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1 ABSTRACT 

 

Scarcity of potable water is a major threat to human civilization, particularly in semi-arid 

and arid regions of the world. As a consequence, water reclamation and reuse of treated 

wastewater has received more attention. Local reuse of reclaimed water that is tailored to local 

needs will be essential in cities because of greater population densities. Because it has been 

applied under many operational configurations, the activated sludge process was chosen to 

investigate if new operational strategies could facilitate tailored reuse of reclaimed water. 

However, alterations of operational conditions within the same biological nutrient removal 

treatment plant have not been tested for the intentional retention of nutrients in treated 

wastewater. Thus, the consequences of changing treatment conditions on biological and 

engineered operational parameters in a treatment plant are unknown, specifically the resilience of 

functionally important microorganisms involved in the removal of nutrients or trace organic 

chemicals.  

This dissertation describes the use of a variety of genomic molecular techniques such as 

massively parallel DNA/RNA sequencing to phylogenetically reconstruct activated sludge 

microbial community assemblages in a full-scale active sludge wastewater treatment bioreactor 

that is configured as a sequencing batch membrane bioreactor (SBMBR). The SBMBR system, 

located at the Colorado School of Mines’ Water Reclamation Test Site, was operated under 

different bioreactor set-points through time to investigate fundamental and applied questions in 

the fields of microbial ecology and environmental engineering. The key findings of each research 

chapter are as follows: Chapter 2) Adjustments in aeration strategy can be used to elevate 

nutrient concentrations in the effluent of an SBMBR without adverse effects on bioreactor 

operation. Chapter 3) Bioreactor performance in an SBMBR is resilient to long-term 

disturbances. Abundant bacterial populations recover from the disturbance more than rare 

populations. Chapter 4) A long-term disturbance allows for immigrating bacteria to colonize and 

establish into an activated sludge community. In some cases, newly established colonizers 

become abundant community members post disturbance. Chapter 5) Bacterial populations within 

a stable treatment process exhibit distinct activity signatures that correspond to fluctuations in 

redox conditions. 
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1 CHAPTER 1  

INTRODUCTION 

1.1 Background 

The activated sludge process was invented by Gilbert Fowler in the early 20th century and 

first described by Edward Arden and William Lockett in their seminal paper Experiments on the 

oxidation of sewage without the aid of filters (1). Since 1914, the activated sludge process 

(Figure 1.1) and its variants have become the most widely used biological treatment process for 

treating municipal and industrial wastewater worldwide (2). While numerous process 

configurations have been demonstrated to remove organic constituents and nutrients (e.g., 

nitrogen and phosphorus) through oxic (i.e., oxygen present), anoxic (i.e., nitrate present) and 

anaerobic (i.e., no nitrate present) variations, the general premise of the activated sludge process 

remains the same: concentrate microbial biomass in an aerated reactor and decouple hydraulic 

retention time (HRT) and solids retention time (SRT) (discussed in Chapter 3).  

 
Figure 1.1 Process flow schematic of a conventional activated sludge treatment plant. Raw 
wastewater enters into an aeration basin filled with recycled biomass, or activated sludge. Settled 
biomass within the clarifier can be retained or wasted at controlled flow rates to decouple 
hydraulic retention time from solids retention time.	  

The activated sludge process relies on diverse, complex and dynamic microbial 

assemblages to enhance the quality of wastewater (3–5). These microbial assemblages thrive in 

aerated reactor vessels and form planktonic biofilms or flocs and are embedded in a matrix of 

extracellular polymeric substances (6) (Figure 1.2). The activated sludge process is widely used 
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because it is a robust and flexible biotechnology for enhancing the quality of wastewater with 

respect to the degradation of oxygen-depleting organic matter, destruction of toxic-substances 

and removal of nutrients (2, 5). As the basis of biotechnology, these microbial communities are 

self-organized assemblages, which provide services to promote human and environmental 

wellbeing (7, 8). 

 
Figure 1.2 SYBR Green (a double stranded DNA florescent stain) epi-florescent micrograph of 
activated sludge flocs, which show the diverse morphologies of bacteria and their in situ spatial 
arrangements. Red stains are extracellular polysaccharides (EPS). Inset box in A is shown 
magnified in B. 

