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ABSTRACT

The purpose of this study was to evaluate the removal of bacterial and viral

indicators in a constructed wetland system receiving secondarily treated sewage. Results

along a multispecies raceway showed that coliphage and enteric bacteria were removed

similarly. Among the enteric bacteria, fecal coliforms were removed to a greater extent than

total coliforms and enterococci. No differences were observed in the survival of total

coliforms in sunlight or shade. Fecal coliform inactivation, however, occurred more readily

in the shade than in sunlight. The inactivation of PRD-lwas the same in either sunlight or

shade. However, MS-2 was inactivated more readily in the shade than in sunlight. PRD-1

was more resistant to inactivation than MS-2.

Laboratory survival experiments revealed that all tested indicators were more rapidly

inactivated at 37°C than at 25° C. At 4° C, however, MS-2, PRD-1, and indigenous

coliphage remained relatively stable after 32 days. Among the three, PRD-1 seemed to be the

most stable. When exposed to direct sunlight at a constant temperature, PRD-1 was

inactivated more rapidly than both fecal coliforms and indigenous coliphage.
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I. INTRODUCTION

Wetlands Technology

Interest in the use of more cost-effective natural systems for treatment of

municipal wastewater is increasing. Thus, artificial or constructed wetlands are becoming

a more attractive means of providing advanced treatment of wastewater (Karpiscak et al.,

1995). Typical wetlands ecosystems consist of an underlying strata, hydric soil, detritus, a

seasonally flooded zone and some type of vegetation (Kadlec and Knight, 1995).

Although natural wetlands usually have all of these attributes, constructed wetlands may

have components that are less developed such as organic matter which takes an extended

period of time to form. Wetlands have a higher rate of biological activity than most

ecosystems; thus transformation of common pollutants into harmless by-products or

essential nutrients used for additional biological productivity can occur. Such processes

can take place because of the wetlands physical attributes in combination with its inherent

natural environment such as the sun, wind, soil, plants, and animals. These natural

properties make wetlands one of the least expensive and most attractive wastewater

treatment systems to operate and maintain. They can also be designed for public use where

recreational activities such as birdwatching can take place. Wetlands can also be

aesthetically appealing, improve water quality, and provide a home for wildlife and plant

species. Although it is an attractive option for wastewater treatment in regard to reducing

Biochemical Oxygen Demand (BOD) and Total Suspended Solids (TSS), their potential

for pathogen removal are not well known.
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Wastewater Pathogens

Domestic wastewater typically contains human pathogens that range from

submicroscopic viruses to parasitic worms (Kadlec and Knight, 1995). Prevalent human

pathogens associated with domestic wastewater are divided into five groups: viruses,

bacteria, fungi, protozoa, and helminths. Over one hundred virus types are known to

occur in human feces with a minimum infective dose as low as one organism (Kadlec and

Knight, 1995). The enterovirus group includes poliovirus (the etiologic agent of polio),

coxsackievirus (meningitis and colds), and echovirus (meningitis and colds). Viral

gastroenteritis is considered to be a common waterborne illness in the United States

(Shiaris, 1985). Rotavirus is also a public health concern because of its potentially fatal

effects on infants and the elderly.

Bacteria are universally present in human feces, with normal populations of about

10 1 ' organisms per gram (Leclerc et al., 1977). The bacterial content of feces represents

approximately 9 percent by wet weight (Dean and Lund, 1981). Although most of these

organisms may live in symbiosis with their hosts, a number of species are known human

pathogens and occur with great frequency in infected individuals. In the U.S., Salmonella

spp. are a major public health concern because of the more than 30, 000 reported cases of

salmonella infection each year (Shiaris, 1985). They are the most predominant pathogenic

bacteria found in wastewater causing typhoid and paratyphoid fever and gastroenteritis.

Their numbers in domestic sewage range from a few to about 8 x 103 organisms per 100

ml (Feachem et al., 1983). Several strains of Escherichia coil many of which are

harmless, are found in the gastrointestinal tract of humans and warm-blooded animals.
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There are several categories of E. coh strains, however, that are virulent and can cause

diarrhea; these are the enterotoxigenic, enteropathogenic, enterohemorrhagic, and

enteroinvasive strains of E.coh (Levine, 1987). Some of these strains of E. coli have

been detected by the use of genetic probes in treated drinking water and can represent a

potential health risk to consumers (Martins et al., 1992).

Human parasites derived from wastewater-related infections include protozoa and

helminths. Common protozoan parasites found in wastewater are Giardia lamblia,

Cryptosporidium, and En/amoeba histolytica which can all cause diarrhea in infected

humans (Bitton, 1994). Giardia is recognized as one of the most important etiological

agents in waterborne disease outbreaks in the United States (Craun, 1979; 1984). During

the period between 1971-1985, more than 50 percent of outbreaks resulting from the use

of untreated surface waters were caused by Giardia (Craun, 1988). Cryptosporidium,

whose infective unit is the oocyst, can occur in raw wastewater to levels as high as 850 to

13,700 oocysts per liter (Bitton, 1994). The range of oocyst concentrations in treated

wastewater effluent varies between 4 to 3,960 cysts per liter (Madore et al., 1987; Musial

et al., 1987).

One survey indicated the presence of oocysts in 87 percent of surface water

sampled in the United States (LeChevallier et al.,1991). Entamoeba histolytica also forms

infective cysts. The concentration of cysts in raw wastewater can be as high as 5,000 cysts

per liter (Bitton, 1994). Waterborne transmission of this protozoan, however, is rare in

the United States. Helminths, such as tapeworms and flukes are also found in human feces

from infected individuals and can be spread through wastewater. The ova of these
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parasites are very resistant to environmental stress and to chlorination at levels applied at

wastewater treatment facilities (Little, 1986). However, infection by these organisms is

rare in the United States.

