
ABSTRACT 

VAZQUEZ PIÑEIRO, MARIANN ZOE. Performance of an Onsite Wastewater Treatment 

System and Analysis of the Microbial Populations in the Wastewater. (Under the direction of 

Francis de los Reyes III). 

 

One of the ways to alleviate water supply problems in many areas in the world is to reuse 

wastewater using onsite reclamation systems.  However, despite the potential of wastewater 

reuse in contributing to water resource sustainability, there are knowledge gaps with respect 

to the effectiveness of treatment systems and public health risks.  There are very few 

quantitative reports on the microbial communities in wastewater reuse systems.  In this study, 

the performance and microbial community structure of an existing full-scale soil/plant-based 

treatment system in an office building located in Chatham County, North Carolina was 

studied. The BOD5, COD, total phosphorous (TP), total nitrogen (TN), fecal coliforms, fecal 

streptococcus, and total coliforms at various sampling points in the treatment train were 

measured to assess the effectiveness of each unit process in converting the wastewater to 

reuse quality.  The microbial community fingerprint was determined using PCR 

amplification of the 16S rRNA gene, T-RFLP, and sequencing of clone libraries at various 

stages of the system. This study shows that the Onsite Soil/Plant-Based Wastewater Reuse 

System at the Jordan Lake Business Center overall achieves good percentage removals of 

BOD5, COD, TSS, TP, TN, TC, FC and FS. However, molecular methods have identified 

presence of several pathogenic bacterial species throughout the system.  
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CHAPTER ONE 

Overview 

The world wide sustainability of water for human needs is a great concern due to inadequate 

water supply and water quality deterioration. The goal of sustainable water resources 

development and management is to meet water needs reliably and equitably for current and 

future generations by designing integrated and adaptable systems, optimizing water use 

efficiency, and making continuous efforts towards preservation and restoration of natural 

resources (9).  Water is not an infinite resource but is renewable. Water reuse is one possible 

solution for the water scarcity in the world and is an effective and efficient way to provide 

supplemental water sources.  

 

Major factors contributing to the water scarcity problem are continued population growth in 

urban areas, contamination of surface and groundwater, uneven distribution of water 

resources, and frequent droughts caused by extreme global weather patterns (10).  As the 

world demand for water grows, water reclamation (treatment of wastewater to make it 

reusable with definable treatment reliability and meeting appropriate water quality criteria) 

and reuse (use of treated wastewater for beneficial use) become increasingly important and 

an indispensable component of integral water resources management to enhance water 

supply reliability (8).  

 

According to the International Water Management Institute (IWMI), one third of the world’s 

population endures some form of water scarcity, and one quarter lives in areas where water is 
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physically scarce or in places where water is available but no infrastructure exists to make it 

available (7). Currently, water use has been growing at more than twice the population rate 

(10).  The IWMI states that water scarcity is not a factor of absolute quantity but depends on 

the availability of water relative to actual use (7). Because of the projected world population 

of 7.9 to 10.3 billion in 2050, population, along with economic, social and environmental 

impacts will eventually prove to be the central problem in water shortage. Figure 1 shows an 

alarming global picture for water sustainability, especially for countries of North Africa, 

Middle East and the northern part of China (7, 9).   

 

 

 

Figure 1 – History of global water scarcity since 1950 to 2025 (7). 
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The mixture of continued population growth, contamination of both surface water and 

groundwater, uneven distributions of water resources and periodic droughts has forced water 

agencies to search for new sources of water supply, creating an awareness that water 

recycling is one of the possible solutions to the world’s growing needs (7, 10). Potentially 

reclaimed water can (1) substitute for  high quality water for applications that do not require 

high quality water supplies thereby conserving energy used for producing high quality water; 

(2) augment water sources and provide an alternative source of supply to assist in meeting 

both present and future water needs; (3) protect aquatic ecosystems by decreasing the 

diversion of freshwater, reducing the quantity of nutrients and other toxic contaminants 

entering waterways; (4) reduce the need for water control structures; and (5) comply with 

environmental regulations by better managing water consumption and wastewater discharges 

(9). In summary, water reuse accomplishes two fundamental functions: the treated effluent is 

used as a water resource for beneficial purposes, and the effluent is kept out of streams, 

lakes, and, beaches therefore reducing the pollution of surface and groundwater (10). 

 

Water reuse is becoming a growing practice in many regions of the world, and the USA is no 

exception. The practice of water reclamation and reuse in the USA is a large and growing 

industry; an estimated 2.6 billion gallons per day (bgd) (9.8 Gl/d) are reused in the US, but 

this is a small fraction of the total volume of 34.9 bgd (132.1 Gl/d) of wastewater produced, 

according to the US Environmental Protection Agency’s (EPA) 2000 Watersheds Needs 

Survey (37). The current 7.4% of wastewater reclaimed and reused suggests an enormous 

future potential in the 21
st
 century, not only in the semi-arid western states and south-western 
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states, but perhaps in all 50 states. Figure 2, illustrates the water distribution in the USA for 

the total amount of water used in 2007, without considering thermoelectric power 

withdrawals.  

 

Figure 2 – Water use distribution in USA (8). 

 

As Figure 2 illustrates, agriculture takes almost two thirds of the water use because of the 

large quantities that are required to irrigate the crops. The next highest consumer of water is 

the supply to public and industrial uses, a major concern since farmlands are being replaced 

by residential and industrial purposes which will eventually decrease agricultural demand 

and increase domestic and industrial demand (8).  At the same time we can see a trend in 

several regions in the USA where the consumption of water is greater than their present 

water supply. The highest water shortage potentials are in the basins of Rio Grande Region, 

Missouri, Texas-Gulf, Upper and Lower Colorado River Basin, Great Basin and California 

(9). Nowadays water reuse is practiced in the USA in some states due to fast growing 
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demand in urbanized areas, temporary water shortages (such as droughts), high cost of 

immobilization of new water resources, stringent standards for wastewater discharge and 

environmental constraints. As to be expected, most of the water reuse projects are located in 

arid and semi-arid western and south-western states where water supply is limited but there is 

an increasing number of projects in humid areas (such as North Carolina) due to rapid growth 

and urbanization (8). USEPA reported in 2004 that at least 31 states are reusing water. The 

majority of the water reuse in 2002 occurred in Florida (FL), California (CA), Texas (TX) 

and Arizona (AZ) (8). Table 1 shows the distribution of the reported 6.4x10
6
 m

3
/d of water 

that was reused according to the USEPA in 2002, and Figure 3 illustrates the percentage 

distribution contributed by FL, CA, TX and AZ.  

 

Table 1 – Distribution of the reported 6.4x10
6
 m

3
/d reuse water by USEPA 2002 (8). 

State Volume (m
3
/d) 

Florida 2.2x10
6 

California 2.0x10
6
 

Texas 8.7x10
5
 

Arizona 7.6x10
5
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Figure 3 – Percentage distribution contributed to water reuse by FL, CA, TX and AZ (8). 

 

Reuse water can be used in many applications to satisfy numerous water demands such as 

agricultural and landscaping irrigation, industrial processes, toilet flushing, and recharge of 

groundwater basins among others (7, 37). Each application requires different water qualities 

depending on the final use that it will have and how much contact it will have with the 

public. Water quality regulations are different for each state depending on the application 

(discussed later). Table 2 summarizes the seven major water reuse categories with their 

typical applications.  
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Table 2 – Water reuse categories and typical applications (9). 

Category Typical Application 

Agricultural irrigation Crop irrigation 

Commercial nurseries 

Landscape irrigation Parks 

Residential 

Freeway medians 

Golf courses 

Nonpotable urban reuses Air conditioning 

Toilet flushing 

Potable Reuse Blending in water supply reservoirs 

Blending in groundwater 

Industrial reuse Cooling water 

Process water 

Groundwater recharge Groundwater replenishment 

Salt water intrusion control 

Recreational/ Environmental uses Lakes and ponds 

Fire protection  

Streamflow augmentation  

Fisheries 

 

Figures 4 and 5 demonstrate how California and Florida manage their reuse water.  



 8 

 

 

Figure 4 – Reuses of water in California, USA (7). 

 

 

Figure 5 - Reuses of water in Florida, USA (8).  
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California and Florida are two of the four major water reuse users in the US, and Figures 4 

and 5  show how two locations with different geological characteristics can use reuse water 

in similar and different ways depending on necessity.   

 

The three main concerns in water reclamation and reuse are: reliable treatment of wastewater 

to meet the strict water quality requirements for the intended use, protection of public health, 

and gaining public acceptance (10). Potential issues of water reclamation and reuse systems 

range from aesthetic (placements of tanks and reservoirs), sociocultural (disturbance of 

cultural resources), physical (construction restraints), environmental, sensory (bad odors), 

health risk related, safety related (aerosols, air pollution, chemicals and pathogens), 

affordability and public acceptance concerns (9). Typical and emerging constituents found in 

wastewater that may cause concern to water reclamation and reuse are: total suspended 

solids, colloidal solids, biochemical oxygen demand, chemical oxygen demand, total organic 

carbon, ammonia, nitrate, nitrite, total nitrogen, total phosphorus, bacteria, protozoa, viruses, 

refractory organics, volatile organic compounds, surfactants, metals, total dissolved solids, 

prescription and non-prescription drugs, home care products, veterinary and human 

antibiotics, industrial and household products, sex and steroidal hormones and other 

endocrine disrupters (10). These typical and emerging constituents found in wastewater may 

cause more concern than others depending on the type of application given to the reuse 

water. Different issues and concerns surround water reuse depending on the intended use. 

Table 3 summarizes the issues related with each of the seven categories of water reuse.  
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Table 3 - Issues related with each of the seven categories of water reuse (10). 

Category Issues 

Agricultural irrigation  Surface and groundwater contamination if 

not managed properly 

 Public acceptance of crops 

Landscape irrigation  Public health concerns related to pathogens 

 Buffer zones  may result in higher cost 

Nonpotable urban reuses  Public health concern about pathogens 

 Effects of water quality on scaling, 

corrosion, biological growth and fouling 

 Cross connection between potable and 

water reuse pipes 

Potable Reuse  Toxicological effects of organic chemicals 

 Public acceptance  and health concerns 

Industrial reuse  Effects of water quality on scaling, 

corrosion, biological growth and fouling 

 Cross connection between potable and 

water reuse pipes 

 Public health concerns, particularly aerosol 

transmission of pathogens in cooling water 

Groundwater recharge  Constituent in reclaimed water 

(toxicological effects of organic chemicals) 

 Possible contamination of groundwater 

aquifer used for potable uses. 

 Total dissolved solids, nitrates and 

pathogens in reclaimed water 

Recreational/ Environmental uses  Health concerns due to presence of bacteria 

and viruses 

 Eutrophication due to nitrogen and 

phosphorous in receiving waters 

 Toxicity to aquatic life 

 

Environmental impacts that may result from the distribution of reclaimed water for irrigation 

and discharge surface water include nutrients, salts, organic and inorganic compounds that 
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may affect the soil, plants, and microorganisms. The presence of pathogens, viruses, 

industrial chemicals, home products, medicines, and heavy metals cause major concerns 

since the long term health effects are not well understood.  

 

One of the most important issues that water reuse faces is public acceptance. Factors that 

need to be taken into account for understanding public acceptance: water reuse risks, disgust 

factor, specific uses, source of water, knowledge, environmental issues, and the economic 

impact of water reuse. To have a successful water reuse project, involving and educating the 

general public is crucial. Methods such as public meetings, scoping meetings, forums, 

workshops, community advisory committees, personal presentations, site inspections, 

displays and printed fact sheets can be used to educate the public on the benefits of water 

reuse and how their concerns will be addressed and show that water reuse can be a safe 

practice.   

 

Microorganisms of Interest in Water Reclamation and Reuse 

Despite its potential, water reclamation and reuse has been hampered due to perceptions of 

impaired water quality and associated health risks (35). One major concern is the spread of 

infectious diseases by pathogenic microorganisms in reuse water. Although there is no 

evidence in the USA that properly treated reclaimed water has caused an outbreak, it still 

remains a concern. The potential presence of enteric pathogens such as enteric bacteria, 

viruses, cyanobacterias, protozoa and helminthes, many of which are intestinal parasites, in 

untreated wastewater is one of the issues related with water reuse. Enteric pathogens in reuse 

http://en.wikipedia.org/wiki/Intestinal_parasites
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water are dangerous because they are the primary microorganisms associated with 

waterborne diseases. Table 4 summarizes the three primary microorganisms that cause 

waterborne diseases.  