Biological wastewater treatment facilities can be classified into two general categories: 1) 

centralized wastewater treatment, which treat wastewater at the city-scale (i.e., millions of 

gallons per day) and 2) decentralized wastewater treatment, which aims to treat wastewater close 

to its source of discharge. Each scenario has advantages and disadvantages (9), however, as 

water scarcity becomes a main concern for cities worldwide, decentralized, or distributed 

systems, have been suggested to be a better alternative for water and nutrient reclamation (10, 

11). Many configurations of the activated sludge process have been conceived, but for 

decentralized settings, sequencing batch reactors (SBR) and membrane bioreactors (MBR) are 

uniquely suited for dealing with intermittent flow variation and for providing high quality 

effluent for reuse (12). In a system that combines both technologies (13), the SBR portion of the 

reactor provides oxygen to the activated sludge in a time-managed sequential process while the 

MBR is used for high rate liquid/solids separation to produce high quality effluent of a desired 

quality from the hybrid sequencing batch membrane bioreactor (SBMBR) (Figure 1.3). Thus, the 

amount of oxygen delivered to the activated sludge has implications for stable operation and key 

� �
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metabolic processes such as nitrification (i.e., the oxidation of ammonia to nitrate) and 

heterotrophic (i.e., carbon-consuming) denitrification (i.e., reduction of nitrate to gaseous di-

nitrogen or nitrous oxide). 

 
Figure 1.3  A single treatment cycle and exemplary oxic/anoxic periods for a full-scale SBMBR 
configuration. 

1.2 Research Motivation 

Vuono et al. (13) (Chapter 2) and Benecke (14) both demonstrated that nutrient 

concentrations, specifically nitrate (NO3
--N) and ortho-phosphate (PO4-P), could be significantly 

elevated in MBR permeate (i.e., effluent) if anaerobic respiration (i.e., the use of a terminal 

electron acceptor other than O2) was prevented throughout the Fill/React period of a SBR 

treatment cycle (Figure 1.3). Under this scenario, denitrification is limited and NO3
--N could be 

retained in the MBR permeate to be recaptured as a source of fertilizer. Vuono et al. (13) also 

showed that the timing of aerobic/anoxic cycles in an SBMBR operated at a SRT of 35 days did 

not negatively affect membrane performance with regard to transmembrane pressure or 

membrane permeability. Benecke (14) investigated additional anaerobic time intervals 

throughout the fill period to produce effluent nitrate of desired concentrations. He further 

assessed the resilience of the treatment process to return back to full nutrient removal conditions. 

Results of both Vuono et al. (13) and Benecke (14) demonstrate that a flexible and stable 

treatment system can be operated with the intent to elevate nutrient concentrations in the effluent 

as a means to reclaim water and nutrients. However, these studies did not address how the 

biological communities in activated sludge might be affected by different operational strategies 

used to recover water and nutrients. This knowledge gap raised the following questions: 

I. Are activated sludge communities resilient to long-term disturbances, both with regard to 

microbial diversity and bioreactor performance? 

II. Can the operational parameter solids retention time (SRT) be used to manipulate 

NO	  AIR AIR NO	  AIR AIR NO	  AIR
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AIRAIR NO	  AIR

REACTDRAW FILL/REACT

NO	  AIRNO	  AIR

SBR	  1

SBR	  2

BATCH

BATCH

RECIRCULATION	  TO	  MBRs
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microbial composition such that slow growers are enriched at high SRTs, but are absent 

at low SRTs? 

III. Does immigration from influent wastewater play a major role in seeding activated sludge 

with new community members and is immigration greater during periods of stable 

operation or during disturbance? 

IV. Are bacterial populations within activated sludge differentially active during the different 

redox periods of a single treatment cycle or do the populations show the same level of 

activity throughout a single treatment cycle? How does this relate to bioreactor function? 

1.3 Research Objectives 

Wastewater treatment systems, particularly activated sludge, are empirically based and 

thus the ability to predictively adopt activated sludge systems for new conditions or uses is 

hampered by a lack of theoretical understanding. The primary objective of this dissertation is 

therefore to understand activated sludge communities from a scientific perspective, to advance 

the ability to predict new functions, operation, and recovery after disturbances. The research 

presented in this dissertation distinguishes itself from all other research in this topic area because 

of the experimental scale at which the research was conducted and by the range of conditions 

under which a full-scale treatment plant was operated.  

