parvum oocysts in natural soils was examined in this study.  A series of miscible-

displacement experiments were conducted using two sandy soils and a model sand that

differed in physicochemical properties.  A coarse sieved fraction of one of the soils (Vinton)

was used to further investigate retention mechanisms.  Less than 1% of the oocysts injected

into the columns packed with finer soil were recovered in the effluent, indicating significant

removal from solution through attachment and/or straining.  The recovery was higher (10-

33%) for the experiments conducted with the coarser media.  The transport of

Cryptosporidium was compared to that of two other protozoa, Giardia lambia and

Microsporidium Encephalitozoon intestinales.  Effluent recoveries correlated inversely with

the size of the microorganism.  The relative significance of attachment and straining to total

retention of Cryptosporidium was evaluated in supplementary experiments where the

retention by deposition was minimized by using one of the following experimental

conditions for the original and coarse-sieved Vinton media: a zero ionic strength background

solution, base/acid washed soil, or reduced hydraulic residence time.  For all three

treatments, oocyst recoveries were similar to the baseline experiments for both the original

and coarse-sieved Vinton media.  These results suggest that straining was the primary

removal mechanism for these soils.
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INTRODUCTION

Waterborne diseases caused by contaminated groundwater continue to be of concern

(Craun and Calderon, 1996; MMWR, 2000). Groundwater contamination may be produced

by land disposal practices that favor the entry of pathogenic microorganisms into the

subsurface environment.  These practices include sewage sludge and municipal solid waste

disposal in landfills, leaking septic systems, feedlots, the use of animal excreta as manure,

and the inadequate disposal of human excreta in national parks and other areas where toilets

are not provided (Santamaría and Toranzos, 2003).  The fate of pathogenic microorganisms

in the subsurface and their potential impact on groundwater quality is not fully understood.

The enteric protozoa Cryptosporidium parvum is among the most important

microbial contaminants associated with high risk of waterborne illness.  Field surveys of

Cryptosporidium spp. show that groundwater contamination with low concentrations of

Cryptosporidium oocysts is frequent (Lisle and Rose, 1995; Hancock and Rose, 1997). These

low levels of contamination are of great concern because human infections can be produced

by ingestion of very few oocysts.  This pathogen has been the cause of several outbreak

events in the United States and Europe (Craun et al., 1998), and in some cases it is suspected

that the form of transmission was through the contamination of groundwater by leaking

septic systems and leaching of livestock waste (D’Antonioet al., 1985; Bridgman et al.,

1995).  As a result of these and related issues, the transport, retention, and filtration of

Cryptosporidium in porous media has begun to receive attention (Maudsley et al., 1996;
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Brush et al., 1999; Harter et al., 2000; Hsu et al., 2001; Logan et al., 2001; Darnault et al.,

2003; Tufenkji et al., 2004; Tufenkji and Elimelech, 2005; Bradford and Bettahar, 2005).

The results of recent studies conducted with model porous media indicate that the

transport behavior of Cryptosporidium often deviates from that predicted using standard

colloid filtration theory (Tufenkji et al., 2004; Tufenkji and Elimelech, 2005; Bradford and

Bettahar, 2005).  The transport behavior of Cryptosporidium in natural soils may differ from

that in model porous media given that natural soils have wider particle-size and pore size

distributions, more complex pore morphology, and greater physical and chemical surface

heterogeneity.  The objective of this study was to investigate the transport behavior of

Cryptosporidium p. oocysts in natural soil, focusing on the relative significance of deposition

and straining to total retention.  Cryptosporidium transport was evaluated under various

treatment conditions, and was compared to that of two other protozoa (Giardia lambia and

Microsporidium Encephalitozoon intestinales).
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MATERIALS AND METHODS

Porous Media

Three porous media were used for the experiments. The first is a sandy soil (Eustis),

collected in Gainesville, Florida.  The second is also a sandy soil (Vinton), collected from

the West Campus Agricultural Center in Tucson, Arizona.  The third is a commercially

available, well-sorted (20/30 mesh) natural sand  (Accusand, Le Sueur, MN).   In addition,

a coarse sieved fraction of the Vinton soil was used to investigate retention mechanisms.

Pertinent properties of these porous media are listed in Table 1, and 2.

Cryptosporidium parvum Oocysts

Non-viable oocysts were obtained from Waterborne, Inc. (New Orleans, LA).  The

supplier purified the oocysts from calf feces by sucrose and Percoll gradient centrifugation,

after initial extraction of feces with diethyl ether.  The oocysts were inactivated by and stored

in a solution comprised of formalin (1%),  0.01% Tween 20, and phosphate buffer.  The C.

parvum oocysts were supplied at concentrations of 10 ml .  The microorganism stocks were7 -1

refrigerated at 4 C in the dark until use.  Prior to the transport experiments, oocysts wereo

diluted to 10  ml  in the electrolyte solution of interest.5 -1

Cryptosporidium oocysts are spherical to elliptical in shape (O’Donoghue, 1995) and

generally range between 4 and 5 ìm in diameter (Casemore et al., 1997).  The diameters of

the oocysts used in this study were measured using digital images collected with a camera
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(Nikon D70) attached to a calibrated fluorescent microscope.  The images were processed

with ImageJ software (National Institutes of Health), which was used to determine mean

lengths of the major and minor axes.  These were 4.8(± 0.5) and 4.4 (± 0.5) ìm, respectively.

Previous studies report C. parvum oocysts to have a negative surface charge ranging between

-18 and -36 mV at pH close to 6 (Tufenkji et al., 2004; Karaman et al., 1999).  It has also

been shown that oocyst surface charge becomes less negative with increasing ionic strength

(Tufenkji et al., 2004).  The reported isoelectric point is approximately 2.5 (Drozd and

Schwartzbrod, 1996).

Giardia lambia Cysts

Non-viable cysts  were obtained from Waterborne, Inc. (New Orleans, LA).  The

supplier purified the cysts from gerbil’s feces by sucrose and Percoll gradient centrifugation.

The cysts were inactivated by and stored in a solution comprised of formalin (1%), 0.01%

Tween 20, and phosphate buffer.  The cysts were supplied at concentrations of 10 ml .  The7 -1

stock solutions were refrigerated at 4 C in the dark until use.  Prior to the transporto

experiments, cysts were diluted to 10  ml  in the electrolyte solution of interest. The5 -1

diameters of the cysts used in this study were measured as described above, resulting in mean

lengths of the major and minor axes of 12.5(± 0.8) and 7.5 (± 0.7) ìm, respectively.



67

Microsporidium Encephalitozoon intestinales Spores

Microsporidium Encephalitozoon intestinales  spores were obtained from the

American Type Culture Collection (ATCC, Manassas, VA).  They were grown on RK13

rabbit kidney cells (line number CC1-37, ATCC, Manassass VA) and Vero (EG) green

monkey kidney cells (CCL-81, ATCC).  The spores were withdrawn from the cell-culture

media and concentrated by centrifugation.  Percoll (Sigma-Aldrich) was added to promote

purification by separation.  The final pellet was washed with 0.01 M, pH 7  phosphate buffer

4 2 4solution (0.54 g/L NaHPO  and 0.88 g/L KH PO ) and centrifuged for 15 minutes at 2150

rpm (1500g).  Purified spores were enumerated by hemacytometer counting under phase-

contrast microscopy at 400 x magnification.  The diameters of the spores were measured as

described above, resulting in mean lengths of the major and minor axes of 2.4 (±0.6) and 1.2

(±0.5) ìm, respectively.

Soil Treatment

The fine and the coarse fractions of the Vinton soil (500 g) were treated with 3M NaOH and

35M HNO  to remove organic substances and metal oxides/hydroxides. The soil was placed

in a 2 liter Erlenmeyer flask together with one liter of the sodium hydroxide. After 12  hours

the basic solution was discarded and replaced by the nitric acid.. The soil stay in this solution

also for 12 hours. After this treatment the soil was washed several times with water until it
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reached a pH of 7. These soil was used in additional experiments conducted to discern the

primary retention mechanism.

Column Experiments

Transport experiments were conducted using a stainless steel column (7.05 cm long

and 2.1 cm inner diameter, Alltech, Deerfield, IL).  The experimental conditions for the

various column experiments are provided in Table 3.  Preparation for each experiment began

with the uniform packing of the columns with dry porous media.  Each packed column was

then flushed with an electrolyte solution or DI water to achieve uniform saturation.  Three

to four pore volumes of solution containing the protozoan suspended in electrolyte solution

or in DI water were injected into the column, followed by several pore volumes of solution

devoid of protozoa.  NaCl (ionic strength = 10 mM) was used as the electrolyte solution (pH

= 7).  Water flow was generated using a single-piston high-pressure liquid chromatography

pump (Accuflow, Fisher Scientific, Incorporated; Pittsburg, PA).  Effluent samples (2 ml)

were collected continuously in polypropylene 20-ml tubes using a fraction collector

(RediFrac, Farmacia LKB, Uppsala, Sweden).  Pentafluorobenzoic acid (PFBA) was used

as a conservative, non-reactive tracer to characterize the hydrodynamic properties of the

packed columns.  The PFBA samples were analyzed using an UV-VIS spectrophotometer

(Shimadzu UV-1601, Columbia, MD) at ë = 243.
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Baseline experiments were conducted in triplicate for each porous medium.  Three

additional sets of experiments were conducted for Cryptosporidium with the Vinton and

coarse Vinton fraction to further investigate retention mechanisms (Table 3).  These

experiments were designed to minimize deposition under standard colloid filtration theory.