 

Table 4 – Summary of waterborne diseases causing microorganisms (14). 

Microorganisms Photo Key pathogens 

 

Bacteria 

 

 

 

Legionella 

Salmonella typhi 

Shigella 

Vibrio cholerae 

 

Viruses 

 

Hepatitis A 

Norwalk virus 

 

Protozoa 

 

 

 

Giardia 

Cryptosporidium 

 

Waterborne diseases are defined as those diseases caused by pathogenic microorganisms 

which are directly transmitted when contaminated water is consumed. According to the 

World Health Organization, diseases caused by these microorganisms that can survive in 

water are responsible for the deaths of 1.8 million people every year (14). The major groups 

http://en.wikipedia.org/wiki/Pathogenic
http://en.wikipedia.org/wiki/Microorganisms
http://en.wikipedia.org/wiki/World_Health_Organization
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of waterborne and water-based pathogens of most concern in the USA are: Bacteria 

(Salmonella, Shigella, Campylobacter, Yersinia enterocolitica, Escherichia coli, and 

Legionella pneumophilia), Protozoa (Naegleria, Entamoeba histolytica, Giardia lamblia, 

Cryptosporidium parvum, Cyclospora and Microsporidia), Helminthes (Ascaris 

lumbricoides, Trichuris trichiora, Taenia saginata and Schistosoma mansoni) and Viruses     

( Enteroviruses, hepatitis A and E, human calciviruses, rotavirus, astroviruses, adenovirus 

and reovirus) (9). Table 5 shows some of waterborne diseases that are of the most concern in 

the United States.  
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Table 5 - Waterborne diseases that causes concern in the United States (14). 

Disease Microbial Agent General Symptoms 

Amebiasis Protozoan 

(Entamoeba histolytica) 

Abdominal discomfort, 

fatigue, diarrhea, flatulence 

and weight loss 

Campylobacteriosis Bacterium 

(Campylobacter jejuni) 

Fever, abdominal pain, 

diarrhea 

Cholera Bacterium  

(Vibrio cholerae) 

Watery diarrhea, vomiting and 

occasional muscle cramps 

Cryptosporidiosis Protozoan 

(Cryptosporidium parvum) 

Diarrhea and  abdominal 

discomfort 

Giardiasis Protozoan 

(Giardia lamblia) 

Diarrhea and  abdominal 

discomfort 

Hepatitis Virus 

(hepatitis A) 

Fever, chills, abdominal 

discomfort, jaundice and dark 

urine 

Shigellosis Bacterium 

(Shigella sp.) 

Fever, diarrhea and bloody 

stool 

Typhoid fever Bacterium 

(Salmonella typhi) 

Fever, headache, constipation, 

appetite loss ,nauseas, 

diarrhea, vomiting and the 

appearance of an abdominal 

rash 

Viral 

Gastroenteritis 

Viruses 

(Norwalk, rotavirus and others) 

Fever, headache, 

gastrointestinal discomfort, 

vomiting and diarrhea 

 

The reuse of wastewater introduces a potential risk of infection that may occur through 

inhalation, ingestion or topical contact with reuse water (34).  One important concern is the 

agitation of water, which creates aerosols, facilitating their transmission by inhalation and 

their transmission onto surfaces which may subsequently come in contact with or be ingested 

by an individual (36).   Toilet flushing and other aerosol producing applications, such as car 
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washing or spray irrigation, with reuse water may carry an additional risk of infection, 

particularly by opportunistic pathogens that are infectious by inhalation or topical contact 

including Pseudomonas aeruginosa, Staphylococcus aureus, Legionella pneumophilia and 

nontuberculoid Mycobacteria. These organisms can cause a range of diseases, primarily 

respiratory tract infections and skin infections (34). Conclusions drawn from data gathered 

from actual water reuse applications in the US and other developed countries in the world 

demonstrate that the risk of transmission of infectious diseases is minimal if the water being 

reused receives the proper treatment that met the regulations (9). Routine monitoring of the 

water reuse facilities is vital for the prevention of infectious diseases. However, routine 

monitoring for all possible microorganisms present in the water is not a feasible option. Thus, 

tests for indicator microorganisms that are present when pathogens are present have been 

used to estimate the presence of other pathogens. The types of indicator organisms used as 

indicators of fecal contamination on water are: total coliforms, fecal coliforms, E. coli, 

Klebisella spp., Bacteroides, Fecal streptococci, Enterococci, Clostridium perfringens, P. 

aeruginosa, A. hydrophila and coliphage (9, 18).  

 

Water Reclamation and Reuse Regulations and Guidelines in the USA  

Regulations refer to actual rules that have been enacted and are enforceable by government 

agencies. Guidelines, on the other hand, are not enforceable but can be used in the 

development of a water reuse program. Currently, there are no federal regulations directly 

governing water reuse practices in the USA (15). Regulations and guidelines in the USA for 

water reuse have been developed in several states such as Arizona, California, Colorado, 
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Florida, Georgia, Hawaii, Massachusetts, Nevada, New Jersey, New Mexico, North Carolina, 

Ohio, Oregon, Texas, Utah, Washington and Wyoming. These states promote water reuse as 

an alternative to water resources conservation and have developed specific guidelines or 

regulations specifying water quality requirements and treatment processes needed to reuse 

water (15). Water reuse regulations and guidelines are based on the following seven factors 

(9): 

1. Public health protection addressing health risks from microorganisms and chemical 

constituents in the water. 

2. Proper controls and safety precautions implemented in areas where water reuse is 

used. The type of control implemented will be dependent on the water quality and 

type of water reuse.  

3. Physical, chemical, and/or microbiological quality may limit user or regulatory 

acceptability of reclaimed water for specific uses. As an example many industrial 

uses and some other applications have specific water quality requirements that are not 

related to health considerations. Similarly, the effect of individual constituents on 

crops, vegetation, soil, and groundwater or other receiving waters is an important 

consideration for reclaimed water irrigation considerations.  

4. Natural flora and fauna around reclaimed water use areas are not affected adversely.   

5. Making sure that reclaimed water used for aesthetic purposes is no different (clear, 

colorless and odorless) than potable water. 

6. Making sure that the use of reclaimed water is safe and will not be lowered with the 

sole purpose of making a project economically attractive. 
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7. Regulatory decisions regarding water reuse may be influenced by public policy, 

public acceptance, technical feasibility and financial considerations. 

The level of treatment that reclaimed water must receive depends on the type of reuse 

application. In most states secondary treatment is acceptable where the expected public 

exposure is not likely and tertiary treatment is usually required where there is public 

exposure. Table 6 reviews the classification stages of treatment level for water 

reclamation. 

Table 6 - Classification stages of treatment level for water reclamation (10). 

Treatment level Description 

Preliminary Removal of rags, sticks, floatables, grit and grease that 

can cause maintenance and operational problems. 

Primary Removal of a portion of suspended solids and organic 

matter. 

Advanced primary Enhanced removal of suspended solids and organic 

matter typically by adding chemicals or filtration. 

Secondary Removal of biodegradable organic matter and 

suspended solids. After secondary treatment, 

disinfection is typically included. 

Secondary with nutrient 

removal 

Removal of biodegradable organics, suspended solids 

and nutrients (nitrogen and phosphorus). 

Tertiary After secondary treatment, the removal of residual 

suspended solids. Disinfection and nutrient removal are 

also part of this stage. 

Advanced Removal of total dissolved solids and other trace 

constituents as required for a specific water reuse 

application. 
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It is important to note that guidelines and regulations vary from state to state and change 

depending on the type of reuse application. State regulations and guidelines are divided in ten 

categories of reuse. Table 7 below enumerates and defines these categories.   
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Table 7 – Reuse categories with definitions (15). 

Category Definition 

1. Unrestricted urban reuse Irrigation of areas where public access is 

not restricted. Examples are irrigation of 

parks, residencies, playgrounds, toilet 

flushing, air conditioning, and ornamental 

fountains among others. 

2. Restricted urban use Irrigation of areas where the public access 

is controlled. Examples are highway 

medians, cemeteries and golf courses. 

3. Agricultural reuse on food crops Irrigation of food crops that are intended 

for direct human consumption. 

4. Agricultural reuse on non-food crops Irrigation of fiber, seed crops, pasture land, 

and commercial nurseries among others. 

5. Unrestricted recreational reuse Impoundment of reclaimed water in which 

no limitations are imposed in body contact 

water recreation activities. 

6. Restricted recreational reuse Impoundment of reclaimed water in which 

recreation is limited to fishing, boating, and 

other no contact water recreation activities. 

7. Environmental reuse Reclaimed water use to create manmade 

wetlands, enhance natural wetlands and 

sustained or augment stream flows. 

8. Industrial reuse Reclaimed water used in industrial 

facilities primarily for cooling system 

make-up water, boiler feed water, process 

water, and general washdown. 

9. Groundwater recharge For infiltration basins, percolation ponds, 

or injection wells to recharge aquifers. 

10. Indirect potable use Discharge of highly treated reclaimed 

water to surface waters or groundwater that 

will be used as a source of potable water. 

 

The guidelines and regulations are different from state to state, and therefore it is difficult to 

list water quality standards. Tables 8 to 17 show some of the regulations from the states of 
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Arizona, California, Florida, Hawaii, Nevada, Texas and Washington to provide a collective 

wisdom of successful reuse programs and long term experience for each type of reuse.  

 

Table 8 - Unrestricted urban reuse regulations examples (15). 
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Table 9 - Restricted urban reuse regulations examples (15). 

 

 

Table 10 - Agricultural reuse (food crops) regulations examples (15). 
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Table 11 - Agricultural reuse (non-food crops) regulations examples (15). 

 

 

Table 12 - Unrestricted recreational reuse regulations examples (15). 
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Table 13 - Restricted recreational reuse regulations examples (15). 

 

 

Table 14 - Environmental reuse regulations examples (15). 
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Table 15 - Industrial reuse regulations examples (15). 

 

 

Table 16 - Groundwater recharge regulations examples (15). 
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Table 17 - Indirect potable reuse regulations examples (15). 

 

 

Appendix 1 shows EPA suggested guidelines for water reuse that provides a summary of 

treatment, water quality suggested, monitoring and setbacks distances for each type of reuse, 

and Appendix 2 has a summary of state reuse regulations and guidelines extracted from EPA 

2004 guidelines for water reuse. It is important to note that guidelines are often subjected to 

changes to accommodate state needs and priorities as seen in Tables 8 to 17. The onsite 

wastewater reuse system studied in this thesis is located in North Carolina. Therefore, table 

18 lists the EPA 2004 guidelines for North Carolina for the categories of unrestricted urban 

reuse, restricted urban reuse and industrial reuse. 
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Table 18 - North Carolina water reuse guidelines (15). 

Reuse Type Water Quality and Treatment 

 

 

 

 

 

Unrestricted Urban Reuse 

Restricted Urban Reuse and 

Industrial Reuse. 

Tertiary quality effluent 

TSS 

 Monthly avg. 5 mg/L 

 Daily max. 10 mg/L 

Fecal Coliforms 

 Monthly mean 14/100 mL 

 Daily max. 25/100 mL 

BOD5 

 Monthly avg. 10 mg/L 

 Daily max. 15 mg/L 

NH3 

 Monthly avg. 4 mg/L 

 Daily max. 6 mg/L 

Turbidity 

 Should not exceed 10 NTU 

 

Natural Systems for Water Reclamation and Reuse 

Natural systems include various forms of constructed wetlands, ponds, lagoons, floating 

aquatic plant systems, and overland flow systems, which are particularly attractive for rural 

areas in developed countries (32). Natural systems such as constructed wetlands (CW) are 

one of the most used systems because they provide a combination of multiple treatment 

environments that can provide water quality suitable for reuse. This study focused on CWs.  