It is important to test novel treatment configurations and perform experimental 

manipulations at the full-scale because the responses of independent variables, both biological 

and engineered, are more representative of real world conditions and phenomena. This reasoning 

is discussed further in Chapters 2 and 3, with Chapter 2 focusing on engineered variables and 

Chapter 3 addressing biological variables. In Chapter 2, the main objectives are to 1) describe 

the operation and configuration of the SBMBR system and 2) test if changes in operational 

conditions affect the performance of the engineered process. Chapter 3 describes the 

experimental manipulation of the parameter solids retention time, which acts as a long-term 

disturbance, to understand how SRT selects for microorganisms based on their life-history 

strategies (i.e., growth and reproductive rates). System resilience (i.e., the system’s ability to 

recover from disturbance), both with regard to biological diversity and nutrient removal, is also 

monitored. In Chapter 4, the raw wastewater’s biological community is characterized to 

investigate how this community colonizes into the bioreactor, during periods of stable operation 

and during disturbance, as a mechanism of diversity maintenance in activated sludge systems. 
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This experiment was performed in parallel with the disturbance described in Chapter 3. In 

Chapter 5, another experimental manipulation of solids retention time within the SBMBR 

system is described to address questions raised from Chapters 3 and 4, regarding the removal of 

trace organic contaminants and active microbial populations. The objectives of this study were to 

1) perform a comparative analysis of active microbial populations between two different solids 

retention times in activated sludge and 2) test if the differences in microbial activity could be 

attributed to the removal efficiency of trace organic contaminants. In Chapter 6, an outreach 

projects is presented as a non-technical chapter to satisfy the requirements of the NSF 

Engineering Research Center (ERC) on Reinventing the Nation’s Urban Water Infrastructure 

(ReNUWIt). This project is outlined as a movie script and will be published on the Internet. 

Chapter 7 concludes the dissertation with conclusions and recommendations for future research. 
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2 CHAPTER 2 – ENGINEERING AND OPERATIONAL CHALLENGES FOR FLEXIBLE 

HYBRID TREATMENT SYSTEMS 

Author Contribution: DV operated the bioreactor, performed all laboratory and statistical 

analyses, and took the lead in writing the paper. JB and JH contributed to operational and 

laboratory work. TR, LJ, TYC, and JED contributed to operation oversight. 

2.1 Abstract  

The integration of onsite, decentralized, and satellite wastewater treatment systems into 

existing urban water infrastructure is an attractive option for recovering water and nutrients 

locally for multi-purpose reuse. To facilitate wastewater treatment and reuse, tailored to local 

needs, a hybrid membrane treatment process is proposed that couples sequencing batch reactors 

with a membrane bioreactor (SBMBR). In this study, we explored the flexibility and robustness 

of this hybrid membrane system at a demonstration-scale under real-world conditions by tightly 

managing and controlling operation conditions to produce effluent of different qualities for 

multipurpose reuse. Results suggest that an SBMBR treatment configuration is flexible, robust, 

and resilient to changing operating conditions. The hybrid membrane system was capable of 

producing different effluent qualities within one week of changing operating condition with no 

adverse effects on membrane performance. This work reinforces the need for a new paradigm of 

water reclamation and reuse and introduces a new treatment concept facilitating tailored nutrient 

management for a sustainable urban water infrastructure. 

2.2 Introduction 

Aging wastewater infrastructure, freshwater scarcity, population growth and urbanization, 

as well as climate change are drivers to advance the science and technology of recovering the 

resources present in domestic wastewater, a predominantly untapped resource harboring energy, 

nutrients, and fresh water (15–17). As a dominant driver for water reuse, water scarcity is 

becoming increasingly prevalent on a global scale. Furthermore, more than half the Earth’s 

human population lives in urban areas, creating increasing pressure and depletion of local water 

supplies (18). Water scarcity and urban population growth are only part of the problem: decaying 

urban water infrastructure and inadequate end-of-pipe reuse strategies call into question whether 

the current paradigm of centralized wastewater treatment is capable of coping with the water 
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supply challenges of the 21st century (10, 19). Thus, water planners and engineers must look 

beyond traditional methods of water supply (e.g., structural developments and inter-basin water 

transfers) and adopt an integrated, whole system approach to managing water assets (20). These 

assets must include locally available reclaimed water as a strategic supply for balancing urban 

water use, meeting short-term needs, and improving long-term supply reliability (21). 

Recently, onsite, satellite, and decentralized treatment systems (henceforth referred to 

collectively as distributed) have gained attention for reclaiming wastewater effluents in the urban 

environment (10). Furthermore, advancements in membrane bioreactor technology have made 

the concept of sewer mining, or scalping, feasible for distributed installations across the urban 

area where demand for local reuse of water exists (21, 22). Source separation of black-water, 

urine, and greywater have also been shown to be reliable and economically viable when 

implemented for new developments (16, 23, 24); however, retrofitting existing infrastructure for 

source-separated treatment might be economically impractical because the majority of the 

wastewater infrastructure is already in place. Nonetheless, retrofitting water infrastructure for 

new treatment approaches ultimately must be evaluated on a case-by-case basis, and planners 

and local communities must weigh the benefits of infrastructure improvements. In order to 

prevent freshwater shortages within urban centers, these benefits may include water reclamation 

and reuse by integrating new treatment strategies into existing water infrastructure. 