(1) DI water was used as the flushing solution to maximize the degree of repulsive

interactions, given that at low ionic strength the electrostatic repulsion between oocysts and

soil surfaces (both of which are net-negatively charged) reduces the potential for deposition;

3(2) The soils were treated with 3M NaOH and 5M HNO  to remove potential surface

attachment sites associated with organic substances and metal oxides/hydroxides; and (3)

The flow rate was increased to reduce the residence time.  The operative hypothesis was that

the altered conditions would result in higher recoveries than those observed in the baseline

experiments if deposition was a significant retention mechanism for the Vinton soil.

Conversely, if oocyst removal was controlled by straining, these treatments would not result

in significant differences in recoveries between the baseline and additional experiments.

Sample and Data Analysis

Oocysts in the effluent samples were concentrated by direct vacuum filtration through

0.22 mm pore-diameter cellulose acetate membranes (Sartorious Ag, Germany) previously

4 2 4treated with PBS (0.54 g/L NaHPO  and 0.88g/L KH PO ).  The oocysts were then stained

with 0.5 ml of 6 Crypto-a-glo antibody staining solution (Waterborne, Inc; New Orleans, LA)
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for 40 minutes.  This solution contains a fluorescein-labeled mouse monoclonal antibody

specific for C. parvum.  Slides were prepared with DABCO-Glycerol Mounting Medium (2%

1,4 diazabicyclo(2.2.2) octane).  The filters were washed twice with PBS and placed on the

DABCO-coated slide, covered with more DABCO, and incubated.  The cover slip was then

placed on the slide and secured using clear nail polish (USEPA, 1996).

The number of Cryptosporidium oocysts in the effluent samples was determined

directly on the membranes using an epifluorescent microscope (Olympus BH2-RFL;

Melville, NY; excitation 495 nm, emission 315 nm).  Fifty randomly selected fields were

counted at 1000x magnification, and the mean count determined for those fields was

multiplied by the total number of fields to determine total numbers.  The effluent

concentrations were normalized by the injection concentration and plotted against pore

volumes eluted to produce breakthrough curves.  The breakthrough curves were subjected

to standard temporal moment analysis to calculate recovery and mean travel time.  Oocyst

recovery was also calculated by tabulating the total number of oocysts in all of the effluent

samples.

The Giardia cysts in the effluent samples were enumerated using the same methods

as described above for Cryptosporidium, using Giardi-a-glo antibody staining solution

(Waterborne, Inc; New Orleans, LA).  This solution contains a fluorescein-labeled mouse

monoclonal antibody specific for G. lambia.  The Microsporidium spores in the effluent

samples were enumerated using the same methods as described above for Cryptosporidium,
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using Microspor-a-glo antibody staining solution (Waterborne, Inc; New Orleans, LA).  This

solution contains monoclonal antibodies specific for E. intestinalis.

For the majority of the column experiments, the porous medium was removed from

the column at the completion of the experiment to determine the total number of

Cryptosporidium oocysts associated with the soil and their spatial distribution.  The bottom

end piece of the column was removed without disturbing the packed bed, and the porous

media was pushed out and separated into three 1-cm and one 3-cm wide sections.  Each of

the sections was placed in a 50-ml centrifuge tube with 10 ml of DI water.  This solution was

mixed for 30 min. on a shaker.  The supernatant was decanted in a 50-ml tube and the

number of Cyptosporidium oocysts in 10 ìl of this solution was determined as described

previously.  The total number of oocysts per dry weight of each section was then calculated.

aThe effective first-order removal rate coefficient (k ) was calculated using:

(1)

owhere C is aqueous-phase concentration, C/C  represents the normalized total effluent

recovery, v is the average pore-water velocity, and L is the column length.  The theoretical

soil- phase distribution of oocysts, based on classical colloid filtration theory, was calculated

using (Tufenkji and Elimelech, 2005):
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(2)

owhere t  is the duration of solution injection at concentration Co (at x = 0),  è is porosity, and

bñ  is bulk density.

RESULTS AND DISCUSSION

The breakthrough curves for the conservative, non-reactive tracer pentafluorobenzoic

acid, used to characterize the hydrodynamic properties of the packed columns, are sharp and

symmetrical (data not shown).  Breakthrough of pentafluorobenzoic acid in the column

effluent occurs at approximately one pore volume, indicating no sorption and associated

retardation.  Mass recoveries of pentafluorobenzoic acid, determined by calculating thezeroth

temporal moments, are greater than 97% for all experiments.  These results indicate ideal

hydrodynamic behavior for the packed-column systems.

Breakthrough curves for Cryptosporidium transport in the various porous media are

shown in Figure 1.  For the experiments with a substantial recovery (where it is possible to

observe a breakthrough curve) the arrival wave of Cryptosporidium occurs at approximately

one pore volume, similarly to PFBA.  This is supported by the results of the moment

analyses, which produce equivalent travel times.
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The effluent and total recoveries of Cryptosporidium for all experiments are reported

in Table 4.  Total recoveries averaged 81%.  Recovery of oocysts in the column effluent was

greater for the Accusand and for the coarse Vinton, the two porous media with larger median

grain sizes (Table 4).  Mean recoveries for the experiments conducted with Accusand and

the coarse-sieved Vinton were 9 and 33%, respectively.  In contrast, the mean recoveries for

Eustis and Vinton soils were significantly lower (<1%).  The Vinton and Eustis soils had

statistically similar recoveries, despite significant differences in mineralogical composition

and organic-matter content (Table 1, and 2).  Conversely, the two media have similar median

grain sizes and uniformity coefficients, which is suggestive that a mechanical-based retention

process such as straining influenced retention.  The recoveries observed for the model

medium (Accusand) are similar to those reported by Bradford and Bettahar (2005) for a

similar model sand (Ottawa) under similar experimental conditions.

The transport of Cryptosporidium was compared to that of two other protozoa,

Giardia and Microsporidium.  For the Accusand medium, mean effluent recoveries were 2%

and 45% for Giardia and Microsporidium, respectively, compared to 9% for

Cryptosporidium.  For the Vinton soil, effluent recoveries were 0.6% and 27% for Giardia

and Microsporidium, respectively, compared to 0.5% for Cryptosporidium (Table 5).  The

effluent recoveries are observed to correlate inversely with the size of the microorganism,

especially for the coarser medium (Accusand).  This behavior suggests straining may be

influencing retention and transport.
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The relative significance of deposition and straining to total retention of

Cryptosporidium oocysts was evaluated in additional experiments, using the original and

coarse-sieved Vinton media, wherein conditions were altered to minimize the potential

contribution of deposition.  The effluent recoveries obtained for all of these additional

experiments were within the 95% confidence intervals associated with the baseline

experiments for both media (Table 4).  These results indicate that deposition was not a

significant contributor to oocyst retention for the Vinton systems.  From this it is concluded

that straining was the primary retention mechanism for the Vinton soil.  The soil-phase

oocyst distributions support this conclusion, wherein it is observed that predicted

distributions based on standard colloid filtration theory do not match the measured

distributions (Figure 2).

The potential contribution of straining to the retention of colloids during transport in

porous media has received relatively limited attention.  It is most commonly evaluated by

i ccomparing porous-medium grain size (d , the ith% by mass finer than) to colloid size (d ).

50 cFor example, Sakthivadivel (1969) reported straining to be insignificant for d /d  > 20, based

 50 con experiments.  Herzig (1970) posited little straining would be expected for d /d  > 12,

15 cbased on geometric analysis.  A ratio of  d /d  > 9 is obtained from the results of penetration

experiments conducted using finer and coarser sands (Sherard et al., 1984).  A similar ratio,

10 cd /d  > 6, is obtained from the geometric-based analysis reported by Matthess and Pekdeger

(1985).  The most recent experiment-based work incorporating well-sorted model porous
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50 cmedia has reported straining to be insignificant for d /d  > 200 (Tufenkjie et al. 1994;

Bradford et al., 2002;Bradford et al., 2004).

50 cThe calculated aspect ratios (d /d ) for the Eustis, Vinton, Accusand, and coarse-

sieved Vinton media are 59, 56, 154, and 652, respectively, using a value of 4.6 µm for the

oocysts.  Based on the recently reported aspect ratio, straining is expected to be of

significance for the Eustis, Vinton, and Accusand media, but supposedly not for the coarse-

sieved Vinton medium.  Considering the results presented above, which indicate that

straining is likely the primary source of retention for all media used in this study, it appears

that the aspect ratio reported from prior experiments is not a good predictor in the case of the

coarse-sieved Vinton media.  As previously shown, grain angularity, through its impact on

pore-size morphology and distribution, can increase the significance of straining (Tufenkji

et al., 2004).  The grain angularity for the coarse-sieved Vinton medium is likely much

greater than that of the model porous media used in the prior studies from which the aspect

ratio was obtained (see Figure 3).  In addition, oocyst retention for the coarse-sieved Vinton

medium may have been influenced by soil surface structure.  Electron scanning microscopy

images of the coarse Vinton grains (Figure 3) show a very irregular surface with crevices and

pores, many of which have openings ranging in size from 5 to 100 mm.  It is possible that

oocysts may have become entrapped within some of these crevices and pores, enhancing

overall retention.
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The role of straining and deposition in the retention and transport of Cryptosporidium

parvum oocysts in natural soils was examined in this study.  A series of miscible-

displacement experiments were conducted using two sandy soils, a model sand, and a coarse-

sieved fraction of one of the soils.  Significant retention of oocysts was observed, with

greater retention obtained for the two finer soils.  A comparison of the transport of three

protozoa of different sizes indicated that effluent recovery varied inversely with size.  Oocyst

effluent recovery was not influenced significantly by changes in solution chemistry, soil

surface properties, or residence time.  These results suggest straining was the primary

retention mechanism for these systems.
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Table 1. Properties of porous media

Porous
Medium

Sand
(%)

Silt
(%)

Clay
(%)

TOC
(%)

Mean
grain

diameter

50d  (mm)

Uniformity
coefficient

cU

Particle
density
(g cm )-3

Eustis 95 <1 4.4 0.38 0.27 2.3 2.64

Vinton 97 1.8 1.2 0.01 0.26 2 2.69

Coarse Vinton 100 0 0 0 3 1.4 2.69

Accusand 100 0 0 0.04 0.71 1.2 2.66

3Table 2. Elements dissolved from soils in 5 M HNO  extractions

Porous
Medium

2SiO

%

Fe*

mg/g 

Al*

mg/g

Mn*

mg/g

Eustis 97.7 310 690 19

Vinton 54.4 1700 1400 130

Coarse Vinton 71.5 - - -

Accusand 99.8 14 12 2.5
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Table 3. Experiment conditions for the Cryptosporidium column experiments.