CW are easily implemented as aesthetically pleasing treatment components implemented on-

site, providing an attractive usable area. These systems are becoming very popular low-

impact technologies for the treatment of wastewater due to the effectiveness of water quality 

achieved and the opportunities of area usage they provide (6).  
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Constructed wetlands (CW) are man-made replicas of natural wetlands. They are composed 

of one or more treatment cells in a built and partially controlled environment, exploiting the 

biogeochemical cycles that occur normally in these systems to treat wastewater (22, 29).  The 

use of CW has increased around the world for secondary and especially tertiary treatment of 

wastewater. In the US, they are primarily used in the southern states due to the warmer 

climate and land availability (28). If well designed and maintained, their effluent can meet 

the high standards required in reclaimed water (22). CW are considered economically and 

environmentally sustainable solutions without entailing excessive operations and 

maintenance cost (21).  The wastewater treatment train in constructed wetlands usually starts 

with the primary treated wastewater from a septic tank  applied to the CW, where plants or 

porous materials filter out some of the contaminants, and  microorganisms attached to the 

plant roots or porous media consume most of the organic contaminants providing  secondary 

treatment (plants also aid in the removal of nutrients). Finally, disinfection occurs, and a 0.5 

mg/L of residual chlorine concentration should remain within the system, and the effluent is 

then discharged or used for irrigation (26). Flow rates through the CW must be slow so 

organic particles and microorganism can settle to the bottom.   The wastewater treatment 

train in constructed wetlands is shown in Figure 6. 

 

 

Figure 6 – Wastewater treatment train in constructed wetlands (29). 
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CW can also provide opportunities for nutrient recycling, wildlife habitat function, and 

recreational activities (22, 28).  

 

There are two types of constructed wetlands. The first type is a free water surface (FWS) 

constructed wetland that  resemble natural wetlands in appearance and function, with a 

combination of open water areas, emergent vegetation, varying water depths and other 

typical wetland features (29). Figure 7 illustrates the major components of a FWS 

constructed wetland. 

 

Figure 7- Elements of a FWS constructed wetland (29). 

 

Successful performance of CW depends on the ecological functions that are similar to those 

of natural wetlands, which are based on plant communities’ interactions. Research has shown 

that treatment of typical wastewater pollutants (TSS and BOD) in FWS constructed wetlands 

is generally better in cells with plants than in adjoining cells without plants. However, the 
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mechanisms by which plant populations enhance treatment performances have yet to be 

determined fully (29).  Table 19 shows characteristics of plants used in constructed wetlands. 

 

Table 19 - Characteristics of plants for constructed wetlands (29). 

 

 

The second type of constructed wetlands is a vegetated submerged bed (VSB) consisting of a 

bed of media (such as crushed rocks, small stones, gravel, sand or soil) which has been 
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planted with wetland vegetation and like a FWS system also contains inlet and outlet 

structures to control the wastewater flow (29). When properly designed and operated, 

wastewater stays beneath the surface of the media, flows in contact with the roots and 

rhizomes of the plants and is not visible or available to wildlife (26). Figure 8 illustrates a 

VSB. 

 

Figure 8 - Schematic drawing of a VSB (29). 

 

CW can be also subdivided in terms of horizontal and vertical flows. CW do not necessarily 

stand alone as the only treatment system; they are often combined with other technologies 

depending on the water quality need for a specific water reuse type. Vertical flow treatment 

wetlands are considered to be highly aerobic systems, since wastewater drains vertically 

through the planted matrix, allowing for unsaturated conditions and excellent oxygen 

transfer.  These conditions allow a high rate of BOD5 removal and nitrification to take place 
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while denitrification is typically low (23). Horizontal subsurface flow wetlands have both 

oxidized and reduced zones but are considered to be able to remove COD, BOD, ammonia 

(NH3) and dissolved reactive phosphorus (23).     

 

On-site applications of constructed wetlands, especially VSB, are used in small scale (few 

hundred square feet) to treat septic tank effluent for subsurface disposal to soils. Applied 

studies and research experiments of on-site constructed wetlands systems have shown 

adequate treatment performance for most wastewater constituents, including BOD, TSS and 

fecal coliforms, with variations in the removal of ammonia (29).  The percentage removal 

varies between systems because they are dependent on temperature, hydraulic residence time 

(HRT), and loading rate (22). For example, low temperatures can have adverse effects due to 

the inhibition of N removal. If high flows occur, the solids are washed out instead of 

eliminated.     

 

Tertiary treatment CW can be effective in removing pathogenic organisms.  Efficiencies of 

41 to 99% pathogens removals were achieved in CW depending on the nature and plant 

diversity present in the wetland (22, 26). The combined use of different natural wastewater 

treatment systems removes significant amounts of pathogenic and indicator microorganisms. 

In one study, mean concentrations were significantly lower (1-3 orders of magnitude) in the 

final effluent than in the influent (27).  
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Microorganisms are mainly responsible for water quality achieved in CW, but there is a lack 

of knowledge concerning the microbial communities that are present. Previous research 

showed that CW operating under similar conditions had communities with similar diversity; 

however, the diversity and composition of the community was influenced by plant species 

(19). Previous research of constructed wetlands focused on identifying the microbial 

communities in the wetland soils treating acid coal mine drainage. The communities were 

found to be relatively stable, demonstrating a low bacterial diversity with acidithiobacilli 

prevalent (40).  DGGE analyses of CW treating dairy wastewater revealed a bacterial 

community dominated by Bacillus, Clostridium, Mycoplasma, Eubacterium and 

Proteobacteria (41). Other studies investigating the microbial communities of wetland 

microcosm sediment were dominated by α- Proteobacteria, with a second highest abundance 

of bacteria from phylum Actinobacteria and Firmicutes. Two studies applying Fluorescence 

In Situ Hybridization (FISH) method found bacterial communities in CW to be dominated by 

the phylum Proteobacteria with a uniform distribution of α-, β-, and γ-subclasses (20).  The 

numbers of studies concerned with microbial communities are limited, and a big problem in 

identifying the microbial community structure and activity is the multiple constructed 

wetland types, wastewater sources, operational parameters, types of soil, and types of 

vegetation present.  
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CHAPTER TWO 

Performance of an On-site Wastewater Treatment System and Analysis of the Microbial 

Populations in the Wastewater 

Introduction 

The availability of freshwater to meet different water needs has raised serious worldwide 

concerns in the last few decades. Water scarcity, deterioration of quality and increasing 

demand has led to the development and use of alternative sources of water (38). Water 

reclamation (treatment of wastewater to make it reusable with definable treatment reliability 

and meeting appropriate water quality criteria) and reuse (use of treated wastewater for 

beneficial use) address these challenges by resolving water resources issues and creating new 

sources of high quality water supplies (37). Decentralized treatment (collection, treatment, 

and reuse of wastewater at or near the point of generation, also called onsite systems) of 

wastewater at their source allows options for  reclamation and reuse of water and nutrients, as 

well as allowing the use of simple , less costly technologies that lessen potential negative 

effects that can result from centralized treatment system failures (6). This decentralized 

reclamation and reuse of water, involving individual and cluster homes, institutions and 

commercial premises, is recognized as a viable and suitable solution to regional water 

shortages (34). Despite its potential as a water resource, the implementation of a 

decentralized water reuse system has been hampered because of perceptions of impaired 

water quality and associated health risks (35). The reuse of wastewater introduces a potential 

risk of infection to users from a variety of bacterial, protozoan and viral pathogens that are 

transmitted via water. Infection may occur through inhalation, ingestion or topical contact 



 34 

with reuse water (34).  One important concern is the agitation of water which creates aerosols 

that may be transmitted by inhalation, and the transmission of pathogens onto surfaces which 

may subsequently come in contact with, or be ingested by an individual (36).   Toilet 

flushing, spray irrigation and other aerosol producing applications with reuse water may 

carry an additional risk of infection, particularly by opportunistic pathogens that are 

infectious by inhalation or topical contact, including Pseudomonas aeruginosa, 

Staphylococcus aureus, Legionella pneumophilia and nontuberculoid Mycobacteria (34). 

There is little published microbiological data from full-scale onsite water reuse systems and 

it is important to investigate this issue to assist in water quality risk assessments (35). 

Previous research has indicated that there is negligible risk to the end user when a well 

managed reuse plant produces high quality reclaimed water for distribution (35).  

 

On-site wastewater treatment system design and management has numerous advantages and 

involves a constantly evolving mixture of old and new technologies.  Natural systems include 

various forms of constructed wetlands, ponds, lagoons, floating aquatic plant systems and 

overland flow systems that are particularly attractive for rural areas in developed countries 

(32). Natural systems such as constructed wetlands (CW) are one of the most used systems 

because they provide a combination of multiple treatment environments that can provide 

water quality suitable for reuse. CW systems typically have lower construction, operation and 

maintenance costs than conventional mechanical systems that combine physical, chemical, 

and biological processes in an engineered and managed system (22, 28, 29). Previous 

research results indicate natural wastewater reuse systems such as CW can obtain 70-96% 
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BOD removal, 60-90% TSS removal and 40-90% nitrogen removal (26). Provided that the 

influent is well oxidized, BOD5 and SS effluent levels as low as 5-10 mg/L can be achieved 

(22).  Nitrogen removal in constructed wetlands ranges from 25-85 % primarily due to 

nitrification (nitrifying organisms require oxygen and adequate surface area to grow on) and 

denitrification (requires adequate organic matter such as plant litter to convert nitrate to 

nitrogen gas) which are microbial reactions that depend on temperature and retention time. In 

addition, plant uptake accounts for 10 % of nitrogen removal (26). Microbially mediated 

processes in CW are mainly dependent on hydraulic conditions, wastewater properties such 

as substrate and nutrient quality and availability, filter material or soil type, plants, and 

environmental factors (20). Phosphorus removal in CW is not very effective. Most of the 

phosphorous removal is through plant uptake and the decomposition of organic phosphorus 

which increases with temperature. Thus in CW the removal of phosphorus changes 

seasonally (26). Tertiary treatment CW can be effective in removing pathogenic organisms, 

and removal efficiencies of 41-99% were achieved in CW depending on the nature and plant 

diversity present in the wetland (22, 26). Significant decreases (1-3 orders of magnitude) in 

pathogenic and indicator microorganisms were reported in CW (27).  

 

Microorganisms are mainly responsible of water quality achieved in CW, but there is a lack 

of knowledge concerning the microbial communities that are present. The most commonly 

used classical method to determine the microbial abundance in the environment uses liquid 

or solid media (general or selective) for growing the microbes in controlled laboratory 

conditions, followed by counting colonies or evaluating microbial abundance in the liquid. 



 36 

These culture-based methods allow the evaluation of the abundance of less than 1% up to 

10% of all microorganisms, since the majority of microbes are not culturable in laboratory 

conditions, and the results obtained with these methods underestimate the real abundance of 

organisms in their natural environment (20). To overcome these problems, culture-

independent molecular methods are applied. These DNA based methods typically rely on 

polymerase chain reaction (PCR) amplification of genetic markers using different sets of 

primers for ribosomal operon genes (universal or gene specific primers) and functional genes 

(20). The microbial community structure is determined using the ribosomal 16S rRNA gene, 

by cloning, sequencing and fingerprinting techniques. Community fingerprinting offers a 

useful tool to investigate microorganisms present in environmental habitat (19). A widely 

used fingerprinting method to produce an overall pattern of microbial community in 

environmental samples is terminal restriction fragment length polymorphism (T-RFLP). This 

method can be used with DNA from complex microbial communities and can provide a 

sensitive and rapid means to assess community diversity and obtain a distinctive fingerprint 

of a microbial community (30). Previous research showed that CW operated under similar 

conditions had communities with similar diversity; however, the diversity and composition of 

the community was influenced by plant species (19). Ammonia-oxidizing microbial 

communities, denitrifying microbial communities and methane-oxidizing microbial 

communities have been identified in natural systems (20).   