While the advantages and disadvantages of centralized versus decentralized treatment 

systems have been discussed elsewhere (25), we target a specific niche of the urban water 

infrastructure aimed at facilitating distributed reuse within clustered housing developments and 

apartment complexes. Sequencing batch reactors (SBRs) and membrane bioreactors (MBRs) are 

uniquely suited for treating wastewater in decentralized settings. Unlike conventional activated 

sludge processes that employ several dedicated unit processes, SBRs are ideal because their 

operation is managed through time; thus, operation and process conditions are highly flexible to 

accommodate load variations, which are typical in decentralized settings (4, 26). MBRs are also 

ideal for decentralized settings, which generally do not have full-time onsite staff. MBRs 

eliminate issues with clarifier performance associated with conventional systems because 

effluent must be passed through a physical membrane barrier. MBRs also offer complete 

removal of bacteria, can achieve some virus reduction, and are currently accepted as the most 

appropriate technology where high quality effluent is required for reuse (12, 22).  
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A hybrid SBMBR treatment configuration has been described in the literature and 

evaluated at the laboratory-scale (27, 28). The main advantage of this configuration is the ability 

to use small exchange ratios (i.e., the ratio between the combined reactor volume and the volume 

exchanged in each cycle); thereby leading to high nitrogen removal rates (28). Furthermore, the 

flexibility of a SBR combined with consistent permeate production via membrane filtration may 

be an optimal configuration for distributed wastewater treatment within the urban environment. 

Other hybrid MBR or SBR concepts have been described in the literature (29, 30), both 

of which reliably achieved complete nutrient removal. However, if optimal recovery of water 

and dissolved nutrients in domestic wastewater is desired, treatment systems must be designed 

for flexibility in order to meet effluent qualities that can be tailored for seasonal or site specific 

uses (i.e., nutrients may be retained in the effluent depending on need) rather than just meeting 

effluent discharge standards. Thus, the concept of tailored nutrient management can be viewed as 

an alternative to complete nutrient removal. For example, reclaimed water is a medium to convey 

valuable dissolved nutrients (i.e., nitrogen and phosphorous) for purposes such as urban 

landscape irrigation, while also meeting other reclaimed water qualities when irrigation is not 

desired. 

The main objective of this study was to investigate the flexibility and robustness of a 

hybrid SBMBR system treating 27 m3 of domestic wastewater per day (7,200 gpd) from a 

clustered housing development to facilitate tailored nutrient management in an urban setting. 

Under the experimental design, we tested the performance and feasibility of a distributed hybrid 

treatment process to properly capture temporal variations in influent wastewater characteristics 

under real-world conditions. We further tested the treatment process with regard to two disparate 

treatment strategies by altering the number and duration of discrete aeration periods of the SBR 

while exploring impacts on membrane performance. Each treatment strategy aimed at achieving 

the same carbon removal efficiencies, while resulting in different total nitrogen and total 

phosphorus effluent qualities. 

2.3 Materials and Methods 

Below are materials and methods. 
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2.3.1 Site layout and SBMBR process description  

The SBMBR system receives raw sewage from a 250-unit student-apartment complex at 

the Colorado School of Mines (Golden, Colorado) through a sanitary sewer diversion (Figure 

2.1a). At the site, influent wastewater flows through a 9.5 m3 (2,500 gallon) underground holding 

tank where a submerged grinder pump transfers a 1.14 m3 (300 gallon) hourly batch of raw, 

screened (2 mm) sewage to one of the two SBRs at approximately 113 L/min (30 gpm). Each 

SBR tank is mixed with a 2.4 horsepower (HP) submersible centrifugal pump with bi-directional 

jet nozzles for mixing. The SBMBR system consists of two parallel-operated SBR tanks that 

work in series with two parallel-operated membrane tanks. The volume of activated sludge in a 

single SBR tank ranges between 9.7 and 10.8 m3 (2,560-2,850 gal) and the volume of a single 

MBR tank is 7.27 m3 (1,921 gal). Total system volume is thus approximately 33.9 m3 (~8,950 

gal). Each membrane tank contains one submerged PURON® PSH30 hollow fiber module (Koch, 

Wilmington, Massachusetts). The total surface area of each membrane cassette is 30 m2, the 

nominal pore size is 0.05 µm, and each of the nine membrane bundles in each cassette is 

individually air-scoured through a diffuser nozzle located at the center of each fiber bundle.  