Porous media N
Ionic

Strength
(mM)

Porosity
(-)

q 

(cm h )-1

br

 (g cm )-3

oC  (oocysts
ml )-1

Baseline Expts

Eustis 3 10
0.39

(0.011)

3.3
1.6 3.0E+05

Vinton 3 10
0.46

(0.002)

3.3 1.5 2.0E+05

Coarse Vinton 3 10
0.47

(0.019)

3.3
1.5 1.0E+05

Accusand 3 10
0.34

(0.011)

3.3
1.8

2.6E+05

Additional Expts     1

Vinton 1 0 0.46 3.3 1.5 2.8E+052

Vinton 1 0.001 0.46 3.3 1.5 2.4E+053

Coarse Vinton 1 0 0.46 3.3 1.43 3.0+052

Coarse Vinton 2 10 0.48 3.3 1.4 4.3E+053

Coarse Vinton 1 10 0.45 34.7 1.46 2.8.E+05

Values in parenthesis represent the standard deviation. Non-favorable conditions for1

deposition. In these experiments DI water was used as the flushing solution. Soil2 3

washed with 3M sodium hydroxide and 5 M nitric acid.
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Table 4. Experiment recoveries, and removal coefficients for the Cryptosporidium
column experiments.

Porous media N
Effluent

Recovery1

(%)

Total
Recovery2

(%)

ak

(h )-1

Baseline Expts

Eustis 3
0.03

(0.03)

101

(37)

 9.1

(1.1)

Vinton 3
0.5

(0.6)

70.8

(24)

6.0

(1.2)

Coarse Vinton 3
33.3

(9.8)

93.5

(12)

1.1

(0.4)

Accusand 3
9.4

(0.8)
-

3.4

(0.2)

Additional Expts   3

Vinton 1 0.18 - 6.44

Vinton 1 0.01 57.6 9.55

Coarse Vinton 1 22.4 80 1.54

Coarse Vinton 2 18.7 62.4 1.65

Coarse Vinton 1 32.4 70 12.2

Values in parenthesis represent the standard deviation. The effluent by dividing the1

total numbers eluted by the total numbers injected. Total recovery is the sum of2

effluent recovery and soil-phase recovery. Non-favorable conditions for deposition.3

In these experiments DI water was used as the flushing solution. Soil washed with4 5

3M sodium hydroxide and 5 M nitric acid.



83

Table 5. Experiment conditions and  recoveries for Microsporidium and Giardia l.
experiments.

Porous media N
Ionic

Strength
(mM)

Porosity

(-)

q 

(cm h )-1

br

 (g cm )-3

oC
(oocysts/ml)

Effluent
Recovery1

(%)

Microsporidium

Vinton 1 10
46 3.3 1.5 5.2E+05 27

Accusand 4 10
0.34

(0.011)

3.3
1.8

5.3E+05 45

(10.8)

Giardia l.      

Vinton 1 10 0.45 3.3 1.5 1.0E+05 0.6

Accusand 3 10 0.34 3.3 1.8 1.0E+05
2.0

(0.44)

Values in parenthesis represent the standard deviation. The effluent by dividing the1

total numbers eluted by the total numbers injected. 
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Figure 1. Breakthrough curves for Cryptosporidium oocysts. (A) · Eustis, " Vinton,

� Accusand, and (B) # coarse Vinton, and × PFBA tracer. The result of triplicate

experiments are shown. Three to four pore volumes of a solution containing the
protozoa suspended in 10 mM NaCl were injected into the column followed by
several pore volumes of the electrolyte solution devoid of protozoa. 

A

B.
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Figure 2.Measured and predicted soil-phase distribution of C. parvum oocysts for (A)
Vinton and (B) coarse-sieved Vinton.  The predictions (calculated with eq 2) were based

aon classical colloid filtration theory (CFT) with k  calculated from Eq 1.  The total
recoveries (effluent plus soil-phase) of these experiments were greater than 95%.

A.

B.
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Figure 3. Electron scanning microscopy images of the exterior of a coarse Vinton grain. 
(A) 50-µm bar, (B) 5-µm bar.

A.

B.
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ABSTRACT

The objective of this study was to investigate the retention and transport of

Cryptosporidium oocysts in a natural sandy soil under variably saturated conditions.  An in-

situ lysimeter facility was used to allow investigation of larger-scale transport under

controlled conditions.  Cryptosporidium oocysts were detected in the lysimeter effluent.  The

arrival of the oocysts coincided with that of bromide, the nonreactive tracer.  Significant

retention of Cryptosporidium oocysts was observed, with a 5-log removal efficiency.  The

results of this study indicate that Cryptosporidium oocysts may be expected to experience

significant retention and removal during transport in natural sandy soil. In spite of the

significant protozoa filtration showed by this soil, a small number of microorganisms

(0.0016%) traveled all the way (4 m) to the end of the lysimeter.
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INTRODUCTION

The enteric protozoan Cryptosporidium parvum is among the most important

microbial contaminants associated with high risk of waterborne illness.  This pathogen has

been the cause of several outbreak events in the United States (Moore et al., 1993; Solo-

Gabriele and Neumeister, 1996).  Infected individuals excrete large number of oocysts, which

is an environmental resistant stage that can survive wastewater treatment and chlorine

disinfection (Kohrich et al., 1990), and remain viable in the environment for long periods.

Wastewater disposal or use via land application serves as a potential entry point

for pathogens into the subsurface.  A potential concern associated with such practices is the

contamination of groundwater resources.  Understanding the transport and fate behavior of

pathogens in porous media is critical to robust risk assessments of groundwater vulnerability.

The transport of Cryptosporidium in porous media has become a recent focus of

study (Mawdsley et al., 1996; Brush et al., 1999; Harter et al., 2000; HSU et al., 2001; Logan

et al., 2001; Darnault et al., 2003; Tufenkji et al., 2004, 2005; Bradford and Bettahar, 2005).

The results of these laboratory studies have enhanced our understanding of colloid transport

processes relevant to Cryptosporidium.  However, there has so far been a dearth of larger-

scale investigations of Cryptosporidium transport.  The objective of this study was to

investigate the retention and transport of Cryptosporidium oocysts in a natural sandy soil

under variably saturated conditions.  An in-situ lysimeter facility was used to allow

investigation of larger-scale transport under controlled conditions.
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MATERIALS AND METHODS

Materials

The porous medium used for these experiments was a sandy soil (Vinton),

collected from the West Campus Agricultural Center in Tucson, Arizona.  Relevant

properties of this porous medium are listed in Table 1.

Non-viable oocysts, obtained from Waterborne, Inc. (New Orleans, LA), were used

in these experiments.  The supplier purified the oocysts from calf feces by sucrose and

Percoll gradient centrifugation, after initial extraction of feces with diethyl ether.  The

oocysts were inactivated by and stored in a solution comprised of formalin (1%),  0.01%

Tween 20, and phosphate buffer.  The C. parvum oocysts were supplied at concentrations of

10 ml .  The microorganism stocks were refrigerated at 4 C in the dark until use. 7 -1 o

The diameters of the oocysts used in this study were measured using a calibrated

fluorescent microscope.  Digital images were collected using a camera (Nikon D70) attached

to the microscope.  The images were processed with ImageJ software (National Institutes of

Health), which was used to determine mean lengths of the major and minor axes.  These

were 4.8(± 0.5) and 4.4 (± 0.5) ìm, respectively. 
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Column Experiments

Saturated column experiments were conducted using a stainless steel column, 7.05

cm long and 2.1 cm inner diameter ( Alltech, Deerfield, IL).  The experimental conditions

for the experiments are provided in Table 2.  Preparation for each experiment began with the

uniform packing of the column with dry porous media.  Each packed column was then

flushed with a 10mM NaCl (pH =7) solution to achieve uniform saturation.  Three to four

pore volumes of solution containing the protozoan suspended in the electrolyte solution were

injected into the column, followed by several pore volumes of solution devoid of protozoa.

Water flow was generated using a single-piston high-pressure liquid chromatography pump

(Accuflow, Fisher Scientific, Incorporated; Pittsburg, PA).  The experiments were conducted

using a flow rate equivalent to a pore-water velocity of approximately 7 cm/h.  Effluent

samples (2 ml) were collected continuously in 20-ml polypropylene tubes using a fraction

collector (RediFrac, Farmacia LKB, Uppsala, Sweden).

Oocysts in the effluent samples were concentrated by direct vacuum filtration

through 0.22 mm pore-diameter cellulose acetate membranes (Sartorious Ag, Germany)

4 2 4previously treated with PBS (0.54 g/L NaHPO  and 0.88g/L KH PO ).  The oocysts were

then stained with 0.5 ml of 6 Crypto-a-glo antibody staining solution (Waterborne, Inc; New

Orleans, LA) for 40 minutes.  This solution contained a fluorescein-labeled mouse

monoclonal antibody specific for C. parvum. Membranes were mounted on slides already

prepared with  DABCO-Glycerol Mounting Medium (2% 1,4 diazabicyclo(2.2.2)
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octane)(USEPA, 1996).  The number of Cryptosporidium oocysts in the effluent samples was

determined directly on the membranes using an epifluorescent microscope (Olympus BH2-

RFL; Melville, NY; excitation 495 nm, emission 315 nm).  Fifty randomly selected fields

were counted at 1000x magnification. 