 

In this study, the performance and microbial community structure in the liquid stream of an 

existing full-scale on-site soil/plant-based wastewater reuse treatment system consisting of a 
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combination of CW, planter boxes, and greenhouse technologies in an office building in 

Chatham County, North Carolina, was studied. The biochemical oxygen demand (BOD5), 

chemical oxygen demand (COD), total suspended solids (TSS), total phosphorous (TP), total 

nitrogen (TN), nitrite (NO2), nitrate (NO3), fecal coliforms, fecal streptococcus, and total 

coliforms in the water at various sampling points in the treatment train were measured to 

assess the effectiveness of each unit process in converting the wastewater to reuse quality.  

The microbial community structure was assessed using PCR amplification of the 16S rRNA 

gene, T-RFLP, and sequencing of clone libraries at various stages of the system. 

 

Materials and Methods 

Onsite Soil/Plant-Based Wastewater Reuse System 

The onsite Soil/Plant-Based Wastewater System is located in Jordan Lake Business Center in 

rural Chatham County, North Carolina. The location is indicated by the red star in Figure 9 

and an aerial photo is shown in Figure 10. 
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Figure 9 - Location map of Jordan Lake Business Center in Chatham County, North Carolina 

(www.mapquest.com) 

 

 

 

Figure 10 - Aerial photo of Jordan Lake Business Center (Google Earth). 

http://www.mapquest.com/
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Jordan Lake Business Center is a small business facility that has approximately 60 

employees. The system includes constructed wetlands, a greenhouse, and planter boxes that 

treat septic tank wastewater for toilet flushing and irrigation. Figure 11 below shows a 

simplified diagram of the water reuse system.   

 

Septic 
Tank

Horizontal 
Flow 

Constructed  
Wetland

Greenhouse

Planter Box (Vegetated Soil Filter & 
Vertical Flow Wetland Combo)

2

345

= sample port

Chlorination 
Tank

Sprinkler

1

= Configuration 1 = Configuration 2
 

 

Figure 11 – Simplified onsite soil/plant-based wastewater reuse system diagram 

 

The system was designed to give an aesthetically pleasing usable area for its employees 

while treating and reusing 4,500 L/day (1,200 gal/day) of domestic sewage from the 

business. After treatment in the septic tank, the partially treated water is pressure dosed into 

vegetated sand filters (called planter boxes for sampling purposes) stacked upon a subsurface 

horizontal flow constructed wetland cell at a hydraulic loading rate of 40-120 L/m
2
/day (1-3 
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gal/ft
2
/day). Dosing is controlled by a time switch to ensure 6-8 hour intervals between 

cycles to maintain an aerobic environment within the upper 1 ft of the subsurface within the 

cell (6). After moving vertically to the cell bottom, the partially treated water flows by 

gravity into another horizontal flow cell that was designed to create a vadose environment 

upon a hydraulically saturated one. The water is split in two halves, with the first half going 

back to the septic tank and the second half pumped to a greenhouse with six planter boxes 

filled with soil filters and planted with tropical vegetation.  The water from the greenhouse 

goes to the final disinfection stage in the chlorination tank, and the water is sent back to the 

building for toilet flushing and irrigation. Figure 12 presents a schematic diagram of the 

water reuse system. 

 

Figure 12 - Schematic diagram of the water reuse system (6). 
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A cross-section detail of a similar planter box that combines the soil filter and vertical flow 

wetland that treats wastewater from the septic tank in the system studied is shown in Figure 

13. This detail shows three sleeved distribution pipes; the actual component only contains 

two sleeved distribution pipes (17). Substrates used include crushed brick, coarse sand, and 

gravel and the box is planted with wetland, upland and transitional plant species. A photo of 

this component is shown in Figure 14. 

 

Figure 13-Planter box (soil filter and vertical flow wetland) cross section (17). 
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Figure 14 – Photo of planter box in Jordan Lake Business Center 

 

Figure 15 illustrates a cross section detail for the constructed wetland and Figure 16 shows a 

photo. The water level in the constructed wetland is kept at 6-8 inches below the surface.  

 

 

Figure 15 – Cross-sectional detail of horizontal flow constructed wetland (17). 
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Figure 16 – Photo of constructed wetland in Jordan Lake Business Center 

 

The greenhouse is composed of six boxes 1.2 x 6 m (4 x 20 ft) each, filled with layers 

consisting of different filter substrates and pressure dosed with partially treated wastewater 

from the constructed wetlands (17). Figure 17 is a cross section of the interior greenhouse 

boxes and Figure 18 shows a photo of this component. 
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Figure 17 – Cross-section of the interior greenhouse boxes (17). 

 

 

Figure 18– Photo of greenhouse in Jordan Lake Business Center 
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Sampling  

Samples were taken every two weeks for 177 days, from August 2009 to February 2010. As 

shown in Figure 11, the samples were taken while the system was operated in two 

configurations: Configuration 1, vertical and horizontal flow which included all the 

components, and Configuration 2 (operated in November 2009 only), only in horizontal flow, 

and included only the constructed wetland and chlorination tank. Approximately three liters 

of liquid samples were taken after the septic tank, planter boxes, constructed wetland, 

greenhouse and chlorination tank. The temperature, pH, and DO of each sample were 

measured on-site. Samples were immediately transported to the North Carolina State 

University Environmental Engineering Laboratory in the Civil, Construction and 

Environmental Engineering Department (CCEE). Standard Methods were used for the 

measurements of total suspended solids (TSS), biochemical oxygen demand (BOD5), total 

coliforms, fecal coliforms, and fecal streptococcus using Membrane Filtration (33). Chemical 

oxygen demand (COD), total nitrogen (TN), and total phosphorus (TP) were measured with 

Hach test kits (Hach Co.) as directed by the manufacturer. A volume of 5 mL of water 

samples was filtered through a sterile 0.45 μm filters prior to the submission to the 

Environmental Engineering Laboratory for the analysis of nitrate and nitrite by ion 

chromatography (Dionex; ICS 2500; Ion Pac AS19). 
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DNA Extraction 

Approximately one liter of sample was filtered using a 0.20 μm membrane filter. The DNA 

was extracted from the filter using the aluminum sulfate method developed at North Carolina 

State University. The extraction starts with the addition of a low pH aluminum sulfate 

solution (100mM NaH2PO4, 500mM Al2 (SO4)3; pH 6.0) to precipitate humic substances 

prior to the cell lysis. The pH of the mixture solution was adjusted to 6.5 with HCl to ensure 

that humic acids were precipitated. After 15 minutes, the pH was raised to 9.0-9.5 with 

sodium hydroxide (NaOH), and 0.25 g of acid washed glass beads (100 μm diameter) were 

added with a lysis solution (100mM NaCl, 500mM Tris, 10% wt/vol SDS 1% Sodium 

pyrophosphate; pH 9.0). Samples were beat at maximum speed for one minute using a Mini 

Beadbeater (Biospec products, Bartlesville, OK). The tubes were centrifuged for five minutes 

at 13,200 rpm to transfer the clean supernatant to a new tube. A 0.5 volume of 7.5M 

ammonium acetate was added to the supernatant and incubated on ice for ten minutes to 

remove the proteins. The tubes were centrifuged again for five minutes at 13,200 rpm and the 

supernatant was transferred to a clean tube. One volume of 100% isopropanol to supernatant 

was added and the solution was held at room temperature for five minutes. The tubes were 

centrifuged again for five minutes at 13,200 rpm and the supernatant was carefully discarded. 

One volume of 70% ethanol was added to the tubes and the tubes were centrifuged for five 

minutes at 13,200 rpm.  The ethanol was carefully removed from the tubes and the DNA 

pellet was air dried for approximately five minutes. The DNA pellet was resuspended in 100 

μL of TE buffer (DNAse and RNAse-free; pH 8.0). The DNA concentrations of the samples 
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were quantified by measuring the absorbance at 260 nm (Nanodrop, Thermo Fisher 

Scientific, MA, USA).  

 

Polymerase Chain Reaction (PCR) 

PCR was used to amplify the DNA obtained from the samples. PCR includes target DNA, 

two oligonucleotides primers (forward and reverse) which are complementary to the ends of 

the sequence to be amplified and are oriented in the opposite direction, deoxynucleotide 

triphosphates (dNTPs), reaction buffer, magnesium, and Taq DNA polymerase. PCR consists 

of several cycles of amplification (typically 30 cycles) where a series of temperature and time 

conditions take place. Denaturation is the first step of each cycle. Here, the double strand of 

DNA is separated, leaving only single strands of DNA to be used as template by the DNA 

polymerase (2). In the second step called annealing, the primers anneal to the denatured 

target DNA.  Extension is the final step where the new DNA is synthesized and the cycle 

continues 30 more times. Figure 19 shows a diagram of the PCR process. 
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Figure 19 - Schematic diagram of the PCR process 

(http://en.wikipedia.org/wiki/File:PCR.svg) 

 

 FAM labeled forward primer Bac-8F (FAM) (5’-/56-FAM/ AGA GTT TGA TCC TGG 

CTC AG -3’) and reverse primer Bac-1492R (5’- GGT TAC CTT GTT ACG ACT -3’) (42) 
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were used as the specific primers for the conserved 16S RNA gene sequence to target the 

Bacterial domain. PCR reactions had a total volume of 50.5 μL/rxn containing 0.5-10 ng 

previously extracted DNA from the samples, 25 μL Failsafe PCR System Reaction Mix F 

(Epicentre; Madison, WI), 1 μL of each forward and reverse primers (25 μM), 0.6 μL 

Failsafe enzyme mix (Epicentre; Madison, WI) which contains the Taq polymerase, and the 

rest of the volume was completed with RNAse free water. PCR was conducted using the 

iCycler (Bio-Rad Laboratories, Hercules, CA) with an initial three minutes denaturation step 

at 95 ◦C, followed by 30 cycles of one minute of denaturation at 95 ◦C, one minute of 

annealing  at 56 ◦C, 90 seconds of extension at 72 ◦C and a final extension step of ten 

minutes at 72 ◦C. PCR reactions were optimized by trial and error by changing the DNA 

concentration of the reactions and testing by agarose gel electrophoresis until similar band 

intensities for all the reactions were obtained. Once the optimal PCR reaction was reached, 

duplicates of each reaction were made. The duplicates of each sample were pooled and 

purified using Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI) as 

directed by the supplier and was eluted in 25 μL of nuclease-free water. Purified PCR 

products were quantified by measuring the absorbance at 260 nm (Nanodrop, Thermo Fisher 

Scientific, MA, USA) and stored at -20 ◦C. 

 

Terminal Restriction Fragment Length Polymorphism (T-RFLP)  

T-RFLP is a community fingerprinting method used to analyze the microbial community 

diversity in which phylogenetic assignments may be inferred from Terminal Restriction 
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Fragments (TRF) sizes from known bacteria (1). TRF length can be predicted from known 

sequences. Therefore this method can potentially identify specific organisms in a community 

based on their TRF length. There are many instances where the same TRF length is predicted 

for multiple species of bacteria, but increased specificity can result from analysis of digests 

with multiple enzymes (1). The purified PCR products of each sample were digested 

separately with three different restriction enzymes Hha I, Msp I and Rsa I (Promega, 

Madison, WI).  The digestion reactions had a total volume of 20 μL containing 0.5 μL 

restriction enzyme, 2 μL 10X buffer (Promega, Madison, WI), X μL PCR products 

depending on the DNA concentration, and the remainder is RNA-free water. For the Hha I 

digestion reaction, 0.2 μL of BSA was added to increase the digestion efficiency. Samples 

were digested using the iCycler (Bio-Rad Laboratories, Hercules, CA) for 4 hours at 37◦C 

and inactivated for 20 minutes at 80 ◦C. Each digest was purified using the Qiagen 

Nucleotide Removal Kit (Qiagen, Valencia, CA) following the manufacturer instructions, 

and the purified digest was eluted in 25 μL of elution buffer to increase the DNA 

concentration. The purified digested samples were sent to the Genomic Sciences Laboratory 

at North Carolina State University for genotyping analysis. The results obtained were 

analyzed using Peak Scanner 
TM 

Software (Applied Biosystems) to perform DNA fragment 

analysis. Peak Scanner 
TM 

Software numerical output from each electropherogram was 

transferred to Microsoft Excel. All the TRF peaks representing less than one percent of the 

total DNA in the sample were excluded from analysis as they were considered not significant 

(30).  
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T-RFLP profiles of microbial communities were analyzed with the web-based Phylogenetic 

Assignment Tool (PAT) (https://secure.limnology.wisc.edu/trflp/index.jsp) which generates 

phylogenetic assignments from submitted community T-RFLP profiles based on a database 

of fragments produced by known 16S rRNA gene sequences (1).  The default database was 

customized with sequences obtained from cloning results from our samples to increase 

specificity in the results. PAT results are considered tentative identification. To increase the 

certainty in identification clone libraries were constructed and sequenced. 