Microbial Indicators

Measurement of human pathogenic organisms in untreated and treated wastewater

can be expensive and cumbersome. Consequently, indicator organisms that are easy to

monitor and correlate with populations of pathogenic organisms have instead been used to

study the fate of pathogenic organisms found in wastewater. No perfect indicators have

yet been found but the coliform bacteria group has long been used as the first choice

among indicator organisms. In the U.S., coliforms are monitored most frequently as total

or fecal coliforms. Total coliforms include bacterial species that are rod-shaped, Gram-

negative, non spore-forming, facultative anaerobes that ferment lactose with gas

production at 35 °C in 48 hours, Fecal coliforms differ from total coliforms in that their

ability to ferment lactose with gas production occurs at 44.5 °C in 24 hours. At times an

even narrower group, Escherichia co/i, is used as the indicator group of choice. The fecal

streptococcus group is also used frequently to confirm fecal contamination and to

determine if animal contamination is involved (Kadlec and Knight, 1995).

Total coliforms are ubiquitous in surface waters, and they include many bacteria

that are not derived from human or other animal pollution sources. Thus, total coliforms

are the least specific indicators for providing evidence of human fecal contamination. The

fecal coliform group is composed largely of fecally derived coliforms, but it also includes

free-living bacteria (such as Klebsiella spp.) and bacteria from other warm-blooded
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animals including bird and mammals. Although fecal coliforms appear to be a better

indicator of human fecal contamination than total coliforms, their measurement is not

specific. E. coil can also be used to diagnose fecal contamination. However, E. coil can

also originate in other warm-blooded animals, thus it cannot solely be diagnostic of human

fecal contamination (Kadlec and Knight, 1995). Typically, E.coli constitutes about 20 to

30 percent of the total coliforms found in raw and treated domestic wastewater

(Dufour,1977). Fecal streptococci are found in the feces of human and other warm-

blooded animals including birds and mammals. These bacteria are found frequently in

waters receiving fecal contamination and are not believed to multiply in natural or polluted

water and soil. These bacteria can serve as a second indicator of fecal contamination

because they are known to survive longer in receiving waters than fecal coliforms. In

addition, they may be a better indicator of the presence of the longer-living viruses

originating in wastewater (Clausen et al.,1989; Scheuerman et al., 1989). Some species

such as Streptococcus faecalis and S. durans are considered to be diagnostic of human

fecal contamination. Also, the ratio between fecal coliforms and fecal streptococci (FC to

FS ratio) is used to distinguish between human and nonhuman coliform contamination.

Since animal feces have a higher density of fecal streptococci, the FC to FS ratio for

nonhuman waste is typically less than 0.7 and the ratio for human waste is typically greater

than 4.0 (Clausen et al.,1977).

Although fecal coliforms are suitable indicators for studying bacterial pathogens,

they are not suitable indicators for diagnosing viral contamination. This is due to the fact

that some viruses are more resistant to chlorination and environmental inactivation than
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bacteria (Kraus,1977; Gersberg et al.,1987). Thus, coliphages (viruses that infect E. coil)

have been used as viral indicators, an example is the coliphage MS-2 which has been used

in wetland treatment systems (Gersberg et al.,1987; Scheuerman et al., 1989). The

coliphages are bacteriophage that infect E.coli and are prevalent in domestic wastewater.

Coliphages do not cause disease in humans or other animals and those that infect common

intestinal tract bacteria such as Escherichia coil are naturally present in wastewater. They

have also been shown to survive longer in the environment and are more resistant to

disinfection than enteroviruses (Gerba, 1987). Coliphages also are easier to detect in the

environment than enteric viruses due to the relatively inexpensive and simple assay that

requires a shorter incubation period (24 hours) relative to enteric viruses (5 to 21 days).

Coliphages, because of their attractive attributes, are becoming commonly used to study

the efficiency of water and wastewater treatment processes.

Bacterial Persistence and Survival in the Environment

Most enteric bacterial pathogens die off very rapidly outside of the human gut

whereasindicator bacteria such as E. coil persist for longer periods of time. Several

factors influence the persistence and survival of bacteria in the environment. These

include adsorption, moisture content, moisture holding capacity, temperature, pH,

sunlight, organic matter, and antagonism from other microflora (Gerba and Bitton, 1984).

Several studies indicate that increased soil moisture content tends to increase the survival

rate of enteric bacteria. E. coil and Salmonella ohosa have been known to survive

longer in moist soils (Beard, 1940). Kibbey et al., (1978) found that the survival rate of
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Streptococcus faecalis was greatest when the soil was saturated and lowest when soil was

air-dried. Boyd et al., (1969) reported a decrease in microbial survival rates with a

decrease in moisture content from 50 to 10 percent in a fine sandy loam soil.

Survival of bacteria in soils is favored by cold temperatures (Gerba et al., 1975).

Beard (1940) reported that S. typhosa could survive as long as two years under freezing

conditions. By increasing the temperature, the survival rates of enteric bacteria in soil

tend to decrease. Reddy et al., (1981) reported that die-off rates of pathogenic bacteria

and indicator organisms in soil approximately double with each 10°C rise in temperature

between 5 and 30°C. Alternate freezing and thawing periods in the winter months also

affects the survival of pathogens in soil. Freeze-thawing has been known to promote

significant mortality of E. coil (Weiser and Osterud, 1945).

Extreme acidic or alkaline conditions (pH < 6.0 or > 8.0) tend to adversely affect

most bacteria in soil (Ellis and McCalla, 1976). Generally, neutrality (pH 7.0) favors the

growth and possibly the survival of enteric bacteria.

The season of the year can also influence the viable population of pathogens in

soil. Their survival rates appear to be related to fluctuations in moisture and temperature.

Van Donsel et al., (1967) found a 90- percent reduction in fecal coliforms after 3.3 days

in the summer and 13.4 days in the autumn. Fecal coliforms survived slightly longer than

the fecal streptococci in the summer, but the reverse was true in the spring and winter

months. In the temperate regions, both the autumn and spring months favor the survival

of fecal coliforms and fecal streptococci, whereas populations diminish in the dry summer

months (Gerba et al., 1975; Van Donsel et al., 1967).
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Sunlight exerts a lethal effect on all microorganisms located on the very surface of

soil. This effect may be due to desiccation and/or ultraviolet (UV) irradiation. A study

done by Tannock and Smith (1971) found that survival of Salmonellae was prolonged in

shaded areas compared with exposed plots. In the summer, survival of Salmonella

bovismorbificans was evident up to 6 weeks after inoculation in the shaded areas and up

to only 2 weeks in the direct sunlight. Van Donsel et al. (1967) found that die-off rates of

E. coil and S. faecalis were much greater in areas exposed to direct sunlight compared to

those found in shaded areas.