Lysimeter Experiment

A Cryptosporidium transport experiment was conducted in a large weighing

lysimeter located at The University of Arizona’s Karsten Center for Turfgrass Research.  The

lysimeter is 4.0 m deep  and 2.5 m in diameter, and contains a homogeneous packing of

Vinton fine sand (porosity is approximately 0.49).  Bromide was used as the conservative,

non-reactive tracer.

A 114 liter pulse of groundwater containing 10 oocysts L  and 1168 mg L-6 -1 -1

bromide was applied uniformly to the surface of the lysimeter, followed by 3690 liters of

groundwater over a four-day period.  The average water saturation for the system was

approximately 14%, and the mean pore-water velocity was approximately 7 cm/h.  The

effluent from the lysimeter was directed through an in-line filter (Gelman Envirochek High

Volume filter, PALL Gelman Sciences, Inc., Ann Arbor, Mich) to collect the pathogen.  An

average of approximately 100 liters was filtered through each of the filter capsules used.

After replacement, the capsules were immediately placed on ice and transported to the

laboratory.  The manufacture’s instructions were followed for elution of the filters.  The final
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pellets recovered from the filters were resuspended in 5 ml of DI water.  The number of

Cryptosporidum oocysts for each sample was enumerating using the same methods described

above.  Bromide was analyzed using a bromide specific electrode.

RESULTS AND DISCUSSION

Cryptosporidium oocysts were detected in the lysimeter effluent.  The arrival of the

oocysts coincided with that of bromide, the nonreactive tracer.  Their arrival corresponded

to the equivalent of approximately one pore volume of groundwater flow through the system.

Significant retention of Cryptosporidium oocysts was observed, with a 5-log

removal efficiency (Table 2).  The removal was significantly greater than that observed for

the column experiments, as would be expected.  The results of prior research have shown

that straining contributes significantly to the retention of Cryptosporidium oocysts in the

Vinton soil (Santamaria, 2006), consistent with the results of other recent studies (Tufenkji

et al., 2004, 2005; Bradford and Bettahar, 2005).

The data obtained from the column experiments can be used to estimate an

expected removal efficiency for the lysimeter, using a simple first-order loss equation

(recovery = e , where t is residence time).  The estimated removal efficiency, approximately-kt

100 logs, is much greater than the observed value. Of course, use of such an equation is

based on numerous simplifying assumptions such as an homogeneous porous media and the

assumption of a spatially invariant colloid deposition rate coefficient. The validity of these
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assumptions  may be suspect for this application.  In addition, the column experiments were

conducted under water-saturated conditions, whereas the lysimeter experiment was

conducted under variably saturated conditions.  Nevertheless, the simple comparison

suggests that Cryptosporidium removal efficiencies may be scale dependent.  Such an

observation would not be unexpected for conditions wherein colloid transport is influenced

by other mechanisms in addition to ideal attachment, such as straining.

The results of this study indicate that Cryptosporidium oocysts may be expected to

experience significant retention and removal during transport in natural sandy soil.  Further

study of Cryptosporidium transport under a variety of conditions at the field scale is

necessary to develop a more robust understanding of their fate in the subsurface.

ACKNOWLEDGEMENTS

This research was supported by a grant funded by the U.S. Environmental

Protection Agency STAR program.



95

REFERENCES

Bradford, S. A.; Bettahar, M.  Straining, attachment, and detachment of Cryptosporidium
oocysts in saturated porous media. Journal of Environmental Quality. 2005; 34: 469-
478.

Brush, C. F.; Ghirose, W. C.; Anguish, L. J.; Parlange J.-Y.; Grimes H. J.  Transport of
Cryptosporidium parvum through saturated columns. Journal of Environmental
Quality. 1999; 28: 809-815.

Darnault, C. J. G.; Garnier, P.; Kim, Y.; Oveson, K. L.; Steenhuis, T. S.; Parlange, J.-Y.;
Jenkins, M.; Ghiorse, W. C.; Baveye, P.  Preferential transport of Cryptosporidium
parvum oocysts in variable saturated subsurface environments. Water environmental
Research. 2003; 75: 113-120.

Harter, T.; Wagner, S.; Atwill, E. R.  Colloid transport and filtration of Cryptosporidium
parvum in sandy soils and aquifer sediments. Environmental Science and
Technology. 2000; 34: 62-70.

HSU, B.; Huang, C.; Pan, J. R.  Filtration behaviors of Giardia and Cryptosporidium - ionic
strength and pH effects.  Water Research. 2001; 35: 3777-3782.

Korich, D. G.; Mead, J. R.; Madore, M. S.; Sinclair, N. A.; Sterling, C. R.  Effects of ozone,
chlorine dioxid, chlorine and monochloramines on Cryptosporidium parvum oocyst
viability. Applied and Environmental Microbiology. 1990; 1423-1428.

Logan, A. J.; Stevik, T. K.; Siegrist, R. L.; Ronn, R. M.  Transport and fateof
Cryptosporidium parvum oocysts in intermitent sand filters. Water Research. 2001;
35: 4359-4369.

Mawdsley, J. L.; Brooks, A. E.; Merry, R. J.  Movement of the protozoan pathogen
Cryptosporidium parvum through three contrasting soil types. Biology and Fertility
of Soils. 1996; 21: 30-36.

Moore, A. C.; Herwaldt, B. L.; Craun, G. F.; Calderon, R. L.; Highsmith, A. K.; Juranel, D.
D.  Surveillance for waterborne disease outbreaks - UNited States, 1991-1992.
Morbidity and Mortality Weekly Reports . 1993; 1-22.

Santamaria, J.  Ph.D. Dissertation, The University of Arizona, Tucson, AZ; 2006.

Solo-Gabriele, H.; Neumeister, S.  US Outbreaks of Cryptosporidiosis. American Water
Works Association. 1992; 1331-1340.



96

Tufenkji, N.; Elimelech, M.  Spatial distributions of Cryptosporidium oocysts in porous
media: evidence for dual mode deposition. Environmental Science and Technology.
2005; 39: 3620-3629.

Tufenkji, N.; Miller, G. F.; Ryan, J. N.; Harvey, R. W.; Elimelech, M.  Transport of
Cryptosporidium oocysts in porous media: role of straining and physicochemical
filtration. Environmental Science and Technology. 2004; 38: 5932-5938.

USEPA.  Aid water reclamation reuse guidelines. Washington D.C. 1991. 

USEPA.  ICR Microbial Laboratory Manual. (US. EPA/600/R-95/178). 1996.



97

Table 1. Properties of porous media

Porous Medium
San
d

(%)

Silt and
clay
 (%)

TOC 
(%)

Mean grain
diameter

50d  (mm)

Uniformity
Coefficient 

cU

Vinton Soil 97 3 0.01 0.26 2

Table 2. Experiment conditions and observed removals.

System
length
(cm) 

System
type

Porous
media

N Flushing
solution

Bulk
Density 
(g cm )-3

oC  
(Oocysts

L )-1

Removal 
(%)

7 Column
Vinton

soil
2

NaCl 
(10 mM)

1.5 1.0e+07 99.2

400 Lysimeter
Vinton

soil
1 GW 1.5 1.0e+07 99.999

GW = groundwater
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ABSTRACT

The retention and transport of microsporidium Encephalitozoon intestinales spores

in two water-saturated sandy porous media was investigated in this study.  The initial

breakthrough of the spores in the column effluent occurred essentially simultaneously with

that of a non-reactive tracer, indicating no significant velocity enhancement.  A large fraction

(45-73%) of the spores injected into the columns was not recovered in the effluent, indicating

removal from solution through colloid retention processes of attachment and/or straining.

The relative significance of attachment and straining to total retention was evaluated in

additional experiments.  An experiment was conducted with a sieved coarse fraction of

porous media for which straining is unlikely to be of significance based on the relative

diameters of the spores and porous-medium pores.  The spore recovery for this experiment

was similar to the recoveries obtained for microsporidia transport in the un-sieved parent

porous medium.  An additional experiment was conducted with a subsample of the coarse

fraction that was acid-washed to reduce potential surface attachment sites.  Spore recovery

was complete for this experiment.  These results suggest surface deposition was the primary

removal mechanism in our system.  This conclusion is supported by the results of an

experiment wherein deionized water was flushed through a column that was previously

flushed with electrolyte solution.  The effluent spore concentrations were observed to

increase upon injection of deionized water, indicating re-mobilization of spores upon a

change in water chemistry.  The measured data was successfully simulated using a

mathematical model incorporating colloid filtration.  The results of this study suggest that
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the transport of microspordia in sandy porous media is governed by established colloid-

transport processes.
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INTRODUCTION

The protozoan microsporidia, which comprise greater than 1,000 species spanning

more than 140 genera, can infect all classes of vertebrates and most classes of invertebrates

(Wittner and Weiss, 1999).  Currently there are seven genera that are known to cause human

infection (Enphalitozoon, Enterocytozoon, Nosema, Pleistophora, Vittaforma,

Trachipleistophora, and Brachiola), as well as several as yet unclassified species (Garcia,

2002).  Most human infections by microsporidia to date have occurred in immuno-

compromised individuals, such as those with auto-immune disorders  or those undergoing

immune-system suppression treatment for cancer or organ transplantation (Weber et al.,

1994; Kotler and Orenstein, 1999).  Microsporidiosis is usually an enteric disease, with the

small intestine as the most common site of human infection.  Infection is the result of

ingesting the environmentally resistant spore.  Only in this stage are microsporidia infectious

and believed to be able to survive outside a host cell (Vavra and Larsson, 1999).  The

primary source of microsporidium spores is the feces of infected hosts (Bornay-Llinares et

al., 1998; Fayer et al., 2003).