 

Cloning 

Molecular cloning is the isolation and incorporation of a fragment of DNA into a vector 

where it can be replicated. Typical steps in traditional cloning start with the isolation of the 

DNA of interest, choosing a suitable vector for amplification, ligation of the insert with the 

vector, transformation which is the insertion of the ligated insert and vector into a competent 

cell (usually E. coli) and finally the cells containing the recombinant DNA are identified by 

screening. This molecular method provides the opportunity to identify the organisms by their 

DNA sequence as compared to those in databases, allowing the researcher to identify with 

certainty the organism present in the sample. The first step for cloning was optimizing the 

PCR as described earlier in the PCR section using Bac-8F (5’- AGA GTT TGA TCC TGG 

CTC AG -3’) as the forward primer. PCR products generated with Taq DNA polymerase, 

lack 3’-5’ exonuclease activity and have a single template-independent nucleotide at the 3’ 

end of the DNA strand which is commonly an adenine (A) overhang that allows 

hybridization with and cloning into a T vector that has a complementary 3’ single thymidine 
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(T) overhang (2).   The pGEM®-T and pGEM®-T Easy Vector Systems kit (Promega, 

Madison, WI) was used following the manufacturer’s instructions. This kit takes advantage 

of the A overhangs on the PCR products because the vectors are prepared by cutting with a 

blunt-ended restriction endonuclease and adding a 3’ terminal T to both ends, which 

improves the efficiency of ligation of PCR products into the plasmid by preventing 

recircularization of the vector by providing a compatible overhang for PCR products with a 

5’ A overhang (2).  An advantage of the pGEM®-T Easy Vector is that it allows color 

screening because it contains T7 and SP6 polymerase promoters flanking a multiple cloning 

region within the cloning region for the α-peptide of β-galactosidase. Insertion inactivation 

of the α-peptide allows the recombinant clones to be directly identified by color screening on 

indicator plates containing X-Gal and IPTG (2). Figures 20 and 21 below show the promoter 

and multiple cloning sequences of the pGEM®-T Easy Vector and the vector map. 

 

 

Figure 20 - Promoter and multiple cloning sequence of the pGEM®-T Vector (5). 
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Figure 21 - pGEM®-T Vector Map (5). 

 

Once the ligation of the insert DNA and vector has taken place, the recombinant molecule is 

inserted into a competent E. coli cell for transformation. After transformation, the resulting 

bacterial colonies are subjected to the white/blue screening to determine the cells that contain 

the recombinant DNA molecules by growth in the presence of an antibiotic.  

 

The transformants cells are transferred into a medium with antibiotic, IPTG, and X-gal and if 

it contains the recombinant DNA, the color of the clones would be white. With the presence 

of the insert, the lacZ α gene would be interrupted and no β-galactosidase enzyme would be 

made, leaving X-gal intact and colorless. Therefore, if no recombinant DNA is present in the 

clone, the color will be blue. Positive white colonies were grown in liquid media and 
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transported to the Genomic Sciences Laboratory at North Carolina State University for 

sequencing. The sequences obtained from Genomic Sciences Laboratory were analyzed 

using the Basic Local Alignment Search Tool (BLAST; www.ncbi.com). 

 

Results and Discussion 

 

Water temperature, pH and Dissolved Oxygen (DO) 

Water temperature, pH and DO were measured onsite to assess the conditions in the water at 

every sampling point. The measurements for the first day of sampling on August 11, 2009 

were not taken due to complications with the equipment that day. Figures 22, 24, and 26 are 

box and whisker plots showing the ranges of water temperature, pH and DO through the 

sampling period of August 2009 to February 2010 in each sampling port for Configuration 1 

and Figures 23, 25, and 27 are column charts for Configuration 2.  

 

 

 

http://www.ncbi.com/
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Figure 22-Water temperature changes for each sampling port, n=9 for Configuration 1. 

 

 

Figure 23-Water temperature changes for each sampling port, for Configuration 2. 
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Figure 24- pH changes for each sampling port, n=9 for Configuration 1. 

 

 

Figure 25- pH changes for each sampling port, for Configuration 2. 
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Figure 26- DO changes for each sampling port, n=9 for Configuration 1. 

 

 

Figure 27- DO changes for each sampling port, for Configuration 2. 
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Temperature plays a regulatory role in activation and deactivation of different microbial 

mediated processes in the system. For example, nitrification is regulated by this factor since 

ammonia oxidizers grow faster than nitrite oxidizers at temperatures above 15◦C, and at 25 

◦C the nitrite oxidizers can be dislodged by ammonium oxidizers (20). Through the whole 

sampling period, the lowest temperature in the system was 4.5 ◦C in February 2010, and the 

highest was 25.3 ◦C in September 2009.  

 

Certain microbial mediated processes are extremely sensitive to the pH of the wastewater. 

For example, the optimal pH for nitrification is between 7 and 8 (20).   The pH in the system 

was consistently between 6 and 8 for the entire sampling period, which indicates a neutral 

range and a good environment for most microorganisms. Dissolved oxygen (DO) 

measurements ranged from 2 to 10. The lowest values were measured in the septic tank as 

expected, and the DO increased as the water passed through the system. The complete data 

set for these measurements is presented in Appendix 3. 

 

Biochemical Oxygen Demand (BOD5) 

The average BOD5 removals for configurations 1 and 2 were 67% and 48% respectively, 

indicating that organic matter was oxidized by microorganisms along the system train. The 

daily maximum allowed in North Carolina guidelines for water reuse (EPA 2004) is 15 

mg/L. The system complied with this regulation during the sampling period except in two 

sampling dates.  On November 2, 2009, the first sampling date of the system in configuration 

2, the final BOD5 was 48 mg/L. This high BOD level is most likely due to difficulties in 
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troubleshooting the new configuration. On January 8, 2010, the first sampling date after the 

holiday vacation (where the system was in configuration 1). The BOD5 was 23 mg/L. 

Configuration 1, which includes all the components of the system, seems to be better by 

about 20% in the average removal of BOD5. Figures 28 shows a box and whisker plot 

illustrating the decrease of BOD5 through the system for configurations 1 and Figure 29 is a 

column chart for Configuration 2. A complete data set of BOD is shown in Appendix 4. 

 

Figure 28 - Box and whisker plot for BOD5 (mg/L), n=10 for Configuration 1. 
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Figure 29 – Column chart for BOD5 (mg/L), for Configuration 2. 

 

Chemical Oxygen Demand (COD) 

The average COD removal for both configurations was 78%, indicating that organic carbon 

was converted in the different processes along the treatment train. For the dates of December 

18, 2009, January 8, 2010, and January 19, 2010, all sampling points except after the septic 

tank had readings of zero. Due to suspicions of error for these measurements, these were not 

considered in the average removal calculations. As expected, the highest COD values were 

found after the septic tank with the highest value of 326 mg/L; the lowest value of 6.5 mg/L 

was after the final step of the system. COD values were higher than BOD5 values as 

expected, although no correlations were found between BOD5 and COD. As a general rule 

COD should be higher than BOD5. Exceptions to the rule were seen occasionally, but errors 

are suspected. The complete set of values gathered in the sampling period is presented in 

Appendix 5. Figures 30 and 31 illustrate the COD results for both configurations.  
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Figure 30 - Box and whisker plot for COD (mg/L), n=10 for Configuration 1. 

 

 

Figure 31 – Column chart for COD (mg/L), for Configuration 2. 
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Total Suspended Solids (TSS) 

In this study, total suspended solids were measured at the beginning and end of the system 

and were constantly almost zero. Appendix 6 contains data and results for TSS.  

 

Total phosphorous (TP) 

Total phosphorus had an average removal of 49 % for configuration 1 and 27% for 

configuration 2. Most of the phosphorous removal in CW systems is by absorption, 

precipitation, plant, and microorganisms uptake (26).   Configuration 1 had more phosphorus 

removal due to the increased contact of the water with plants, microorganisms, and the soil. 

Also, planter boxes in the vertical flow wetland and in the greenhouse are designed to absorb 

phosphorous because they contain brick substrates high in iron content and designed to 

remain aerobic (17). Configuration 2 had a more moderate level of removal due to the 

exclusion of plants in this configuration. Figures 32 and 33 describe the TP removal in both 

configurations. 
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Figure 32 - Box and whisker plot for TP (mgP/L), n=10 for Configuration 1. 

 

 

Figure 33 – Column chart for TP (mgP/L), for Configuration 2. 
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Total Nitrogen (TN), Nitrite (NO2) and Nitrate (NO3) 

EPA (15) states that nitrogen can be removed from wastewater by plant or algae uptake, 

nitrification, denitrification, and the release of ammonia gas to the atmosphere. Plant uptake 

accounts for only 10% of nitrogen removal; the rest is due to microbial reactions (26). The 

average removal of TN for both configurations was 44%. This removal percentage is 

consistent with the EPA removal range of 25-85% in constructed wetlands primarily due to 

nitrification and denitrification. The maximum value for TN was 38 mgN/L and a minimum 

of 0.2 mgN/L was observed using the test kit (Hach Co.). Ion chromatography was used to 

measure the NO2 and NO3 concentrations in the system. Due to the two different approaches 

for measurements, there are some discrepancies in the results. For example, in some cases the 

sum of NO2-N and NO3-N is higher than the TN value.  Comparing the TN results with the 

sum of NO2 and NO3, it can be inferred that most of the ammonia was removed and most of 

the nitrogen in the effluent was in the form of nitrate (NO3). Nitrite had the lowest measured 

values, and in most cases the values were less than 0.15 mgN/L. The system can be improved 

with additional nitrate removal which can be achieved with recirculation of the effluent to the 

septic tank, where denitrification can proceed due to adequate organic carbon (6). Figures 34-

39 illustrate the changes for TN, NO2-N and NO3-N for the system in both configurations.  
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Figure 34 - Box and whisker plot for TN (mgN/L), n=10 for Configuration 1. 

 

 

Figure 35 – Column chart for TN (mgN/L), for Configuration 2. 
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Figure 36 - Box and whisker plot for NO2-N (mgN/L), n=10 for Configuration 1. 

 

 

Figure 37 – Column chart for NO2-N (mgN/L), for Configuration 2. 
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Figure 38 - Box and whisker plot for NO3-N (mgN/L), n=10 for Configuration 1. 

 

 

Figure 39 – Column chart for NO3-N (mgN/L), for Configuration 2. 
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Total Coliform (TC)  

Total coliforms measured in configuration 1 were reduced from an average of 3x10
5 
to 

2.6x10
3
 resulting in an average removal of 99%. Configuration 2 reduced coliforms from an 

average of 5x10
5 

to 2.6x10
5 

resulting in a 78% average removal. In previous research 

efficiencies ranging from 41-99% were achieved depending on the nature and plant diversity 

of the wetland (26). Results clearly show that the planter box and greenhouse contribute to 

coliform removal. Figure 40 shows a photo of a total coliform plate where the pink colonies 

with metallic sheen are positive colonies for total coliform and plain pink colonies are non 

coliforms.  Figures 41 and 42 are column graphs illustrating the total coliform decrease 

through the system in both configurations. 

 

 

Figure 40 - Photo of total coliform plate. 
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Figure 41 – Average total coliforms, n=10 for Configuration 1. 

 

 

Figure 42 – Average total coliforms, n=2 for Configuration 2. 
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Fecal Coliforms (FC) 

The average removal for fecal coliform was 100%, with an average of 2.3x10
4 

CFU after the 

septic tank reduced to zero after the chlorination tank for configuration 1. Fecal coliforms 

were detected in configuration 1 only on the sampling dates in August 2009 and January 

2010. No fecal coliforms were detected for configuration 2 for this sampling period. Figure 

43 shows a photo of fecal coliform plates where blue colonies represent a positive fecal 

coliform and colorless colonies are non fecal coliforms. Figure 44 represents the decrease of 

fecal coliforms in the system train. 