Bacterial numbers are generally related to the organic matter content in the soil.

Tannock and Smith (1971) reported that when surface water was contaminated with feces

and applied to soil, salmonellae numbers declined by 10,000-fold in about 10 weeks, but

when the feces were absent, a 1 million-fold decrease in numbers was observed within 2

weeks.

Antagonistic microflora also may impact the survival of pathogens in soil. The

survival time for enteric bacteria inoculated into sterilized soil is longer than that in

nonsterile soil (Gerba et al., 1975). Predation by protozoa and parasitism by Bdellovi brio

spp. may play a role in regulating bacterial populations. Production of lytic enzymes and

antibiotics by soil fungi and actinomycetes could suppress the growth of enterics.

Bryanskaya (1966) reported that the growth of Salmonella and dysentery bacilli were

inhibited by the presence of actinomycetes in soils.
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Virus Persistence and Survival in the Environment

Many viruses survive modern wastewater-treatment practices, including

chlorination (Gerba et al., 1975). When wastewater is applied to soil, viruses may survive

a year or more. Virus inactivation (loss of infectivity) appears to be affected by dispersion

of aggregate clumps, presence of salts (particularly chloride anions), temperature, pH,

virucidal chemical species, and the presence of suspended solids (Vilker, 1981). Virus

inactivation rates tend to be much greater in wastewater and natural waters than in

distilled water because of disaggregation of viral clumps. Dispersion of poliovirus type 1

was more complete in secondary sewage effluent than in distilled water (Young and

Sharp, 1977). Burge and Enkiri (1978) reported that the inactivation rate for (1)x-174

phage in sterilized soil leachate was 24 times greater than that of poliovirus type 1 in

distilled water.

The presence of salts (NaC1) increases virus inactivation relative to non-saline

environments; however, this effect can be partially reduced by the presence of divalent

cations such as Ca' and Mg'. These cations have a stabilizing effect on viruses that

prevents inactivation, particularly at elevated temperatures (50°C) (Gerba and Bitton,

1984).

Studies on inactivation of viruses in relation to temperature and pH demonstrate

that virus inactivation increases with increasing temperature (Vilker, 1981), and permanent

inactivation of enteroviruses in solution is favored by alkaline pH (Salo and Cliver, 1976).

Yeager and O'Brien (1979) found that coxsackievirus B1 inactivation rates in sandy and

sandy loam soils suspended in river water, groundwater, and septic wastewater increased
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as temperatures were increased from 4 to 37° C. Studies have shown that 99 percent

inactivation of poliovirus in soils took about two months during the winter months and

only 2 to 3 days in the warm summer months of June and July (Tierney et al., 1976;

Larkin et al., 1977). Direct effects of pH on virus survival in aqueous solutions have been

reported by Salo and Cliver (1976). They observed that poliovirus type 1 was

inactivated more rapidly at the pH extremes of 3 and 9 than at the intermediate pH levels

of 5 and 7.

Antagonistic microflora in soil may produce inactivating agents such as antiviral

toxins. Also, sterilization or heat treatment of wastewater may drive off heat-labile

virucidal chemical agents such as ammonia (Ward and Ashley, 1977).

Suspended organic matter and clay are believed to have some protective effect on

viruses in wastewater. Because humic substances may influence soil properties such as

pH, moisture content, or ion exchange capacity, it is likely that they may influence virus

survival indirectly through these factors (Gerba and Bitton, 1984). Bitton and Mitchell

(1974) reported increased survival rates of T7 phage in seawater containing colloidal

montmorillonite. Gerba and Schaiberger (1975) showed that viruses adsorbed to kaolinite

clay survived longer in seawater than did unadsorbed viruses.

Indicator Reduction by Wetlands 

Inflow and outflow densities of fecal and total coliforms and fecal streptococcus

bacteria have been monitored at a number of pilot and full-scale wetland treatment

systems. Total and fecal coliform bacteria have been measured in natural wetlands

receiving no wastewater. Fox et al. (1984) measured between 109 and 456 colonies/100
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mL of fecal coliforms in cypress wetlands in Florida that were not receiving any outside

inputs. Residual populations of fecal coliforms were in the range of 400 to 550

colonies/100 mL at a surface-flow constructed wetland in New Zealand. Bavoc et al.

(1987) concluded that vegetated wetlands reduce bacterial populations more than

oxidation ponds with similar hydraulic retention times and that wetlands with alternating

zones of shallow marsh and open water most effectively removed indicator bacteria.

Indicator bacteria were reduced least during the colder winter months. These natural

bacteria populations are generally low, but they may be variable and seasonally high

because of wildlife populations. Because natural sources of coliforms and fecal

streptococcus bacteria are found in all wetlands open to wildlife, outflow indicator

bacteria populations in treatment wetlands can never be consistently reduced to near zero

unless disinfection is used. Because of the residual indicator bacteria populations in all

wetlands, bacteria removal efficiency is a function of the inflow bacteria population.

Removal efficiency is typically greater at high inflow populations, but declines to

negative efficiencies when inflow populations are lower than the in situ bacteria

production rates.

At the Boggy Gut natural wetland treatment system at Sea Pines Plantation, SC,

inflow to a wetland contained essentially no indicator bacteria because of a high level of

pretreatment and disinfection; however, the wetland outflow contained elevated coliforms

and fecal streptococcus populations due to wetland bird use and stormwater runoff from

an adjacent horse trail (Girts and Knight, 1989). A similar negative removal efficiency

was observed in the surface flow constructed wetland at West Jackson County,
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Mississippi, where inflow fecal coliform populations are reduced due to the high residence

time in a facultative pretreatment lagoon.