Recent research indicates that typical water treatment methods may not be completely

effective for microsporidia removal (Slifko et al., 2000; Wolk et al., 2000; Gerba et al.,

2003).  Thus, concern exists with regard to the potential for microsporidia to contaminate

potable water supplies.  Human pathogenic microsporidia have been found in water samples

collected from tertiary waste-water effluent, irrigation water, surface water, and groundwater

(Sparfel et al., 1997; Dowd et al., 1998; Enriquez et al., 1998; Thurston-Enriquez et al.,



102
2002).  A waterborne outbreak of microsporidiosis occurred in France in the summer of

1995, with 200 people becoming infected (Cotte et al., 1999).  These reports illustrate the

potential of microsporidia to contaminate water supplies and cause waterborne illness.

The transport behavior of microorganisms in porous media is of interest with regard

to the fate of pathogens associated with wastewater recharge, riverbank filtration, septic

systems, feedlots, and land application of biosolids.  Factors affecting the transport and fate

of viruses and bacteria in the subsurface have been widely investigated (e.g., Yates and

Yates, 1988; Schijven and Hassanizadeh, 2000; Ginn et al., 2002).  Conversely, the

subsurface transport and fate of protozoans has been studied to a much lesser extent.  The

transport of Cryptosporidium parvum oocysts has recently begun to receive attention (e.g.,

Mawdsley et al., 1996; Brush et al., 1999; Harter et al., 2000; Hsu et al., 2001; Logan et al.,

2001; Darnault et al., 2003; Tufenkji et al., 2004).  The results of this research indicate that

transport of cryptosporidia is mediated by standard colloid filtration processes (surface

deposition) and by straining.  However, there appears to be no published work regarding the

transport behavior of microsporidia in porous media.  The objective of this study was to

investigate the transport behavior of microsporidium Encephalitozoon intestinales spores in

water-saturated sandy porous media.
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MATERIALS AND METHODS

Materials

Microsporidium Encephalitozoon intestinales was selected for use because it is one

of the most common human pathogenic microsporidia and is relatively easy to grow in cell

culture.  Spores were obtained from the American Type Culture Collection (ATCC,

Manassas, VA).  They were grown on RK13 rabbit kidney cells (line number CC1-37,

ATCC, Manassass UA) and Vero (EG) green monkey kidney cells (CCL-81, ATCC).

Maintenance and production of the cell culture and spores are detailed in John et al. (2003).

Briefly, E. intestinalis spores were withdrawn from the cell-culture media and concentrated

by centrifugation.  Percoll (Sigma-Aldrich) was added to promote purification by separation.

4The final pellet was washed with 0.01 M, pH 7  phosphate buffer solution (0.54 g/L NaHPO

2 4and 0.88 g/L KH PO ) and centrifuged for 15 minutes at 2150 rpm (1500g).  Purified spores

were enumerated by hemacytometer counting under phase-contrast microscopy at 400 x

magnification.

Microsporidia spores are oval and generally range between 1 and 5 ìm in diameter,

although a few species have been known to produce spores up to 40 ìm in diameter (Larsson

and Lebbad, 2003).  The diameter of the spores used in this study were measured using a

calibrated fluorescent microscope.  Digital images were collected using a camera (Nikon

D70) attached to the microscope.  The images were processed with ImageJ software

(National Institutes of Health), which was used to determine mean lengths of the major and

minor axes.  These were 2.4 (±0.6) and 1.2 (±0.5) ìm, respectively.
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Two sandy porous media were used for the experiments.  The first is a commercially

available, well-sorted (20/30 mesh) natural sand (Accusand, Le Sueur, MN).  The second is

a sandy soil (Vinton) collected from Tucson, AZ.  The properties of these two porous media

are listed in Table 1.  Two additional experiments were conducted after specific treatments

of the Vinton soil to further investigate retention mechanisms.  First, an experiment was

conducted using a coarse sieved fraction of the soil for which straining is unlikely to be of

significance based on the relative diameters of the spores and porous-medium pores.  The

median and range of grain diameters for this sieved fraction are 3.0 and 1.5 to 4.0 mm,

respectively.  An additional experiment was conducted with a subsample of the coarse

fraction that was treated with 5 N nitric acid to reduce potential surface attachment sites.

Analysis of the parent, sieved, and acid-treated Vinton media using X-ray diffraction and

energy dispersive X-ray spectroscopy indicates the only primary apparent difference is a

significantly reduced calcium carbonate content for the acid-treated media. 

Solutions were made with autoclaved, filtered (0.22 ìm), deionized water with NaCl

(0.01 M) as the electrolyte (ionic strength = 0.01 M).  Pentafluorobenzoic acid (PFBA) was

used as a conservative, non-reactive tracer to characterize the hydrodynamic properties of the

packed columns. The PFBA samples were analyzed using a UV-VIS spectrophotometer

(Shimadzu UV-1601, Columbia, MD) at ë = 260.  
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Methods

Stainless steel columns (7 cm long and 2.1 cm in diameter; Alltech, Deerfield, IL)

and tubing (0.32 cm diameter) were used for all experiments.  Water flow was generated

using a single-piston high-pressure liquid chromatography pump (Accuflow, Fisher

Scientific, Incorporated; Pittsburgh, PA).  Preparation for each experiment began with the

uniform packing of the columns with dry porous media (porosity = 0.36 ±0.03; bulk density

=  1.73 ±0.04 g/cm ).  Each packed column was then flushed with the electrolyte solution to3

achieve uniform saturation.  The spores were inactivated prior to use by exposure to UV light

for 30 minutes.  An experiment was also conducted with viable spores.  This experiment was

conducted in a biohazard flow hood (Labconco corporation; Kansas City, Missouri).  All

samples from this latter experiment were treated with ultraviolet light prior to analysis.

Three to five pore volumes of the spore solution were injected into the columns, followed

by several pore volumes of electrolyte solution (no spores present).  In an additional

experiment, several pore volumes of deionized water was flushed through the column after

the electrolyte flush to evaluate the impact of a change in water chemistry on spore retention.

The flow rate for all experiments was equivalent to a pore-water velocity of 9-10 cm/hr.

Effluent samples (2 mL) were collected continuously in polypropylene 15-mL screw-top

sterile test tubes using a fraction collector (RediFrac,  Pharmacia LKB, Uppsala, Sweden).

The specific details for each experiment are provided in Table 2.  

The samples were prepared for analysis in the following manner.  The effluent

samples were vacuum-filtered through 0.22-µm pore diameter cellulose acetate membranes
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(Sartorius Ag, Germany) treated with phosphate buffer solution.  The spores were then

stained with 0.5ml of  Microspor-a-glo antibody staining solution (Waterborne, Inc; New

Orleans, LA) for 40 minutes.  This solution contains monoclonal antibodies specific for E.

intestinalis.  Slides were prepared with DABCO-Glycerol Mounting Medium (2% 1,4

diazabicyclo(2.2.2) octane) (DABCO).  The filters were washed twice with PBS and placed

on the DABCO-coated  slide, covered with more DABCO,  and incubated.  The cover slip

was then placed on the slide and secured using clear nail polish. 

The spores were enumerated using a UV-light microscope (Olympus BH2-RFCA;

Melville, NY).  The antibody staining solution bound to the spore walls fluoresced upon

excitation with the UV lamp.  Fifty randomly-selected fields of view per sample (of 16000

total) were counted at 1000x magnification to calculate the concentration of the spores in the

effluent samples.  The effluent concentrations were normalized by the injection concentration

and plotted against pore volumes eluted to produce breakthrough curves.  The breakthrough

curves were subjected to standard temporal moment analysis to calculate equivalent

recoveries (zeroth moment) and retardation factors (first moment).

Mathematical Modeling

A one-dimensional mathematical model incorporating advection, dispersion, and

retention is used to simulate transport under conditions of steady-state flow in a

homogeneous porous medium.  Colloid retention is described using standard colloid

filtration theory (e.g., Schijven and Hassanizadeh, 2000; Ginn et al., 2002), in which
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irreversible surface deposition (attachment) of the colloids is expressed in terms of collision

efficiency (h) and sticking efficiency (a):

b pwhere C is aqueous-phase colloid concentration, è is porosity, ñ  is the bulk density, d  is the

aporous-medium grain diameter, v is average pore-water velocity, and k  is the first-order

attachment rate coefficient.

A finite-element numerical scheme is used to solve the equations under appropriate

initial and boundary conditions.  Operator  splitting is performed to solve the coupled

differential equations separately.  A non-linear least squares method is employed to

determine optimized parameters by calibration of the model to the measured breakthrough

curves.

RESULTS AND DISCUSSION

The breakthrough curves for the conservative, non-reactive tracer pentafluorobenzoic

acid, used to characterize the hydrodynamic properties of the packed columns, are sharp and

symmetrical (data not shown).  Breakthrough of pentafluorobenzoic acid in the column

effluent occurs at approximately one pore volume, indicating no sorption and associated
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retardation.  Mass recoveries of pentafluorobenzoic acid, determined by calculating the

zeroth temporal moments, are greater than 99% for all experiments.  These results indicate

ideal hydrodynamic behavior for the packed-column systems.

Breakthrough curves obtained for the microsporidium spores are shown in Figure 1

for the various porous media.  Initial breakthrough of the spores in the column effluent

occurs at approximately one pore volume, similarly to PFBA.  This is supported by the

results of the moment analysis, which produced equivalent retardation factors ranging from

0.9 to 1.3.  This indicates no measurable velocity enhancement was observed for

microsporidium.  This is most likely a function of the relative sizes of the microsporidium

spores and the porous-medium pores.