 

Figure 43- Photo of fecal coliform plates. 

 

 

Figure 44 – Average fecal coliforms, n=10 for Configuration 1. 
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Fecal Streptococcus (FS) 

Configuration 1 had an average removal of 99% for fecal streptococcus with a reduction 

from 3.4x10
5
 in the influent to 1.1x10

3 
in the effluent. Configuration 2 had an average FS 

count of 7x10
4 
in the influent that was reduced to 1.5x10

4 
in the effluent, for an average 

removal of 78%. As in the case of total coliforms, Configuration 1 had a better removal than 

Configuration 2. Figure 45 shows a photo of fecal streptococcus plate where red colonies 

represent a positive. Figure 46 and 47 represent the decrease of average fecal streptococcus 

throughout the system for both configurations. 

 

Figure 45 - Photo of fecal streptococcus plates. 

 

 

Figure 46-Decrease of average fecal streptococcus, n=10 for Configuration 1. 
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Figure 47-Decrease of average fecal streptococcus, n=2 for Configuration 2. 

 

T-RFLP results and their corresponding inferred phylogeny  

T-RFLP is a useful tool to view the changes of the microbial communities over time and 

track the changes in abundance and variations of microorganisms through the system during 

the sampling period. T-RFLP results are presented here by date in the form of column charts 

(Figures 48-53) breaking out the microbial communities into TRFs and contrasting them with 

their relative abundance in the sample during different stages in the system train. Each 

column chart is accompanied by a table (Tables 20-25) of PAT results which lists the 

possible identification of microorganisms corresponding to the TRFs. Some organisms could 

be identified by PAT and several others remained unidentified due to limitations on the 

database.   

 



 73 

 

Figure 48 – Column chart for August 31, 2009 (Relative abundance vs. TRFs)
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Table 20- PAT results for August 31, 2009. 

TRFs Length Relative Abundance Inferred Identity from PAT

90 1.36% Chryseobacterium and Flavobacterium 

92 1.56%

Capnocytophaga,Chryseobacterium, Coenonia, 

Elizabethkingia,Empedobacter,Flavobacterium,  

Myroides  and Wautersiella 

205 4.33%
Achromobacter,Aquitalea,Kinetoplastibacterium, 

Leptothrix and Rubrivivax 

210 3.59%  Azospira and Burkholderia 

366 3.50% Rhodocyclus 

85.66% Unidentified

95 1.03% Bacillus 

204 21.24%

Acidovorax,Comamonas,Delftia,Diaphorobacter, 

Hydrogenophaga,Leptothrix,Malikia,Mitsuaria, 

Nitrosomonas,Simplicispira and Xylophilus 

207 14.67%

Achromobacter,Acidovorax,Acinetobacter, 

Aquitalea,Arthrobacter,Bacillus,Burkholderia, 

Comamonas,Cycloclasticus,Kinetoplastibacterium, 

Limnohabitans,Nitrosomonas,Pseudomonas, 

Rubrivivax,Simplicispira and Variovorax

368 8.89% Rhodocyclus and Serratia

569 5.28%

Achromobacter,Acidovorax,Alcaligenes,Azoarcus, 

Bordetella,Comamonas,Microvirgula,   

Nitrosomonas and Zoogloea 

48.89% Unidentified

60 1.30% Cellvibrio,Rhizobium and Sinorhizobium  

90 1.68% Chlorobium 

204 16.27%

Acidithiobacillus,Acidovorax ,Comamonas,Delftia, 

Diaphorobacter,Hydrogenophaga,Leptothrix, 

Malikia,Mitsuaria,Nitrosomonas,Pseudomonas, 

Simplicispira and Xylophilus

207 17.76%

Achromobacter,Acinetobacter,Arthrobacter, 

Aquitalea,Bacillus,Burkholderia,Comamonas, 

Cycloclasticus,Kinetoplastibacterium, 

Limnohabitans,Nitrosomonas,Pseudomonas, 

Rubrivivax, Simplicispira and Variovorax 

210 1.05% Nitrosomonas and Pseudomonas

368 8.17% Rheinheimera,Rhodocyclus and Serratia 

567 1.27%

Alcaligenes,Achromobacter,Acidovorax,Bordetella, 

Comamonas,Denitratisoma,Herbaspirillum, 

Nitrosomonas,Pseudomonas and Zoogloea 

570 2.40%

Achromobacter,Acidovorax,Alcaligenes,Bordetella, 

Comamona,Denitratisoma,Herbaspirillum, 

Nitrosomonas and Zoogloea 

50.10% Unidentified

After Greenhouse

August 31 2009

After Septic Tank

After Constructed Wetland
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Figure 49 – Column chart for September 14, 2009 (Relative abundance vs. TRFs)
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Table 21- PAT results for September 14, 2009. 

TRFs Length Relative Abundance Inferred Identity from PAT

95 2.63%

Campylobacter,Desulfovibrio, 

Geobacter,Geospirillium,Pelobacter and 

Sulfurospirillum 

205 1.17% Nitrosomonas and Pseudomonas 

210 7.43%

Acinetobacter,Azospira,Bacillus, 

Cycloclasticus,Nitrosomonas, 

Pseudomonas and Streptomyces 

225 1.47% Mycoplasma 

368 1.18%
Alkanindiges,Amycolatopsis, 

Arthrobacter and Streptomyces 

86.12% Unidentified

60 1.31% Bacillus and Paenibacillus

200 3.26% Mycobacterium 

368 2.70%
Amycolatopsis,Arthrobacter, 

Mycobacterium and Streptomyces 

92.73% Unidentified

60 1.42%
Bacillus,Blastochloris,Cellvibri,Labrys, 

Paracoccus and Sporolactobacillus 

152 1.01% Hydrogenophaga 

204 19.38%

Acidovorax,Chitinimonas,Comamonas, 

Cupriavidus,Delftia,Diaphorobacter, 

Hydrogenophaga,Kinetoplastibacterium,

Leptothrix,Malikia,Mitsuaria, 

Nitrosomonas,Pseudomonas,Rubrivivax,

Simplicispira and Xylophilus 

366 12.94%

Amycolatopsis,Arthrobacter, 

Comamonas,Lampropedia, 

Mycobacterium,Rhodocyclus,           

Serratia and Streptomyces 

569 5.61%

Azoarcus,Bordetella,Comamonas, 

Denitratisoma,Herbaspirillum, 

Microvirgula,Nitrosomonas, 

Pseudomonas,Ralstonia and Zoogloea 

59.64% Unidentified

90 1.46% Flavobacterium 

204 8.67%

Achromobacter,Acidovorax, 

Alcaligenaceae,Azoarcus, 

Acidithiobacillus ,Alcaligenes, 

Burkholderia,Comamonas,       

Cupriavidus, Delftia,Diaphorobacter, 

Hydrogenophaga,Kinetoplastibacterium,

Leptothrix,Malikia,Mitsuaria, 

Nitrosomonas,Pseudomonas,Rubrivivax,

Simplicispira and Xylophilus 

207 40.91%

Achromobacter,Acidovorax, 

Acinetobacter,Alcaligenes,Aquitalea, 

Arthrobacter,Bacillus,Burkholderia, 

Comamonas, Cupriavidus,Cycloclasticus, 

Kinetoplastibacterium,Limnohabitans, 

Nitrosomonas,Pseudomonas,Ralstonia, 

Rubrivivax,Stenotrophomonas, 

Simplicispira ,Variovorax and Wautersia      

After Greenhouse

September 14 2009

After Septic Tank

After Planter Box

After Constructed Wetland
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Figure 50 – Column Chart for September 28, 2009 (Relative abundance vs. TRFs)
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Table 22- PAT results for September 28, 2009. 

TRFs Length Relative Abundance Inferred Identity from PAT

173 1.03% Streptomyces

210 3.38%

Acinetobacter,Alteromonas, 

Nitrosomonas, Pseudomonas  and 

Streptomyces 

366 1.25%

Alkanindiges,Amycolatopsis, 

Rhodocyclus,Serratia and 

Streptomyces 

94.34% Unidentified

205 24.93%

Achromobacter,Acidovorax, 

Acinetobacter,Alcaligenes,Aquitalea, 

Arthrobacter,Bacillus,Burkholderia, 

Comamonas,Cupriavidus, 

Kinetoplastibacterium,Limnohabitans,

Nitrosomonas,Pseudomonas,Ralstonia

,Rubrivivax, Simplicispira,Variovorax 

and Wautersia 

75.07% Unidentified

September 28 2009

After Planter Box

After Constructed Wetland

 

 

 

 



 79 

 

 

Figure 51 – Column chart for November 2, 2009 (Relative abundance vs. TRFs) for Configuration 2.
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Table 23- PAT results for November 2, 2009. 

TRFs Length Relative Abundance Inferred Identity from PAT

60 1.22% Bacillus 

94 12.09%  Ruminofilibacter 

205 4.28% Chitinimonas,Leptothrix and Rubrivivax 

210 1.48% Providencia and Rhodoferax 

370 13.88%
Klebsiella,Pantoea,Raoultella  and 

Salmonella 

570 20.19% Pseudomonas and Vibrio 

44.07% Unidentified

95 5.73%
Campylobacter,Geospirillium, 

Ruminofilibacter and Sulfurospirillum 

152 1.16% Hydrogenophaga 

202 45.02% Leptothrix and Sphaerotilus 

205 7.10%

Achromobacter,Acidovorax,Aquitalea, 

Comamonas,Cupriavidus,Delftia, 

Diaphorobacter,Hydrogenophaga, 

Kinetoplastibacterium,Leptothrix, 

Malikia,Nitrosomonas,Pseudomonas, 

Ralstonia,Rubrivivax,Simplicispira, 

Wautersia  and Xylophilus  

368 2.14% Rhodocyclus 

570 7.72%

Achromobacter,Aeromonas,Alcaligenes,

Azoarcus,Bordetella,Denitratisoma, 

Nitrosomonas,Ralstonia and Zoogloea 

31.13% Unidentified

95 8.50% Campylobacter  and Sulfurospirillum 

202 47.12% Leptothrix  and Sphaerotilus 

205 10.35%

Achromobacter,Acidovorax, 

Acinetobacter,Aquitalea,Bacillus, 

Burkholderia,Comamonas,Cupriavidus, 

Delftia,Diaphorobacter, 

Hydrogenophaga,Kinetoplastibacterium

,Leptothrix,Malikia,Nitrosomonas, 

Pseudomonas,Ralstonia,Rubrivivax, 

Simplicispira, Wautersia and Xylophilus 

210 8.36%

Acinetobacter,Alteromonas,Azospira, 

Nitrosomonas,Providencia and 

Pseudomonas 

366 2.21% Alkanindiges,Rhodocyclus  and Serratia 

570 5.21%

Achromobacter,Alcaligenes,Alcanivorax,

Azoarcus,Bordetella,Comamonas, 

Denitratisoma,Nitrosomonas, 

Pseudomonas,Ralstonia,Vibrio  and 

Zoogloea 

14.24% Unidentified

After Chlorination Tank

November 2 2009

After Septic Tank

After Constructed Wetland
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Figure 52 – Column chart for January 8, 2010 (Relative abundance vs. TRFs) 
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Table 24- PAT results for January 8, 2010. 