When inflow coliform and fecal streptococcus populations are higher and typical of

untreated or partially treated municipal wastewater that has not received disinfection,

wetland removal efficiencies are nearly always greater than 90 percent for coliforms and

greater than 80 percent for fecal streptococcus. As long as inflow bacteria populations are

high, removal efficiency is approximately first order. First-order bacteria decay

coefficients have been estimated as 0.86 d"' in subsurface flow wetlands (Gersberg et al.,

1987) and 0.74 d1 in a Florida cypress wetland (Scheuermann et al., 1989). The first-

order decay rate was estimated as 0.70 (1 -1 for fecal coliforms and 0.62 d"' for fecal

streptococcus in a Florida cypress wetland by Scheuermann et al. (1989), while Gearheart

et al. (1989) measured a lower first-order decay rate of 0.29 d' for fecal coliforms at the

Arcata, California, surface flow wetland treatment system. Direct measurement of some

pathogenic bacteria provides results similar to measurement of indicator bacteria species.

A 96.1-percent removal of Salmonella after 52 h in subsurface flow wetlands at Santee,

California, was measured (Gersberg et al., 1989). First-order decay rates in natural

cypress wetlands in Florida of 0.72 and 0.91 d-1 were measured for Streptococcus faecalis

and Salmonella typhimurium, respectively.

The average viral content of raw domestic sewage in the U.S. has been estimated

at about 7000 particles per liter (Gersberg et al., 1989). Because the potential infective

dose of viruses can be so low (<10 particles), and because they are so hardy in natural

environments compared to bacterial pathogens, there is considerable concern about their
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fate in wetland and conventional treatment systems. Coliphage removal rates at a Florida

cypress wetland were slower than bacterial indicators or enteroviruses (Scheuermann et

al., 1989). Enteroviruses appeared to decline at the greatest rate and did not accumulate

in the sediments. Gersberg et al. (1987) found that in an artificial wetland only about 1

percent of F-specific bacteriophages survived flow through the vegetated wetland beds at

a 5-cm/day hydraulic application rate during a period from June through December 1985.

The total number of indigenous F-specific bacteriophages was also reduced by about 99

percent by wetland treatment, with the mean inflow concentration over the period of an

entire year reduced from 3,129 to 33 plaque-forming units/ml in the outflow of a

vegetated bed and to 174 PFU/ml in the outflow of an unvegetated bed. Such treatment

by the vegetated bed demonstrates the significant role of higher aquatic plants in the

removal process. Seeded MS-2 bacteriophage and seeded poliovirus were removed more

efficiently than were the indigenous coliphages, with less than 0.2 percent of MS-2 and 0.1

percent of the poliovirus surviving flow at the same hydraulic application rate,
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II. OBJECTIVES

This project was conducted with the purpose of evaluating bacteria and virus removal

in a constructed wetlands system using coliforms and bacteriophages indigenous to domestic

wastewater as well as the bacteriophages MS-2 and PRD-1 as model microorganisms. A

second objective involved assessing the significance of sunlight and temperature on

thesurvival of these microbial indicators.
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Ill. MATERIALS AND METHODS

Experimental Overview

Four major experiments were conducted to study the reduction and survival of

indigenous microbial indicators using an artificial or constructed wetland system. The first

experiment involved direct sampling of a multi-species plant system for naturally occurring

coliphage and bacteria. Water samples were collected at various sites along the system and

analyzed for removal of various indicator organisms (refer to appendix for photographs of

collection sites). The other three experiments focused on the survival of these organisms

under various conditions. The first involved evaluating the survival of total and fecal

coliforms, PRD-1, MS-2 and indigenous coliphage under a shaded area within the system and

an area directly exposed to sunlight. A second, involved survival studies in the laboratory

under more controlled conditions. The final experiment was conducted on a roof of a

building where the indicator organisms were exposed to direct sunlight at a constant

temperature similar to that of the multi-species system. All the experiments focused on one

goal: to determine the degree of indicator removal by an artificial wetland. The survival

experiments were conducted to quantitate the effects of temperature and sunlight on

inactivation of indicator organisms.

Site Characteristics 

The multi-species plant system is located at the Pima County Constructed Ecosystems

Research Facility (CERF). The pilot scale facility is located adjacent to one of the two major
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Tucson, AZ, area wastewater processing facilities, the Roger Road Wastewater Treatment

Facility. The CERF research facility is operated by the University of Arizona's Office of Arid

Lands Studies for the Pima County Wastewater Management Department. Both primary and

secondary quality wastewater just prior to chlorination can be supplied to the six ponds on

the site. Each pond or raceway is lined with 30 mil, 3-ply hypalon (heavy plastic sheeting).

The raceways have a total surface area of 0.33 ha (Karpiscak et al., 1993; Karpiscak et

al., 1994).

The multi-species raceway used during this study measured at 61 m in length, 8.2 m

in width, and 0.6 m in depth with an average flow rate of 581/min and an average detention

time of 3.8 days. The multi-species wetland was planted primarily with cattail (Typha

domingensis), bulrush (Scirpus olney1), giant reed (Arundo donctx), black willow (Salix

nigra), and cottonwood (Populus freniontii). Water hyacinth (Eichhornia crasssipes),

placed inline just prior to the gravel-based multi-species wetlands, was the floating

macrophyte used for the small aquatic system (Figure 1).

Raceway Experiment

Seven different sites were chosen and marked with stakes throughout the raceway.

The first sample location was at the point where the secondary effluent entering the

wetland raceway. The six other sampling locations were located at various distances from

where the secondary effluent entered the raceway (Figure 2). Each site differed from the
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other by the plant species growing there. The second site was 8,54m from where the

secondary effluent (unchlorinated) entered the raceway. This site was characterized by

the growth of water hyacinth. Sites three to six were 18.60m, 22.57m, and 31.72m from

the point where secondary effluent entered the raceway, respectively. Each site was

characterized with the growth of cattail, giant reed, and bulrush, respectively. The final

sample was taken at the outlet which is 59.6m from where the secondary effluent entered

the raceway. Samples were collected in sterile one-liter plastic bottles. The temperature

of each sample was determined using a thermometer. Sample bottles were placed on ice

packs and returned to the laboratory for analysis. In addition to microbial analysis, pH,

turbidity, and ammonia concentrations were also tested for each sample. Microbial

analysis involved testing for total and fecal coliforms, enterococci, and bacteriophages

MS-2 and PRD-1 using both E. coil and Salmonella as the host bacteria respectively. The

pH of each sample was determined using a pH meter, while turbidity and ammonia

concentrations were determined using the HACH 2100P turbidimeter and the HACH

DR/2000 direct reading spectrophotometer (Loveland, CO). Sampling occurred once the

first week and twice weekly thereafter for three weeks.