Effluent recoveries for microsporidium ranged from 27 to 55% for the experiments

conducted with untreated porous media  (Experiments 1-5, Table 2).  The effluent recovery

for the experiment conducted with viable spores was similar to the recoveries observed for

the inactivated-spore experiments (Table 2).  The reduced recoveries for microsporidium

likely reflect removal of spores from solution via processes such as surface deposition

(attachment) and straining.  The level of removal observed for microsporidium is in the same

general range as results reported for cryptosporidium transport in sandy porous media (Brush

et al., 1999; Harter et al., 2000; Tufenkji et al., 2004).

The potential contribution of straining to retention of colloids during transport in

porous media has received relatively limited attention.  Initial analyses of conditions for

which straining would be significant focused on relationships comparing porous-medium
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i c   grain size (d , the ith % by mass finer than) to colloid size (d ). Sakthivadivel (1969) reported

50 cstraining to be insignificant for d /d  > 20, based on experiments.  Herzig (1970) posited

 50 clittle straining would be expected for d /d  > 12, based on geometric analysis.  A ratio of

15 cd /d  > 9 is obtained from the results of penetration experiments conducted using finer and

10 ccoarser sands (Sherard et al., 1984).  A similar ratio, d /d  > 6, is obtained from the

geometric-based analysis reported by Matthess and Pekdeger (1985).  More recent

experiment-based work incorporating well-sorted subsurface porous media has produced a

50 cmore stringent ratio of d /d  > approximately 200 (Bradford et al., 2002, 2004; Tufenkji et

al., 2004).  The calculated ratios for the sand and Vinton soil are 400 and 138, respectively,

using a value of 1.7 ìm for the microsporidium spores.  Based on these values, it appears that

straining may potentially be of some significance for transport in the Vinton soil, but most

likely not for the sand.  

The potential significance of straining can be more directly evaluated by comparing

spore size to pore dimensions.  The results of recent micromodel experiments showed that

colloids did not enter pore throats that were less than 1.5-times larger than the colloid

(Sirivithayapakorn and Keller, 2003).  For the sand used in our study, essentially all pores

have estimated diameters greater than 1 ìm (Table 1).  Given the measured diameters of the

microsporidium spores used herein, it is unlikely that straining contributed significantly to

retention for the experiments conducted with sand.  Conversely, approximately 9% of the

pores are estimated to be smaller than 1 ìm in diameter for the Vinton soil.  Thus, straining

may be of more significance for this porous medium.
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The relative significance of attachment and straining to total retention of

microsporidium by the Vinton soil was evaluated in additional experiments.  An experiment

was conducted with a sieved coarse fraction of Vinton soil for which the median grain

diameter is approximately ten times larger than that of the unsieved Vinton soil.  Straining

is unlikely to be of significance for this sieved fraction considering the relative diameters of

50 cthe spores compared to the porous-medium grains (d /d  > 1700).  The spore recovery for

this experiment was similar to the recovery obtained for microsporidia transport in the un-

sieved Vinton soil (experiments 5 and 6, Table 2).  An additional experiment was conducted

with a subsample of the coarse fraction that was acid-washed to reduce potential surface

attachment sites.  Spore recovery was complete for this experiment (experiment 7, Table 2).

These results suggest surface deposition was the primary removal mechanism for

microsporidium transport in Vinton soil.

The role of a surface-deposition process in retention of microsporidium is further

supported by the results obtained when deionized water was flushed through a column that

was previously flushed with electrolyte solution.  For this experiment, effluent spore

concentrations increased upon injection of deionized water, indicating re-mobilization of

spores upon a change in water chemistry (Figure 2).  The introduction of water with a

reduced ionic strength increased recovery of the spores, indicating an electrostatic-adsorption

process (e.g., Gerba, 1984; Elimelech and O’Melia, 1990; Hsu et al., 2001; Tufenkji et al.,

2004) for which the degree of reversibility is dependent upon extant conditions.  Such

behavior has been observed for other biocolloids (e.g., Bales et al., 1991; 1993).
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The simulations produced with a mathematical model incorporating standard colloid

filtration provided reasonable fits to the measured breakthrough curves (see Figure 1).

Values for optimized rate coefficients obtained from the model calibrations are presented in

Table 2.  The rate coefficients range from 0.8 to 2 h  for all experiments, with the exception-1

of the experiment conducted with acid-washed Vinton soil that exhibited essentially no

retention of spores.

SUMMARY

This study provided an initial investigation of the transport of microsporidium

Encephalitozoon intestinales spores in two water-saturated sandy porous media.  A large

fraction of the spores injected into the columns was not recovered in the effluent as a result

of colloid filtration processes.  Spore  recovery was influenced by changes in water and soil-

surface chemistry, suggesting removal from solution through surface deposition.  While

apparently insignificant for these experiments, straining is likely to be of more importance

for porous media with larger fractions of fines.  The measured data was successfully

simulated using a mathematical model incorporating colloid filtration.  The results of this

study suggest that the transport of microsporidium Encephalitozoon intestinales in sandy

porous media is governed by established colloid-transport processes.
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Table 1.  Properties of Porous Media.

Porous
Medium

Sand
(%)

Silt
(%)

Clay
(%)

TOC1

(%)
Median
Grain

Diameter
(ìm)

Pore
Diameter2

 <1 ìm
(%)

Pore
Diameter
1-50 ìm

(%)

Pore
Diameter
>50 ìm

(%)

Sand 100 0 0 0 677 0.03 16 84

Vinton 97 1.8 1.2 0 234 8.9 63.3 27.8

TOC = total soil organic carbon, measured by Soil, Water and Plant Analysis Laboratory,1

U of Arizona.
Determined as described by Danielson and Sutherland (1986).2
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Table 2.  Microsporidium Experiment Conditions, Recoveries, and Optimized Rate
Coefficients.

Experiment Porous
Medium

0C Input1

Pulse
Recovery

(%)
ak  (h )-1 2

1 Sand 9.0E+05 4.6 50 1.3 (1.2-1.4)

2 Sand 1.8E+05 4.9 30 1.9 (1.3-2.4)

3 Sand 5.1E+05 3.7 55 0.8 (0.7-0.9)

4 Sand 3.0E+05 4.5 45 1.5 (0.9-2.1)

5 Vinton 5.2E+05 3.5 27 2.0 (1.9-2.2)

6 Vinton-
Coarse

1.9E+05 3 25 1.8 (1.6-2.0)

7 Vinton-
Coarse
Acid

Washed

5.8E+05 3.4 ~100 N.A.

0C  is injection concentration (spores/mL).1

ak  is attachment rate coefficient optimized from model calibration to the2

measured data; values in parentheses represent 95% confidence intervals.
Experiment conducted with viable spores.3
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Figure 1A. Breakthrough curves for microsporidium spores in NaCl solution (0.01 M) for
the 20/30-mesh sand.
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Figure 1B. Breakthrough curves for microsporidium spores in NaCl solution (0.01 M) for
the Vinton soil.
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Figure 2. Results of an experiment conducted with NaCl electrolyte solution, with
subsequent deionized water flush, for the 20/30-mesh sand.  Recovery of spores in the
effluent doubled from 16 to 32% upon flushing with deionized water.
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ABSTRACT

DNA-PCR analysis was used to assess the indigenous reductive dechlorination

potential for a tetrachloroethene (PCE) contaminated perched aquifer at the  Park-Euclid

WQARF site in Tucson, Arizona. The target regions in this study were the 16s rDNA

sequences of Dehaloccoides sp. and Desulfuromonas sp., and the DNA coding regions for

the reductive dehalogenase enzymes pceA, tceA, bvcA, and vcrA. Total DNA was extracted

from groundwater samples collected from wells located near or within the contamination

source zone. Bacteria able to transform PCE into DCE were detected in all samples tested.

This is consist with the results of previous microcosms studies, which showed that DCE

accumulated as a final transformation. Bacteria able to transform VC into ethene were only

found in one of the sampled locations, but there was no ethene production in any of the

microcosms experiments performed with this sample.
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INTRODUCTION

The chlorethenes tetrachloroethene (PCE) and trichloroethene (TCE), used as

solvents or used in the manufacture of plastics, are among the most common contaminants

in groundwater systems as a result of improper handling, storage or spillage (Haggblom and

Bossert, 2003). Their presence in drinking water aquifers is of concern because of their

harmful effects on human health (USEPA, 2003). Densities and low water solubilities of

PCE and TCE make them difficult to remove by pump and treat water remediation

technologies (Cherry et al. 1999). This is an expensive treatment and often fails to achieve

the drink water standard concentration levels set by EPA (5 ì/L). Monitored Natural

Attenuation (MNA) and In Situ Bioremediation are less expensive and may be more effective

as alternative strategies to clean up contaminated sites. MNA is based on natural physical,

chemical and biological transformation processes (USEPA, 1999) , and In Situ

Bioremediation involves the stimulation of microbial indigenous populations  However, it

is necessary to collect evidence demonstrating that this alternatives will achieve site specific

remediation objectives before any of these is selected as a remedial alternative. 

One line of evidence  is the presence of active microorganisms able to transform the

chloroethenes into ethene. Under anaerobic conditions, some microbes use PCE and TCE as

terminal electron acceptors in a process called dehalorespiration (Holliger and Schumacher,

1994). This reductive  dechlorination is the main pathway for the biodegradation of these

chlorinated compounds (Middeldorp et al., 1999). Most of the isolated microbes so far, carry

out  an incomplete reductive dechlorination of TCE and PCE, which leads to the
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accumulation of cis 1,2 dichloroethene (cis-DCE), trans 1,2 dichloroethene (trans DCE), and

vinyl chloride (Abelson, 1990; DiStefano et al., 1991). This last compound is highly toxic

and a human carcinogen (Kiehlhorn et al., 2000) and its maximum concentration level was

set at 2 ì/L.  The species involved in partial reductive dechlorination of PCE and TCE

include: Dehalospirillum multivorans, a Proteobacterium from the å subdivision;

Desulfuromonas sp., a Proteobacterium from the ä subdivision; and Dehalobacter restrictus

and Desulfitobacterium sp., which are low G+C Gram-positive bacteria (Loffler et al., 2003).