TRFs Length Relative Abundance PAT Results for Possible Identification

95 7.17%
Campylobacter,Geobacter,Geospirillium  

and Sulfurospirillum

97 2.22% Campylobacter and Parabacteroides 

192 1.12% Pseudobutyrivibrio 

205 3.89% Pseudomonas 

369 1.29% Alkanindiges 

570 35.14% Pseudomonas 

49.17% Unidentified

95 5.43%
Campylobacter,Geospirillium and 

Sulfurospirillum 

205 3.12% Pseudomonas sp

570 47.36% Pseudomonas 

44.09% Unidentified

95 4.73%
Campylobacter,Geospirillium, 

Ruminofilibacter and Sulfurospirillum 

205 3.67% Pseudomonas 

570 49.39% Aeromonas and Pseudomonas 

42.21% Unidentified

95 3.99%
Campylobacter,Geospirillium and 

Sulfurospirillum 

205 2.48% Cupriavidus,Delftia and Pseudomonas 

368 1.06% Alkanindiges 

570 43.36% Alcanivorax,Pseudomonas and Vibrio  

49.11% Unidentified

95 3.12%
Campylobacter,Geospirillium and 

Sulfurospirillum 

205 3.01%

Achromobacter,Acinetobacter, 

Aquitalea,Chitinimonas,Cupriavidus, 

Delftia,Kinetoplastibacterium, 

Leptothrix,Pseudomonas,Ralstonia, 

Rubrivivax and Wautersia 

368 2.04% Alkanindiges  and Rhodocyclus 

369 3.32% Alkanindiges and Herbaspirillum 

570 47.75%

Achromobacter,Aeromonas,Alcaligenes,

Bordetella,Denitratisoma, 

Herbaspirillum ,Microvirgula, 

Nitrosomonas, Pseudomonas,Ralstonia 

and Zoogloea 

37.67% Unidentified

After Greenhouse

After Chlorination Tank

January 8 2010

After Septic Tank

After Planter Box

After Constructed Wetland
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Figure 53 – Column chart for January 19, 2010 (Relative abundance vs. TRFs) 
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Table 25- PAT results for January 19, 2010. 

TRFs Length Relative Abundance Inferred Identity from PAT

95 1.05%
Campylobacter,Geospirillium and 

Sulfurospirillum 

98 45.12% Campylobacter 

202 19.11% Sphaerotilus 

204 2.61%

Acidovorax,Comamonas,Delftia, 

Diaphorobacter,Hydrogenophaga, 

Leptothrix,Malikia,Nitrosomonas, 

Simplicispira and Xylophilus 

205 5.37%

Achromobacter,Acidovorax, 

Acinetobacter,Alcaligenes,Aquitalea, 

Burkholderia,Comamonas, 

Cupriavidus,Delftia,Diaphorobacter, 

Hydrogenophaga,Kinetoplastibacterium, 

Leptothrix,Malikia,Pseudomonas, 

Ralstonia,Rubrivivax,Simplicispira, 

Wautersia and Xylophilus 

368 3.16% Alkanindiges and Rhodocyclus 

570 12.97%

Achromobacter,Alcaligenes,Alcanivorax, 

Bordetella,Denitratisoma,Nitrosomonas,

Pseudomonas,Ralstonia,Vibrio  and 

Zoogloea 

9.62% Unidentified

94 5.09%
Campylobacter,Geospirillium and 

Sulfurospirillum 

98 30.13% Campylobacter 

205 1.70% Pseudomonas 

368 1.32% Alkanindiges 

570 44.25% Aeromonas and Pseudomonas 

17.51% Unidentified

94 1.09%
Campylobacter,Geospirillium and 

Sulfurospirillum 

98 11.29% Campylobacter 

200 11.43% Sphaerotilus 

204 1.68% Nitrosomonas 

207 9.30%

Achromobacter,Acinetobacter, 

Alcaligenes,Aquitalea,Burkholderia, 

Kinetoplastibacterium,Pseudomonas and 

Rubrivivax 

214 3.02%
Alcanivorax,Legionella,Proteus, 

Pseudomonas and Vibrio 

515 16.01% Microcystis and Paracoccus 

570 19.39%

Achromobacter,Alcaligenes,Alcanivorax, 

Bordetella,Comamonas,Denitratisoma, 

Nitrosomonas,Pseudomonas,Vibrio and 

Zoogloea 

26.79% Unidentified

After Constructed Wetland

January 19 2010

After Septic Tank

After Planter Box
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All sample dates monitored with T-RFLP showed changes in structure and composition of 

microbial communities, depending on the stage of treatment examined. These results were 

expected because microbial communities vary depending on hydraulic conditions, nutrient 

availability, filter material or soil type, plants, and other environmental conditions.  Some 

microorganisms were observed in various stages but the community as a whole had changes 

where species present in the beginning of the system disappeared and other species emerged.  

The PAT results of possible organisms present in the water are consistent with previous 

studies of wastewater treatment using constructed wetlands, which  showed the total  

bacterial community composition was dominated by bacteria from phylogenetic clusters 

related to Nitrosomonas, Nitrospira, Nitrobacter, Bacillus, Clostridium, Mycoplasma, 

Eubacterium and Proteobacteria (20).   

 

Reported potential pathogens in urban wastewater in previous research are Salmonella spp. 

(enterophatogenic bacteria; causes gastroenteritis, typhoid and paratyphoid; transmitted by 

ingestion), Vibrio cholerae (enterophatogenic bacteria; causes gastroenteritis; transmitted by 

ingestion), Campylobacter jejuni (enterophatogenic bacteria; causes gastroenteritis; 

transmitted by ingestion), Shigella spp. (enterophatogenic bacteria; causes gastroenteritis and 

dysentery; transmitted by ingestion), Pseudomonas aeruginosa (opportunistic bacteria; 

causes gastroenteritis and skin, eye and lung infections; transmitted by ingestion, inhalation 

and topical contact), Staphylococcus aureus (opportunistic bacteria; causes boils, scalded 

skin syndrome, toxic shock syndrome, gastroenteritis and pneumonia; transmitted by 

ingestion, inhalation and topical contact), Legionella pneumophilia (opportunistic bacteria; 
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causes pneumonia; transmitted by inhalation), Mycobacterium spp. (opportunistic bacteria; 

causes pulmonary diseases; transmitted by inhalation), Clostridium perfringens 

(opportunistic bacteria; causes gastroenteritis and gas gangrene; transmitted by ingestion and 

topical contact), Cryptosporidium parvum (protozoan; causes gastroenteritis ; transmitted by 

ingestion), Entamoeba spp. (protozoan; causes gastroenteritis and dysentery ; transmitted by 

ingestion), Giardia lamblia (protozoan; causes diarrhea and abdominal discomfort ; 

transmitted by ingestion) and Norovirus ( virus; causes gastroenteritis; transmitted by 

ingestion) (14, 34). This study was limited to bacteria and an assessment of protozoa and 

viruses was not concluded in this study. 

 

TRF results obtained from PAT results raised some concerns due to the possible presence of 

seven pathogenic species. Microorganisms indicated in the T-RFLP results are 

Campylobacter spp., Pseudomonas spp., Mycobacterium spp., Salmonella spp., Aeromonas 

spp., Vibrio spp., and Legionella spp., which are present in several stages of the treatment 

train at various sampling times and even after the chlorination tank. These results suggest the 

possibility of health risks for the employees of the Jordan Lake Business Center. 

   

Community Similarity Analysis 

Non-metric Multidimensional scaling (MDS) technique was used to express the similarities 

between the different samples. MDS plots were created using Community Analysis Package 

4 (CAP; Pisces Conservation Ltd, Limington, UK). The method attempts to place the most 

similar samples together by calculating a similarity matrix between all the quadrates. It is 
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important to note that these plots are nondimensional and the axes have no physical meaning. 

Two MDS plots were made for T-RFLP results for the Jordan Lake Business Center 

wastewater reuse system analyzed by sampling date and tank.  Sample points in the MDS 

plots are labeled as follows: Sample date (A3109 indicates August 31, 2009) + sample 

location (ST indicates Septic Tank, PB indicates Planter Box, CW indicates Constructed 

Wetland, GH indicates Greenhouse and CT indicates Chlorination Tank). Figures 54 and 55 

show the MDS plot created analyzed by tanks and date. The most noticeable cluster belongs 

to the samples taken in January 8, 2010 from all five tanks, indicating that these samples 

have the highest similarity among them. Similarities between the constructed wetland 

samples and greenhouse samples for August 31, 2009 and September 14, 2009 were noted. 

Also, similarities between the septic tank and the chlorination tank were noticed in 

September 14, 2009 samples. The only sample studied from configuration 2 was November 

2, 2009, where the only similarities noted were between the constructed wetland and the 

chlorination tank.  No clear similarity patterns were observed, indicating that microbial 

communities were changing through the system and through time.  
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Figure 54 – MDS plot of TRF Results by Tank. 
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Figure 55 – MDS plot of TRF Results by sampling date. 

 

One way to visualize similarities or dissimilarities between microbial communities is by using a dendrogram (Figure 56).  
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Figure 56 – Dendrogram for TRF Results 
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The dendrogram is a diagram that shows a hierarchy and the relation of subsets in a structure. 

Figure 68 illustrates the similarities between samples that were not so easily identified in the 

previous MDS plots.  

 

Microbial Diversity 

Species Richness (S) and Species Evenness (E) are two essential parameters for defining 

community structure and diversity in environmental samples (30). Richness (R) is defined as 

the number of species within a community. The richness in our samples was taken to be the 

number of TRFs present in the sample. Therefore, a higher richness indicates a higher 

number of  possible species present in the sample. Figure 57 illustrates how the richness in 

the system changes through time and tanks.  

 

 

Figure 57 – Richness of microbial communities 
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A higher richness was observed in the months of August to November 2009, and it decreased 

in the December and January 2010 months. The richness decrease can be due to the holiday 

season, where the activity of the business center was lower than in previous months. Another 

possibility was the seasonal temperature change for the sample period of the fall 2009 to 

winter 2010, where the temperature ranged from 25 to 4.5 ◦C.  

 

The species population size within a community is described by their evenness. Evenness (E) 

is defined as the measure of biodiversity which quantifies how equal a community is 

numerically between a range of 0-1, where 1 indicates a complete evenness in the sample 

meaning that all species in the sample are of equal abundance (31). Evenness is calculated as 

the Shannon Weiner Diversity Index (H) (explained later) divided by the natural log of 

Species Richness (R). Evenness in our samples can be assessed in Figure 58 below.  

 

Figure 58 – Evenness of microbial communities 
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The evennness results ranged from 0.14 to 0.67  as seen in Figure 58. It can be concluded 

that no sample showed complete evenness, which indicates that all species in the samples are 

not of equal abundance.  

 

Another index used to characterize species diversity is the Shannon Weiner Diversity Index 

(H), which accounts for both abundance and evenness of species present. A higher index 

indicates a higher diversity in the sample. Shannon Weiner Diversity Index (H) can be 

calculated as the total species pi multiplied by the natural log of this proportion as follows: 

 
 

Figure 59 shows the Shannon Weiner Diversity Index (H) through the system. 

 

 

Figure 59 – Shannon Weiner Diversity Index 
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The Shannon Weiner Diversity Index (H) through the system starts with high  consistent 

diversity in the August to November 2009 months, the month of December 2009 shows a 

decrease, but it goes back up in January 2010  to the same diversity noted in the first 

sampling months.   

 

Clone Library 

A cloning library was performed for two sample dates to more accurately identify organisms 

present and to confirm the presence of potential pathogenic species in the water. The August 

31, 2009 (After Greenhouse) and September 28, 2009 (After Planter Box) samples were 

selected for clone library construction since these samples had the highest TRF richness. 