Survival of Indicators in the Wetlands 

The second set of experiments involved studying the survival of total and fecal

coliforms, the bacteriophage MS-2 and PRD-1 as well as indigenous bacteriophage when

exposed to direct sunlight or in the shade. Polymethylpentene beakers (400 ml) containing

the wastewater flowing into the studied raceway were embedded into the gravel substrate
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at a site within the raceway (Figure 3). Separate beakers were used for the bacteria, MS-2

and PRD-1, and indigenous bacteriophage. Enough phage to yield a final concentration of

106 PFU/ml of MS-2 and PRD-1 were added to one of the beakers. The site chosen was

between the water hyacinth and the giant reeds. This site was chosen for its exposure to

direct sunlight throughout the day. Two sets of beakers were prepared. One set was

placed in direct sunlight throughout the day while the other set was placed under a tree

which remained shaded most of the day. To ensure the beakers remained in constant

shade the beakers in the shade were covered with a styrofoam lid. The beakers were

embedded/ immersed in the wastewater in the raceway within one inch of the top of the

beaker to keep the temperature of the water in the beaker constant with that of the water

flowing in the raceway. An initial sample was collected immediately after the organisms

were added and then every hour for three hours. Sampling intensity was then reduced to

the collection of sample every two hours until ten hours had lapsed. The next sample was

collected after 24 hours. Thereafter samples were collected once every morning.

Sampling continued until a 99 percent reduction was observed or until an experimental

problem occurred such as, rain.

Effect of Temperature on Indicator Survival

The third set of experiments involved studying the fate of indicators in the

laboratory at 37°C, 25°C (room temperature), and 4°C. The organisms studied were the

bacteriophage MS-2 and PRD-1 and coliphage indigenous to the secondary wastewater.

The first trial involved the same 400-ml beakers used in all the previous experiments. Ea
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Each beaker contained wastewater collected from the raceway the day of the experiment.

Separate beakers were used for each bacteriophage (MS-2 and PRD-1) and one for the

naturally occurring bacteriophage. The beakers containing the MS-2 and PRD-1 were

seeded with approximately 106 PFU/ml of each bacteriophage. Three sets of beakers were

prepared and placed at temperatures of 37°C (incubator), 25 °C (room temperature), and

4°C (walk-in refrigerator). Beakers were left exposed to their respective environments.

Sampling occurred at time zero and once everyday thereafter. Sampling continued until a

99 percent reduction in the indicators was observed or until a sample could no longer be

collected because of water evaporation and sample removal. The second trial involved

only temperatures of 37°C (incubator) and 25°C (room temperature) and the organisms

PRD-1 and indigenous coliphage. The same type of beakers used from the first trial were

also used for this second trial and again filled with wastewater from the raceway. Again

separate beakers were used for PRD-1 (seeded at approximately 10 6 PFU/ml) and the

indigenous coliphage. In this experiment two beakers for each organism at each

temperature were prepared. One pair of beakers was left unsealed whereas the other pair

was sealed with parafilm (American National Corp. Neenah, WI). This was done to

determine if evaporation effected results via concentration of the organisms or

inactivation. Samples were taken every day at 37 °C and every other day at 25 °C for ten

days.

Survival of Indicators in Direct Sunlight

This final experiment involved studying the fate of the indicators when exposed to

direct sunlight. This experiment was conducted to compare with those results obtained
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from the survival of indicators at the wetlands site. The experiment was conducted on a

roof where the indicators were exposed to direct sunlight at temperatures similar to the

temperature at the wetlands site when also exposed to direct sunlight. The same

polymethylpentene beakers were used and filled with the raceway wastewater. The

organisms studied were fecal coliforms, indigenous bacteriophage, and PRD-1. PRD-1

was added into one beaker at a final concentration of approximately 106 PFU/ml and E.

colt was added into another beaker at approximately 10 10 CFU/ml. The beakers were kept

in ice to maintain a temperature between 15 °-24°C. Sample collection occurred at time

zero and every hour thereafter for six hours.

Enumeration of Viruses 

Bacteriophage Assay by the Double-Agar Overlay Technique

All bacteriophage samples were assayed using the plaque forming unit (PFU)

method (Adams,1959) as described below. Indigenous bacteriophage were assayed using

two bacterial hosts, E.coli ATCC 15597 (American Type Culture Collection (ATCC),

Rockville, MD) and Salmonella typhimurium LT-2. The bacteriophage MS-2 and PRD-

1 (Department of Microbiology and Immunology, College of Medicine, University of

Arizona, Tucson AZ) were assayed using Escherichia colt ATCC 15597 (ATCC) and

Salmonella typhimurium LT2, respectively.

Materials	 Tris-Buffered Saline solution (Tris) for sample dilutions:

1600 ml distilled H20
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63.2 g Trizma Base (Sigma Corporation)

163.6g NaC1

7.46 g KC1

1.13 g anhydrous Na2HPO4

A quantity of 2.7 ml of Tris was added to each tube; 0.3 ml of a higher dilution was added

to bring the volume to 3 ml.

Bottom agar: M-endo (Difco, Detroit, MI) agar was used instead of the

recommended 1.5% Trypticase Soy Agar (TSA). M-endo agar is a more selective

medium, thus allowing only the desired bacterium (E. coil) to grow with the ease of

counting plaques as the media inhibits many gram positive bacteria. M-endo was

prepared and dispensed into petri dishes (approximately 10 ml/petri dish).

Top agar: 1.0% TSA + Trypticase Soy Broth (TSB- Difco, Detroit, MI) were

prepared and dispensed into test tubes, 3 ml per test tube.