The only known group of bacteria capable of  complete dechlorination of PCE  to ethene is

Dehalococcoides sp. This is a group within the green nonsulfur bacteria (chloroflexi)

(Seshadri et al., 2005). There have been five members of this group, identified as able to use

chlorinated ethenes as electron acceptors. They are Dehaloccocoides ethenogenes strain 195

and strain FL2, which are able to dechlorinate PCE to VC and ethene. The last

transformation step from VC to ethene occurs slowly in a cometabolic process, leading to VC

accumulation (Maymó-Gatell et al., 2001). Dehaloccoides sp. strains BVA1 and VC, which

dechlorinate all DCE isomers and VC metabolically to produce non-toxic ethene; however

they do not metabolize PCE or TCE (Muller et al., 2004; He et al., 2003). The fifth is

Dehalococcoides sp. strain GT that seems to be the first organism with the ability to

reductively  dechlorinate PCE all the way to ethene (Sung et al., 2006).

Dehalogenation reactions are catalyzed by reductive dehalogenases (Rdases). The Pce

reductive dehalogenase (PCE-RDase) from Dehalospirillum multivorans, Desulfuromonas

sp. Dehalobacter restrictus and Desulfitobacterium sp., mediates the reductive
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dechlorination of PCE or TCE to cis-1,2-dichloroethene (DCE) (Neumann et al., 1998;

Loffler et al., 2000; Maillard et al., 2005; Suyama et al., 2002).This enzyme is encoded by

the pceA gene and the DNA sequences coding for this enzyme, in all four microorganisms,

are not  identical but they have a highly percent of similarity (Smidt et al., 2000). The PCE-

RDase from Dehalococcoides ethenogenes strain 195, accepts only PCE as a substrate,

converting it to TCE. D. ethenogenes strain 195 and strain FL2 contain a second enzyme,

TCE- RDase, which converts TCE to DCE and VC (Magnuson et al., 1998; He et al., 2005).

Dehalococcoides sp. strains BVA1 and VC synthesize  VC reductases, codified by the genes

bvcA and vcrA, respectively. These enzymes carry out the reduction of the DCE isomers and

VC to ethene.

It is important to determine whether dechlorinating bacteria are present that can

dechlorinate TCE completely to ethene or whether dechlorination will be carried out only to

the dichloroethene  isomers or vinyl chloride. Depending upon the dechlorinating species that

are present, it may or may not be possible to achieve water standard concentration levels at

a particular site. Molecular techniques can be used to  identify, enumerate and track the

specific microorganisms capable of dehalogenating these compounds. DNA  molecules are

extracted from the environmental matrix in order to look for 16s rRNA sequences specific

for a particular group of bacteria or for sequences coding enzymes involved in the

contaminant transformation.

The availability of 16s rDNA specific sequences and the DNA sequences of the genes

mentioned above in previously published literature, make it possible to use molecular
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techniques to characterize the dechlorination potential at a site. The objective of this work

is to use the polymerase chain reaction as a screening tool for the presence of DNA specific

to bacteria able to reductively dechlorinate chlorinated ethenes in groundwater samples from

the Park-Euclid PCE contaminated site in Tucson, AZ. The target sequences  will be 16s

rRNA from the Dehalococcoides sp. and Desulfuromona sp and the genes pceA,  tceA, bvcA

and vcrA. This is the first time that coding DNA regions of reductive dehalogenases are being

used to assess the indigenous reductive dechlorination potential for a TCE contaminated site.

MATERIALS AND METHODS

Groundwater Samples

Groundwater samples were collected from the Park-Euclid site in May-2005,

November-2005, and March-2005. The site is located 1 km s-sw from The University of

Arizona in Tucson, and has both perched and regional aquifers. Prior operation of a

commercial dry cleaning facility resulted in contamination of the perched aquifer with PCE

as the single chlorinated solvent. A complete description of the site is found in Carreón,

(2006).

Seventeen monitoring wells have been drilling along the site and four wells, part of

a soil vapor extraction system (SVE), have been installed beneath the dry cleaning facility.

Groundwater samples were collected from wells PEP-9, SVE 103, and SVE 101, which are

located near or at the source zone (well SVE 101 was only sampled on Nov-2005 and March

2006). Miller and Brooks Environmental, Inc. collected  the samples using disposable
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bailers. Sterile 1-L amber glass jars were filled to the top with 1000 ml of ground water from

each well and shipped to the lab on ice. At the lab the samples were stored at 4 C until theo

microbial tests were performed.

DNA Extraction

DNA was obtained from groundwater collected at wells SVE 103,  SVE 101, PEP

9.  A volume of 10 ml of each sample was filtered through a 25 mm polyethersulfone

membrane of 0.22 ìm pore size diameter (Pall Corporation, Supor 200). After filtration, this

membrane was cut in small squares of approximately 5x5 mm. The genomic DNA of the

microbes trapped in the membrane was extracted  using an Ultra Clean Soil DNA Kit (Mo

Bio Laboratories. Inc. Carlsbad, CA). DNA extractions were resuspended in total volumes

of 50 ìl of 10mM Tris buffer (pH 8.5) and quantified by spectrophotometry.

Polymerase Chain Reaction

Amplification reactions were performed with Perkin Elmer GenAmp 2400 thermal

cycler in a final reaction volume of 50 ìl. The reaction mixtures contained 5 ìl of 10x PCR

2reaction buffer, 1.5 mM MgCl , 200 ìM of each deoxynucleoside triphosphate, 250 nM of

the forward and reverse primers, 2.5 U of Taq polymerase and 10 ìl of 5x Q solution

(Quiagen PCR Core Kit. Valencia, CA), and 2 ìl of DNA solution. All primers were

synthesized by Integrated DNA Technologies, Inc. San Diego. CA.
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The following basic thermocycling program was used for all the PCR reactions: 94 Co

for 3 min (1 cycle); 94 C for 45 s, X C for 30 s, and 72 C for Y s (30 cycles); 72 C for 7o o o o

min (1 cycle). The annealing temperature (X)  and elongation time (Y), are specific for each

of the primers used to amplify the target sequences. The coding region of pceA in

Dehalosporillum multivorans was amplified using primers Dm F and Dm R with an

annealing temperature of  55.7 C and an elongation time of 50 s. The coding region of pceAo

in Dehalobacter restrictus  was amplified using primers Dr F and Dr R with an annealing

temperature of  50 C and an elongation time of  1.5 min. The coding region of pceA ino

Desulfitobacterium  was amplified using primers Des F and Des R with an annealing

temperature of  53 C and an elongation time of 50 s. o

A nested PCR was run in order to amplify the 16S rRNA genes of the

Dehalococcoides and Desulfuromonas groups. In the first round of PCR, universal primers

8F and 1541R were used to amplify the 16 rRNA sequence from the entire population of

eubacteria. The annealing temperature and the elongation time for these reactions were 55 Co

and 1.5 min, respectively. In the second round, the amplification product of the previous

reaction was used as a template for primers Deh F and Deh R, which amplify hypervariable

regions of the 16S rRNA genes of the Dehalococcoides group (comprising D. ethenogenes

and Dehalococcoides sp. Strain FL2). The  amplification products from the first round also

were used as a template for primers Des F and Des R,  which amplify hypervariable regions

of the 16S rRNA genes of the Desulfuromonas group (comprising Desulfuromonas sp. Strain
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BB1 and D. Chloroethenica). The annealing temperature  was 58 C and the elongation timeo

was the 1.5 min.

A touchdown PCR was necessary to amplify genes tceA, bvcA, and vcrA given the

different annealing temperatures of the reverse and forward primers. The coding region of

tceA in Dehalococcoides ethenogenes was amplified using primers 797 F and 2490 R. The

thermocycling program started with a denaturation step of 3 min at 94 C followed by a firsto

stage in which the annealing temperature was 57 C for 30 s. The temperature was graduallyo

decreased by 1 C every two cycles until it reached 46 C. The program continued with ao o

second stage of 25 amplification cycles, in which the annealing temperature of 46 Co

remained constant. In both stages, denaturation and elongation steps were held constant at

94 C for 45 s and 72 C for 1.5 min, respectively. After stage 2, an elongation step of 7 mino o

at 72 C was performed. The coding region of bvcA in Dehalococcoides strain BAV1 waso

amplified using primers bvcA F and bvcA R.  The thermocycling program was the same used

for primers bvcA F and bvcA R but, in this reaction, the annealing temperature decreased

from 56 to 51 C and the elongation time was 1.5 min. The coding region of vcrA ino

Dehalococcoides strain VS was amplified using primers vcrA F and vcrA R. The annealing

temperature decreased from 64 to 55 C and the elongation time was 1 min. Sequences of theo

primers used in these reactions are listed in table 1.
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Sequencing

PCR products were purified (QIAquick PCR Purification Kit, Quiagen, Valencia,

CA) prior to sequencing at the University of Arizona’s facility. Automated sequencing was

performed with an Applied Biosystems 3730xl DNA Analyzer, using the  specific primers

previously described. Nucleotide sequences were compared with EMBL and GenBank

databases at NCBI using BLAST (Altsschul et al., 1990).