Tables 26 and 27 show the clone library results where the sequences obtained from the 

cloning experiments indicate the closet relative for that microorganism with a percentage of 

maximum identification (the highest percent identity of the high scoring pairs from the same 

database sequence). 
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Table 26- Clone library August 31, 2009 (After Greenhouse) 

Clone ID Closest Relative Maximum  Identification (%)

GH1 Firmicutes bacterium 84

GH2 Burkholderia sp. 93

GH3 Xenophilus sp. 95

GH4 Micavibrio sp. 90

GH5 Limnobacter thiooxidans 94

GH6 Pseudomonas spinosa 93

GH7 Bradyrhizobium sp. 92

GH8 Variovorax sp. 98

GH9 Dechloromonas sp. 92

GH10 Filomicrobium insigne 90

GH11 Kordiimonas gwangyangensis 87

GH12 Curvibacter lanceolatus 99

GH13 Legionella gresilensis 89

GH14 Janthinobacterium sp. 89

GH15 Aquicella siphonis 82

GH16 Sideroxydans lithotrophicus 93

GH17 TM7 phylum sp. 94

GH18 Methylocaldum szegediense 82

GH19 Pseudomonas stutzeri 83

GH20 Sphingobacterium sp 90

GH21 Limnohabitans curvus 95

GH22 Burkholderia cenocepacia 99

GH23 Spirobacillus cienkowskii 86

GH24 Polynucleobacter sp. 99

GH25 Pseudomonas woodsii 94

GH26 Hydrogenophaga sp. 94

GH27 Micrococcus sp. 95

GH28 Denitratisoma oestradiolicum 95

GH29 Polynucleobacter sp 99

GH30 Acidovorax sp. 93

GH31 Azoarcus sp. 89

GH32 Bacillus flexus 91

GH33 Limnohabitans sp. 97

GH34 Oscillatoria sp. 88

GH35 Stappia meyerae 91

GH36 Burkholderia cepacia 96

GH37 Hydrogenophaga sp. 94

GH38 Firmicutes bacterium 87

GH39 Variovorax sp. 98

GH40 Flavobacterium indicum 93

GH41 Rhizosphere soil bacterium 97

GH42 Legionella sp. 87

GH43 Limnobacter thiooxidans 93

GH44 Hydrogenophaga sp. 94

August 31 2009 : After Greenhouse
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Table 27- Clone library September 28, 2009 (After Planter Box) 

Clone ID Closest Relative Maximum  Identification (%)

PB 1 Dechloromonas sp. 97

PB2 Legionella pneumophila 95

PB 3 Schlegelella sp. 91

PB 4 Bacteroides vulgatus 93

PB 5 Dechloromonas sp. 87

PB 6 Flavobacteriaceae bacterium 98

PB 7 Campylobacter sp. 98

PB 8 Nitratiruptor sp. 91

PB 9 Candidatus Nicolleia massiliensis 100

PB 10 Ralstonia sp. 96

PB 11 Pseudomonas putida 84

PB 12 Propionivibrio limicola 91

PB 13 Neisseriaceae bacterium 93

PB 14 Duganella sp. 91

PB 15 Magnetospirillum sp. 98

PB 16 Rickettsia bellii 94

PB 17 Luteimonas composti 94

PB 18 Laribacter hongkongensis 99

PB 19 Pseudomonas sp. 83

PB 20 Clostridium sp. 85

PB 21 Staphylococcus epidermidis 93

PB 22 Rhodocyclus sp. 91

PB 23 Legionella yabuuchiae 87

PB 24 Ochrobactrum sp. 99

PB 25 Cyanothece sp. 80

PB 26 Denitratisoma oestradiolicum 99

PB 27 Tolumonas auensis 97

September 28 2009 : After Planter Box

 

 

The clone library confirms the presence of Legionella pneumophilia, Campylobacter spp. 

and Pseudomonas spp., which are pathogenic depending on the species in the system.  
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Conclusions and Recommendations for Further Research 

 

This study shows that the Onsite Soil/Plant-Based Wastewater Reuse System at the Jordan 

Lake Business Center overall achieves good percentage removals of BOD5, COD, TSS, TP, 

TN, TC, FC, and FS. It is important to note that after configuration changes and long periods 

of low flow in the system such as holiday season, the BOD5 exceeded the 15 mg/L stated in 

the EPA 2004 guidelines for the state of North Carolina in both occasions. In both cases, 

careful action should be taken to prevent these high values of BOD5 such as a high water 

recycle rate in the system to maintain adequate water quality for toilet flushing and irrigation 

purposes. The study also shows that Configuration 1 resulted in better results than 

Configuration 2. Configuration 1 was very successful due to the vertical flow constructed 

wetland (referred to as the planter box for sampling purposes) which is highly aerobic and 

provided a high rate of BOD5 removal and nitrification. This study further illustrates the 

limitations of culture-based studies and use of indicator microorganisms in detecting 

pathogens in water. Measurements of indicator organisms (FC, TC, and FS) suggest that 

pathogenic microorganisms are not a concern. However, further assessments with culture 

independent molecular methods have identified the presence of pathogenic bacteria 

throughout the system. This study concluded that the microbial communities in the water 

were different in all stages, where the highest richness was found after the planter box, 

greenhouse and constructed wetland. 
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Additional cloning libraries should be constructed concentrating on the samples after the 

chlorination tank to investigate the survival of the pathogenic bacteria identified in samples 

after the planter box and after the greenhouse to confirm the possibility of human health risk.  
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Appendix 1 – EPA 2004 Summary of State Reuse Regulations and Guidelines 
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Appendix 2 – EPA Suggested Guidelines for Water Reuse 
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Appendix 3 – pH, DO and Water Temperatures measurements 

Legend: 

1: After Septic Tank 

2: After Planter Box 

3: After Constructed Wetland 

4: After Greenhouse 

5: After Chlorination Tank 

C1: Configuration 1 

C2: Configuration 2  

pH C1 

Sampling Day Date 1 2 3 4 5 

1 1 8/11/2009           

2 20 8/31/2009 7.6 7.28 7.38 7.14 7.39 

3 34 9/14/2009 7.12 6.89 7.4 6.84 7.54 

4 48 9/28/2009 7.68 7.21 7.38 7.34 7.45 

5 63 10/12/2009 7.92 7.63 7.78   7.89 

8 120 12/7/2009 6.9 6.49 6.62 6.79 6.77 

9 131 12/18/2009 7.41 6.75 7.02 7.14 7.2 

10 152 1/8/2010 7.78 7.17 7.2 7.3 7.45 

11 163 1/19/2010 7.95 7.34 7.34 7.36 7.25 

12 177 2/2/2010 7.86 7.48 7.54 7.54 7.55 

 

pH C2 

Sampling Day Date 1 3 5 

6 84 11/2/2009 7.88 7.54 7.74 

7 105 11/23/2009 8.09 7.93 7.84 
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DO  C1 

Sampling Day Date 1 2 3 4 5 

1 1 8/11/2009           

2 20 8/31/2009 2.05 4.73 6.41 6.41 6.16 

3 34 9/14/2009 2.77 3.68 7.02 5.83 7.31 

4 48 9/28/2009 4.81 3.5 6.93 7.89 6.91 

5 63 10/12/2009 4.52 3.57 8.1   8.17 

8 120 12/7/2009 2.9 3.07 4.11 4.36 4.94 

9 131 12/18/2009 3.89 3.97 6.15 7.69 7.14 

10 152 1/8/2010 5.58 5.65 7.04 8.13 8.09 

11 163 1/19/2010 5.31 4.6 6.97 7.85 7.35 

12 177 2/2/2010 5.15 4.79 8.24 10.28 9.21 

 

DO  C2 

Sampling Day Date 1 3 5 

6 84 11/2/2009 2.99 3.15 5.83 

7 105 11/23/2009 2.92 4.02 3.78 
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Water Temperature C1 

Sampling Day Date 1 2 3 4 5 

1 1 8/11/2009           

2 20 8/31/2009 23.8 23.6 23.9 24.9 23.9 

3 34 9/14/2009 25.3 23.9 23.7 25 23.3 

4 48 9/28/2009 23.1 22.5 23 20.3 24.8 

5 63 10/12/2009 19.6 20 19.5   20.2 

8 120 12/7/2009 11.5 10.9 11.8 12.2 11.8 

9 131 12/18/2009 11.4 10.2 10.6 9.2 11.2 

10 152 1/8/2010 7.5 6.8 7.2 6.3 6.6 

11 163 1/19/2010 9.6 9 8.8 8.2 10.2 

12 177 2/2/2010 8.3 6.4 7.8 4.5 8.6 

 

Water Temperature C2 

Sampling Day Date 1 3 5 

6 84 11/2/2009 16.7 17 16.8 

7 105 11/23/2009 16.1 16.6 25.5 
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Appendix 4 – BOD Data Set 

BOD Summary 

Sampling Day Date 1 2 3 4 5 

1 1 8/11/2009 36.75 14.10 13.43 10.13 8.85 

2 20 8/31/2009 20.84 11.96 10.20 8.78 7.50 

3 34 9/14/2009 30.24 12.83 15.53 15.15 13.73 

4 48 9/28/2009 29.60 11.35 14.10 0.00 12.98 

5 63 10/12/2009 15.23 12.60 15.30   14.03 

6 C2 84 11/2/2009 96.57   91.35   48.45 

7 C2 105 11/23/2009 25.91   18.38   14.10 

8 120 12/7/2009 49.79 13.95 14.93 13.05 15.75 

9 131 12/18/2009 101.57 11.10 12.08 12.53 7.20 

10 152 1/8/2010 80.40 41.06 35.10 27.23 23.55 

11 163 1/19/2010 31.61 6.47 12.60 11.25 0.00 

12 177 2/2/2010 18.60 8.25 10.20 8.78 3.08 

 

Legend: 

1: After Septic Tank 

2: After Planter Box 

3: After Constructed Wetland 

4: After Greenhouse 

5: After Chlorination Tank 

C1: Configuration 1 

C2: Configuration 2  
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Appendix 5 – COD Data Set 

COD Summary 

Sampling Day Date 1 2 3 4 5 

1 1 8/11/2009 49 58 40 27 16 

2 20 8/31/2009 33 32 23 17.5 15 

3 34 9/14/2009 64 29.5 20.5 25 13 

4 48 9/28/2009 11.5 19.5 17 22 6.5 

5 63 10/12/2009 16 18 14   11 

6 C2 84 11/2/2009 163   106   49 

7 C2 105 11/23/2009 35   30   21 

8 120 12/7/2009 61 29.5 25.5 21.5 19 

9 131 12/18/2009 88.5 0 0 0 0 

10 152 1/8/2010 54.5 31 11 0 0 

11 163 1/19/2010 13.5 0 0 0 0 

12 177 2/2/2010 20.5 11.5 11.5 7 10.5 

 

Legend: 

1: After Septic Tank 

2: After Planter Box 

3: After Constructed Wetland 

4: After Greenhouse 

5: After Chlorination Tank 

C1: Configuration 1 

C2: Configuration 2  
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Appendix 6 – TSS Data Set 

  
After Septic Tank C1 

Date Day 
V 

(mL) Initial Weight (g) Final Weight (g) TSS (mg/L) 

8/11/2009 1 100 19.3886 19.3892 0.006 

8/31/2009 20 200 15.3062 15.3071 0.0045 

9/14/2009 34 200 15.3053 15.3075 0.011 

9/28/2009 48 200 15.3051 15.3073 0.011 

10/12/2009 63 200 19.1304 19.1357 0.0265 

12/7/2009 120 100 19.134 19.135 0.01 

12/18/2009 131 100 19.1353 19.1387 0.034 

1/8/2010 152 100 19.1327 19.1356 0.029 

1/19/2010 163 100 19.1344 19.1381 0.037 

2/2/2010 177 100 19.1339 19.1349 0.01 

 

  
After Chlorination Tank C1 

Date Day 
V 

(mL) Initial Weight (g) Final Weight (g) TSS (mg/L) 

8/11/2009 1 100 15.305 15.3051 0.001 

8/31/2009 20 200 19.3896 19.39 0.002 

9/14/2009 34 200 19.96 19.9611 0.0055 

9/28/2009 48 200 19.9597 19.9616 0.0095 

10/12/2009 63 Missing Data 

12/7/2009 120 200 19.3872 19.3895 0.0115 

12/18/2009 131 100 19.3898 19.3901 0.003 

1/8/2010 152 100 19.3889 19.3896 0.007 

1/19/2010 163 100 19.3889 19.3893 0.004 

2/2/2010 177 100 19.3886 19.3887 0.001 
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After Septic Tank C2 

Date Day 
V 

(mL) Initial Weight (g) Final Weight (g) TSS (mg/L) 

11/2/2009 84 50 19.7452 19.7491 0.078 

11/23/2009 105 100 19.7457 19.7475 0.018 

 

  
After Chlorination Tank C2 

Date Day 
V 

(mL) Initial Weight (g) Final Weight (g) TSS (mg/L) 

11/2/2009 84 50 19.6009 19.6024 0.03 

11/23/2009 105 100 19.6011 19.6021 0.01 

 

Legend: 

C1: Configuration 1 

C2: Configuration 2  
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