Growth media for host bacteria: TSB was hydrated and dispensed into test tubes

(9 ml/test tube). The remainder was dispensed in 250-ml flasks (50-100 ml /flask) for

growing bacteria to the log phase.

All the above media were sterilized in an autoclave for 20 min at the time of

preparation and then stored at 4°C until used.

Preparation of Host Bacteria

A 9-ml TSB tube was inoculated with a colony of the host bacterium (Escherichia

coil, ATCC 15597 or Salmonella typhimurium LT2 from a culture petri dish and
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incubated at 37°C for 18 to 24 hours, at which point the bacteria were in the stationary

growth phase. After this incubation period, the suspension was vortexed and one ml was

inoculated into 50-100 ml of TSB, and grown at 37°C on a shaker for 3 to 5 hours. The

bacteria was used when they were at were at the exponential growth phase.

Assay for Bacteriophage

Samples were diluted as necessary to produce bacteriophage concentrations

between 30 and 300 PFU per ml. A volume of 0.3 ml of sample was added to 2.7 ml of

Tris buffered saline solution. The 1.0% top agar test tubes were removed from the

refrigerator and allowed to liquefy in a steamer. They were then placed in a 45 ° C water

bath. The M-endo agar plates were warmed to room temperature, and the 50-100 ml of

host bacteria was taken from the shaker in the incubator.

Each 3 ml top agar tube was inoculated with one ml of sample and one ml of host

bacteria, vortexed and poured onto a M-endo agar plate. The plate was swirled carefully

to cover the medium and then was allowed to solidify. Once all samples had been assayed

and solidified on the M-endo plates, they were inverted and incubated at 37° C overnight.

After approximately 24 hours, the bacteriophage were counted by identifying clear

"plaques" on the lawn of host bacteria.

Enumeration of Bacteria

Membrane Filtration Technique

All bacterial samples were enumerated using the membrane filter technique
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according to procedures outlined in Standard Methods (APHA, 1992). Samples were

enumerated for both total and fecal coliforms and enterococci. The membrane filters used

were 47 mm in size with a porosity of 0.45,u (Gelman Sciences,Arin Arbor, MI). M-endo

broth MF (Difco, Detroit, MI) was hydrated, heated to boiling, and then dispensed into

100x15 mm petri dishes (Baxter,Irvine,CA) (3 mUpetri dish). Plates were allowed to

solidify and cool and then wrapped in aluminum foil because of the medium's sensitivity to

light. The m FC Broth (Difco,Detroit,MI) was hydrated, heated to boiling and then

dispensed into 100 x 15 mm petri dishes (3 ml/dish). Bacto m Enterococcus agar (Becton

Dickinson Cockeysville,MD) was hydrated, heated to boiling, and then dispensed into 100

x 15 mm petri dishes (3 mUdish). All the media were stored at 4 °C.

Volumes of 0.1 ml, 1 ml, and 10 ml were assayed for each bacteria on their

respective medium. This was done by using a plastic filter-holding assembly which was

connected to a vacuum. Plastic funnels were fastened to the base of the assembly by

magnetic force. Membrane filters were aseptically placed onto the porous plate of the

assembly and held in place by the plastic funnel. Approximately 100 ml of sterile water

was added to the funnel followed by the appropriate sample volume. The sample and

water were then allowed to pass through the filter where they were collected into a flask.

The membrane filter was then aseptically removed from the porous plate and placed onto

the appropriate medium. The m Endo plates for total coliform growth were incubated at

37°C for 24 hours. The m FC plates for fecal coliform growth were incubated at 44.5°C

for 24 hours. The m Enterococcus plates for enterococci growth were incubated at 37 °C

for 48 hours. Total coliform colonies appear pink with a green metallic sheen. Fecal
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coliform colonies appear blue. Enterococci colonies appear pink to red (APHA,1992).

IV. DATA ANALYSIS

Reduction of Indicators in the Wetlands Raceway

Removal of indicators along the multi species raceway was analyzed in a similar

fashion for each indicator. Data was recorded as log10pfu/m1 or log 10cfu/m1 for viruses and

bacteria respectively. The data from each sample date was compiled and averages were

calculated. These values were transformed to the ratio Log loNd/Ndi . This expresses the

reduction in the indicator numbers at each site where: Nd! = entrance of incoming secondary

effluent into the raceway, Nd = distance in meters of each site along the raceway (sites1-7)

from the site of the incoming secondary effluent.

Analysis of Survival Data 

For survival experiments, data was analyzed in a similar fashion for each indicator.

Data was recorded as Log10pfu/m1 or Log 10cfu/m1 for viruses and bacteria respectively. The

data from each sample date was compiled and averages were calculated. These values were

transformed to the ratio Log ioNt/No . This expresses the reduction in the indicator numbers

at each time interval where: N o = initial concentration of organism, N concentration of

organism at any time after the start of the survival experiment. The inactivation rates were

determined by regression analysis (Excel 5.0 Microsoft, United States ) in the form y = loc +

b where k is the inactivation rate, x is the time in days, b = 0 and y is Log Nt/No.
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V. RESULTS

Removal of Indicators in Wetland Raceway 

In the multi species wetland the populations of coliphage and enteric bacteria

appeared to decrease. The enteric bacteria and fecal coliforms were removed to a greater

extent than total coliforms and enterococci. A rapid loss of indicators was observed in

the last ten meters of the raceway (Figure 4).

Survival of Indicators in Sunlight and Shade

There was no significant difference in coliphage survival in beakers exposed to

direct sunlight and those held in the shade. PRD-1 was more resistant to inactivation than

MS-2 under both light conditions. In sunlight, MS-2 was more resistant to inactivation

than in the shade. Coliphage indigenous to the wastewater was less resistant to

inactivation than both MS-2 and PRD-1 (Figure 5, Table 1).

In comparing survival of bacteria in sunlight with survival in shade there was no

significant difference observed between the two conditions for total coliforms. However

fecal coliforms, appeared to survive longer in the sunlight than the shade. The inactivation

rate (k) for fecal coliforms was higher in the shade than in the sunlight (Figure 6, Table 1).