RESULTS AND DISCUSSION

16s rDNA PCR Products

The Dehaloccoides sp. specific 16s rDNA region was detected by the PCR analysis

in all groundwater samples, except in well SVE 101 from Nov-2005. The gel in figure 1

shows the amplification product with the expected size of 434 pb. This finding confirms the

presence of Dehalococcoides sp. in the perched aquifer of the Park-Euclid site. However, it

can not be interpreted as evidence that these Dehalococcoides populations are able to

dechlorinate PCE to ethene because, although  Dehalococcoides strains 195 and FL2 can not

use VC as an electron acceptor, they may have between 88 to 99.9% similarity in their 16s

rDNA region with Dehalococcoides sp. Strain VC and BVA1 (He et al., 2005). The

Desulfuromona sp. specific 16s rDNA region was only detected in groundwater samples

from well SVE 101 in both sampling dates Nov-2005 and March- 2006. Sequence analysis
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of these PCR amplicons confirmed that the products were Dehalococcoides sp. and

Desulfuromona sp. 16s rDNA sequences. The results are summarized in table 2, and 3.

Analysis of the Reductive Dehalogenases Gene Sequences

All sampled wells showed the presence of the microorganisms that synthesize the

PceA reductive dehalogenase, which transforms PCE into DCE. The coding regions of gene

pceA in Dehalospirillum multivorans was detected in samples from wells SVE 103 and SVE

101. However, not all collection dates were positive. Samples collected in May and

November-2005 from wells SVE 103 and SVE 101, respectively, were negative for the pceA

gene. This gene was not detected in groundwater from well PEP-9 for any of the sampling

dates (Table 3). The coding regions of gene pceA in Dehalobacter restrictus and

Desulfitobacterium sp. Strain Y51, were detected  in groundwater from wells PEP-9,

SVE101 and SVE 103. The sample collected in May-2005 from well SVE 103 was negative

for the pceA gene.  The coding region of gene tceA in Dehalococcoides sp. was detected by

PCR in samples coming from wells SVE 103 and PEP-9. For well SVE 103, the sample

collected in May-2005 was negative for gene tceA. The coding region of gene vcrA was only

amplified by PCR  in samples coming from well SVE 103 in May and Nov-2005. The coding

region of gene bvcA was not detected for any collection date (Table 2). Sequence analysis of

these PCR amplicons confirmed the identity of these products. The temporal variability in

the PCR results may reflect a temporal dynamic in the numbers of this microorganisms or

it may reflect a heterogeneous spatial distribution of the bacteria present in the ground water.
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Comparison to Microcosms Studies

Laboratory microcosms prepared with the same sampled groundwater used in this

study  (Carreon, 2006) showed that dechlorination did not go further than cDCE (Table 4).

A first group of six microcosms experiments were conducted with groundwater collected

from the contaminated site. Samples from wells SVE-103 and SVE-101 showed

dechlorination from PCE to cDCE. Water from well PEP- 9 did not show dechlorination at

all. Then, a second group of  three experiments were conducted with enriched medium and

2.5 ml of  liquid phase transferred from the first group (10 fold dilution). In this second round

of microcosms, there was PCE dechlorination to cDCE in all of the samples: SVE-103, SVE-

101 and PEP-9. The lack of dechlorination in PEP-9 in the first group of experiments could

be the result of competition by homoacetogenic bacteria (Carreon, 2006, Chen 2004). It

seems that the dilution of PEP-9 water minimized the competition effect.

The microcosms results  agree with the results reported in this study for wells PEP-9

and SVE-101 the reductive dehalogenases capable of using cDCE as electron acceptors were

not found. This is why cDCE accumulated in the microcosms experiments. However,

groundwater from well SVE-103 that was positive for the vcrA gene, did not show ethene

as a final product of PCE degradation for the microcosm study. This indicates that the

microorganisms capable of using VC as electron acceptor exists in this well, but are not

active, as a result of adverse environmental conditions such as competitors, presence of

inhibitors, or low concentration of a particular nutritional factor.
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CONCLUSIONS

This study shows that PCR analysis of 16s rDNA and reductive dehalogenase gene

sequences together with microcosms results are useful tools to analyze the populations of

reductive dechlorinators and their activity at a given site.  In the particular case of the Park

Euclid site, the PCR analysis confirmed the presence of bacteria capable of reductive

dechlorination of  PCE to DCE in all sampled wells. These results matched  with the results

of microcosms studies where DCE accumulated as a final product. SVE 103, the only

sampled well positive for the gen vcrA and thus, the only ground water sample with the

potential to reductively dechlorinate PCE to ethene, did not show ethene production in the

microcosms studies.  Further studies are necessary to discover the environmental factors that

are inhibiting the transcription of this particular dehalogenase.

The 16s rDNA PCR analysis also showed that Dehaloccoides sp. is present in all

wells tested. Among all Dehalococcoides there could be present some strains able to

synthesize novel reductive dehalogenase enzymes that have not been reported so far. In

future studies, molecular tools could be used to explore the diversity of these enzymes at this

site.
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Table 1. PCR primers used in this study.

Microorganisms
Primer Sequence (5'   3') Product

size (bp)

DNA

target

Source

Reference

Dehalospirillum
multivorans

Dm F gct gct gga tgg acc tta ga 339 pceA

gene

Neumann et al.,

1998
Dm R cat agc gat acc tgc aac ga

Dehalobacter restrictus Dr F atg caa tta tta tta agg agg aag 592 pceA

gene

Maillard et al.,

2003Dr R cta agc aga aat agt atc cga act

Desulfitobacterium sp.
Strain Y51 Des F

cgg aaa gac ttg gga tca aa 334 pceA

gene

Suyama et al.,

2002

Des R aat ttc cac tgt tgg cct tg

Dehalococcoides e. 797 F acg cca aag tgc gaa aag c 1693 tceA gene Magnuson et

al., 20002490 R taa tct att cca tcc ttt ctc 

Dehalocooides sp.
Starin BAV1

bvcA F tgc ctc aag tac agg tgg t 839 bvcA
gene

Krajmalnik-
Brown et al.,

2004bvcA R att gtg gag gac cta cct

Dehalococcoides sp.
Strain VS

vcrA F tgc tgg tgg cgt tgg tgc tct 441 vcrA gene Muller 2004

vcrA R tgc ccg tca aaa gtg gta aag

Eubacteria 8F aga gtt tga tcc tgg ctc ag 1533 16sDNA Looffler et al.,

20001541R aag gag gtg atc cag ccg ca

Dehalococcoides sp.
Deh F

aag gcg gtt ttc tag gtt gtc ac 434 16sDNA Looffler et al.,

2000

Deh  R cgt ttc gcg ggg cag tct

Desulfuromonas sp.
Strain BB1 and
Desulfuromonas
chloroethenica

Des F aac ctt cgg gtc cta ctg tc 835 16sDNA Looffler et al.,
2000

Des R gcc gaa ctg acc cct atg tt

pceA=tetrachloroethene reductive dehalogenase;  tceA = trichloroethene reductive
dehalogenase; bvcA= vinyl chloride;reductase in Dehaloccoides sp. Strain BAV1; vcrA=
vinyl chloride reductase in Dehaloccoides sp. Strain VS
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Table 2. PCR amplification results for Dehalococcoides sp. reductive dehalogenase gene and
16s rDNA sequences in groundwater samples.

Well Sampling
date

Dehalococcoides sp.

16s
rDNA

tceA bvcA vcrA

SVE-
103

May-2005 % - - %

Nov.-2005 % % - %

March-2006 % % - -

SVE-
101

May-2005 na na na na

Nov.-2005 - - - -

March-2006 % - - -

PEP-9

May-2005 % na - -

Nov.-2005 % % - -

March-2006 % % - -

na: not analyzed
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Table 3. PCR amplification results for reductive dehalogenase gene and 16s rDNA sequences
in groundwater samples.

Well Sampling

date

Desulfuromona

sp. Strain BB1

and D .

chloroetheneica

Dehalospirillum

multivorans.

Dhehalobacter

restrictus.

Desulfitobacterium

sp. strain Y51

16s rDNA pceA pceA pceA

SVE-
103

May-2005 - - - -

Nov.-2005 - % % %

March-2006 - % % %

SVE-
101

May-2005 na na na na

Nov.-2005 % - - %

March-2006 % % % %

PEP-9

May-2005 - - % %

Nov.-2005 - - % %

March-2006 - - % %

na: not analyzed
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Table 4. Dechlorination activities observed after 840 hrs of incubation (Carreón, 2006)

Experiment
Dechlorination

activity

PCE 

maximum
transformation

rate

cDCE

maximum
formation

rate

PCE

k day-1

µmol/L/hr

Groundwater

PEP-9 + L none none none na

PEP-9 (E) none none none na

SVE-101 + L PCE6TCE6cDCE incomplete incomplete na

SVE-101 (E) PCE6TCE6cDCE 0.81 0.9 0.061

2SVE-103 + H PCE6cDCE 0.17 0.26 0.051

SVE-103 + L PCE6cDCE 1.39 $0.8 0.166

SVE-103 (E) PCE6cDCE 1.28 $0.64 0.139

Enrichment

PEP-9 + L PCE6cDCE 1.72 $1.65 0.415

PEP-9 (E) PCE6cDCE $1.84 $1.52 #= 0.52

SVE-101 + L PCE6cDCE 1.20 0.93 0.308

SVE-101 (E) PCE6cDCE 1.20 0.93 0.281

SVE-103 + L PCE6cDCE 1.15 1.19 0.302

SVE-103 (E) PCE6cDCE 1.15 1.19 0.282

na – not analyzed E – endogenus

L – sodium lactate k – first-order rate constant
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Figure 1. 16s rDNA specific for Dehalococcoides sp. PCR Amplification Products 

(1) SVE 103, May-2005; (2) PEP-9, May-2005; (3) SVE 101, Nov-2005; (4) SVE 103, Nov-
2005; (5) PEP 9, Nov 2005; (6)SVE 101, March-2006; (7)SVE 103, March-2006; (8) PEP
9, March-2006; (10) Negative Control; (10) Molecular Marker.
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