Of all the studied indicators PRD-1 was observed to be the most resistant to

inactivation followed by total coliforms and then fecal coliforms with MS-2 and

indigenous phage the least resistant (Figure 5,6).
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*Equation: y = mx + b where (m) = k value, x = time in days, b= 0, and y =LogioNtiNo
**122 % = Coefficient of determination in percent

y= .100xTotal
Coliforms

MS-2

PRD-1

y = .061x

y = .044x

MS-2

PRD-1

y = .283x

y = .065x

y = .350xIndigenous
Phage
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Table 1: Inactivation of indicators in sunlight and shade

Indicator	 Sunlight/Shade Regression

Equation*

Fecal	 Sun	 y= .147x
Coliforms

Fecal	 Shade	 y= .194x
Coliforms

Total	 y = .087x
Coliforms

T90 T99 R2%**

(days) (days)

6.76 13.41 90.9

10.69 21.99 33.4

19.06 39.64 41.2

1691 3973 99.7

5.17 10.18 83.0

11.01 22.65 76.5

3.67 6.64 81.0

13.38 23.95 50.0

2.05 5.42 87.4
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Survival of Indicators in the Laboratory at 4°, 25°, and 37°

In the test laboratory organisms were more rapidly as temperature was increased. All

indicators (MS-2, PRD-1, indigenous phage), remained stable at 4°C even after 32 days

(Figure 7, 8, 9, Table 2)

Effect of Direct Sunlight on Survival of Indicators 

The inactivation rate (k) shows that PRD-1 was less resistant under the conditions

of this experiment than both fecal coliforms and indigenous phage. Indigenous phage and

fecal coliforms remained fairly stable throughout the six hour experiment (Figure 10, Table

3).
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Table 2:	 Inactivation of indicators at 4°C, 25°C and 37°C
Indicators	 Temperature	 Regression

(°C)
	

Equation *

MS-2	 4°C	 y = .005x

25 °C	 y= .514

37°C	 y = 2.24x

PRD-1
4°C	 y = .009x

25 °C	 y = .364x

37°C	 y = 625x

4°C	 y= .010x
Coliphage	

25 °C	 y= .158x

37°C 	v = .476x

T90

(days)

T99

(days)

R2% **

0 0 0

2.46 4.08 90.8

0.544 0.967 98.3

0 0 0

4.06 6.31 78.8

1.99 3.48 90.4

85.8 168.59 57.6

6.84 11.39 72.9

2.33 3.99 48.4
*Equation: y = mx + b where (m) = k value, x = time in days, b = 0, and y =
**I12 %= Coefficient of determination in percent
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Table 3:	 Inactivation of indicators in direct sunlight

Indicator Regression

Equation*

T90

(hours)

T99

(hours)

R2%

Fecal y = .102x 11.16 23.37 82.4
Coliforms

PRD-1 y = .289x 3.44 6.97 99.0

Coliphage y=.117x 9.1 18.77 81.9

*Equation: y = ma + b where (m) = k value, x = time in hours, b = 0, and y = LogioNiNo
**R2 % = Coefficient of determination in percent



49

VI. DISCUSSION

Data from this study of microbial removal within a multi species raceway revealed

that coliphage, total coliforms, and fecal coliforms were removed far better than

enterococci. Previous studies have shown that fecal streptococci (Streptococcus faecalis,

S.bovis, S. equinas, and S. bovis) survive longer in receiving waters than fecal coliforms

(Clausen et al., 1989; Scheuerman et al., 1989). In addition, input of enterococci from a

variety of animal species in the raceway may also occur. Animal feces are known to have

a higher density of fecal streptococci. Seasonal fluctuations in moisture and temperature

could also affect removal of these organisms. Van Donsel et. al. (1967), found fecal

coliform survival slightly longer than fecal streptococci in summer but the reverse was

true in spring and winter months. Although Arizona does not have much seasonal

variation, during the period of this experiment air temperatures were quite low and an

unusual amount of moisture was received. Reduction of the indicator organisms within

the raceway did not reveal than any particular site was more efficient in removing any of

the indicators except within the last ten meters of the raceway. At this area a rapid

reduction of indicators was observed. One possible explanation is the very low water

content at this point of the raceway. Moisture is one factor found to influence survival of

organisms especially viruses. Another possibility is that water flow goes underground at

this point and flow became subsurface between these sites. A previous study done on this

same wetland showed that coliforms were reduced by an average of 98 percent, fecal

coliforms by an average of 93 percent, and enteric viruses by an average of 98 percent
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(Karpiscak et. al., 1995).

No differences were noted in the survival of coliforms in sunlight or shade. A

similar pattern was observed with PRD-1. Fecal coliforms and MS-2 however, was

inactivated more readily in the shade than in sunlight. These results are opposite to what

most studies have shown. Most studies show sunlight to be lethal on all microorganisms

due to dessication and/or ultraviolet (UV) irradiation. A possible explanation for there

appearing no difference in survival of total coliforms and PRD-1 under shade or sun could

be that both beakers were exposed to sunlight at certain times. All sides of the shaded

beakers were covered to ensure maximum shade. Shading did not however, eliminate high

temperatures caused by direct sunlight on the shaded beaker. These cooler induced

temperatures may have the same detrimental effects on the unshaded beakers. Virus

persistence in natural waters is believed to be influenced by several interacting factors such

temperature, chemicals, pH, light, biological factors (Melnick and Gerba, 1980). Sattar

(1981) showed that, the only factor which has been found to be consistent in all types of

water is temperature. He showed that as temperature increases, virus inactivation

increases. The inactivation of microorganisms may be due to denaturation of the protein

coat (Bitton, 1978). However, it has been shown (Larkin and Fassolites, 1979) that the

RNA released during thermal denaturation remains infective as it is more resistant to heat

inactivation. Kapucinski and Mitchel (1980) suggested that temperature itself is not

responsible for virus inactivation, but may merely dictate whether other inactivation

mechanisms may occur.
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Fecal coliform and MS-2 inactivation occurring readily in shade than in sunlight

also revealed opposite results from those found in the literature. One explanation could be

that the beakers exposed to the sunlight were uncovered and open to the environment.

Debris from trees, insects, and a variety of animals could have aided in increasing

concentrations of organisms in the beakers. A second explanation could be actual growth

of these organisms. Haavelar et al., (1988) found multiplication of bacteriophage GA in

pasteurized sewage to be possible at 20°C. Grabow et al. (1984) found no difference in

phage plaque counts from wastewater samples incubated at 37 or 25 °C. Coliphage has

been found to replicate at room temperature (Personal Communication). Antagonistic

microflora as well as predation by insects and/or protozoa could also play a role in

regulating bacterial populations. The differences between fecal and total coliforms and

PRD-1, MS-2, and indigenous phage are also significant. PRD-1, although showed no

difference between the two study conditions did survive better than MS-2. Several studies

have shown PRD-1 to be more resistant to environmental effects than MS-2. A reason

for this, could be due to the fact that PRD-1 is a DNA phage whereas, MS-2 is an RNA

phage. Unlike DNA phage, RNA phage do not have any error- correcting mechanisms

such as recombination, host cell reactivation, ultraviolet light reactivation, and multiplicity

reactivation. Indigenous phage were inactivated more rapidly than either MS-2 and PRD-

1. This could be due to initial concentrations of the indigenous phage in the beakers.

Between the fecal and total coliform, an explanation of their differences in survival could

be due to the fact that total coliforms can be from non animal or human sources.

In the laboratory survival studies inactivation was greatest at 37°C. All three
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indicators remaining stable at 4°C even after 32 days. These results are in agreement with

previous studies which have shown survival of organisms to be favored under lower

temperatures. Reddy et al. (1981) reported that die-off rates of pathogenic bacteria in soil

approximately double with each 10 °C rise in temperature between 5-30 °C. Loehr and

Schwegler (1966), found that inactivation of phage took place most rapidly at 37 °C.

Among the three indicators PRD-1 seemed to be the most stable. Yahya et al.

(1993) showed similar results in that at higher temperatures (10 to 23 °C) PRD-1 was far

more resistant to inactivation than MS-2. The rapid inactivation of indigenous phage with

increasing temperature could be due to the lower concentrations present in the

wastewater. Studies have shown that bacteria removal efficiency is a function of the

inflow bacteria population (Kadlec and Knight, 1995). Removal efficiency typically is high

at high inflow populations, but declines to negative efficiencies when populations are

lower than the in situ bacteria production rates. These studies could also apply to the

removal efficiency of indigenous phage. At the Boggy Gut natural wetland treatment

system at Sea Pines Plantation, SC, inflow to the wetland contains essentially no indicator

bacteria because of high level of pretreatment and disinfection; however, the wetland

outflow contains elevated coliforms and fecal streptococcus populations due to wetland

bird use and stormwater runoff from an adjacent horse trail (Girts and Knight,1989).

When inflow coliform and fecal streptococcus populations are higher and typical of

untreated or partially treated municipal wastewater that have not received disinfection,

wetland removal efficiencies are nearly always greater than 90 percent for coliforms and

greater than 80 percent for fecal streptococcus. Removal efficiency is approximately first
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order, as long as inflow bacteria populations are high (Gersberg et al., 1987; Scheuerman

et al., 1989). In addition, survival of these indicators could have also been due to the fact

that these are indigenous microorganisms that have undergone some type of treatment

prior to reaching the wetlands site. Because of this, these microorganisms could have

been naturally selected and be more resistant to environmental effects. Raw sewage

microorganisms may reveal different results.

Survival of indicators exposed to sunlight at a constant temperature on a rooftop

showed that PRD-1 was inactivated more rapidly under these conditions than both fecal

coliforms and indigenous phage. These results are unusual in that PRD-1 is known to be

much more resistant to sunlight and temperature effects than bacteria. One explanation

could be antiviral toxins produced by phototrophic bacteria normally present in the

wastewater. Hirotani et al. (1990), studied a purple nonsulfur bacterium which is widely

distributed in the environment. They found that this bacterium produces an antiviral

substance which inactivates poliovirus and coliphage. Exposure to sunlight and elevated

temperatures on the roof was much more intense than at the wetlands. Although

temperature was kept constant, surface temperature could have caused detrimental effects

to viruses present at the surface. Ultraviolet is a poor penetrator, this mechanism of virus

inactivation would only be effective near the surface of the water (Kapucinski and

Mitchell, 1980). Visible light, which penetrates much further, may cause photodynamic

inactivation of viruses. Certain photosensitizing substances, such as synthetic dyes,

lignins, fulvic and humic acids; are capable of absorbing radiation and transferring the

energy to dissolved oxygen. This results in the formation of singlet oxygen, which leads
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to the destruction of nucleic acid (Wallis and Melnick, 1965). Because the water used

was secondary effluent from the raceway the water could have contained many of these

photosensitizing substances.

In comparing all the results of the various experiments, differences between them

could be due to the much more controlled conditions of the laboratory studies. The

wetlands experiments allowed for more factors to play a role in the results.
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VII. CONCLUSIONS

1	 Removal along the multispecies raceway showed that enteric bacteria and

coliphage were reduced.

2. MS-2 was more resistant to inactivation in sunlight than in the shade. PRD-1

however, was more resistant to inactivation than MS-2 under both conditions.

Coliphage indigenous to the wastewater were inactivated the most rapid.

3. Total coliform survival showed no significant difference between sunlight and

shade. However, fecal coliforms appeared to survive longer in sunlight than the

shade . PRD-1 was observed to be the most resistant to inactivation among all

the studied indicators.

5.	 All of the study organisms were inactivated most rapidly at 37°C followed by 25 °C,

with all stable at 4°C.



APPENDIX

Photographs of Sampling Sites:

Site 1:	 Inlet (Incoming secondary effluent)

Site 2:	 8.54 Meters from Inlet (Plant species: Water Hyacinth)

Site 3:	 18.60 Meters from Inlet (Plant species: Willow)

Site 4:	 22.57 Meters from Inlet (Plant species: Cattail)

Site 5:	 31.72 Meters from Inlet (Plant species: Giant Reed)

Site 6:	 47.58 Meters from Inlet (Plant species: Bulrush)

Site 7:	 Outlet
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