Each batch of wastewater is processed over a two-hour treatment cycle. During the first 

hour (React phase), the batch of raw wastewater is isolated in the SBR tank, and during the 

second hour (React/Filtration phase), MLSS is exchanged between the SBR and the two MBRs. 

In this investigation, we used temporal variations of an anaerobic or anoxic fill phase (Fill), an 

intermittently aerated phase (React) (total time for Fill plus React phases is 60 minutes), and a 60 

minute intermittently aerated discharge phase (React/Filtration). No MLSS is exchanged 

between a SBR and two MBRs during the combined 60-minute Fill and React phases (Figure 

2.1b). However, during the React/Filtration phase, MLSS is continuously pumped from the SBR 

to the MBRs at approximately 76 L/min (20 gpm/10 gpm into each of the two MBRs). Each 

membrane module produces approximately 12 L/min (3.2 gpm) permeate and excess 

concentrated MLSS from the membrane tanks is returned by gravity to the SBR from which it 

was received via a spillway and a control valve (Figure 2.1b).  
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Figure 2.1 Schematic of SBMBR site layout (a), and SBMBR process flow (b). In (b), the open 
and closed valves indicate that SBR 1 is isolated and is in a Fill/React phase while MLSS 
recirculates between SBR 2 and the MBR tanks. Return activated sludge (RAS) flows by gravity 
to the React/Filtrate SBR via a spillway trough. 

To ensure continuous operation of the system, the SBMBR cycles are configured such that 

while one SBR is in the Fill/React phase, the second SBR is in the React/Filtration phase. 

Correspondingly, the MBRs continuously receive and return MLSS to the SBR while in React-

Filtration phase. Under this process configuration, settle and decant phases typical of 

conventional SBR operation are obviated due to the continuous exchange and rapid filtration of 

MLSS between SBRs and MBRs. In this investigation, the SBRs were operated at approximately 

5,000 mg/L MLSS and the MBRs at approximately 8,000 mg/L MLSS. Waste activated sludge 

(WAS) was discharged from system via the spillway (Figure 2.1b) at the start of each 

React/Filtration phase, at a flow rate of approximately 41.6 L/min (11 gpm) for 0.8-1.0 minute 

per cycle. Sludge retention time (SRT) was calculated based on total amount of biomass and 

adjusted weekly using WAS flow duration. During the investigation, the SBMBR system was 

operated at a SRT of 35-40 days. 
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Based on the batch volume, the SBMBR control system calculates the amount of water to 

be processed by matching the batch volume with either an optimum net flux of 24 Lm-2h-1 or a 

peak net flux of 45.5 Lm-2h-1. Furthermore, permeate backflush is automated and performed 

every 6 minutes for 20 seconds during optimal flux and every 3 minutes for 20 seconds during 

peak flux. Chemical maintenance cleaning was performed every 1-2 months according to the 

manufacturer’s instructions. 

2.3.2 Description of treatment strategies 

The advanced control system implemented in the SBMBR system is designed for flexible 

use and easy manipulation of desired operating parameters. We evaluated membrane 

performance (i.e., transmembrane pressure (TMP) and permeability) and nutrient removal 

efficiency (e.g., chemical oxygen demand (COD), total nitrogen (TN), and total phosphorous 

(TP)) as a function of the duration and frequency of oxic and anoxic periods during each two-

hour treatment cycle (Figure 2.2). For strategy 1, in order to limit the amount of time required for 

denitrification during the fill period, we implemented a 10-minute anoxic phase at the start of the 

treatment cycle followed by 4 intermittent aeration periods in each SBR. This sequence is 

depicted in Figure 2a. The first aeration period proceeded immediately after the 10-minute 

anoxic phase, followed by intermittent periods of aeration for the duration of the treatment cycle. 

In strategy 2, we aimed to increase the amount of time available for denitrification by 

implementing a 20-minute anoxic/anaerobic period at the start of the treatment cycle. Thus, the 

10-minute fill period remained the same; however, the first aeration period was delayed for an 

additional 10 minutes, thereby prolonging anoxic/anaerobic conditions (i.e., 20 minute anaerobic 

conditions). Furthermore, a single and longer aeration period was implemented for each React 

and React-Filtration phase during strategy 2 (Figure 2.2b). Each cycle was concluded with a 25 

minute long anoxic period. 

2.3.3 Data acquisition and analytical procedures 

In order to ensure stable operating conditions for each treatment cycle and treatment 

strategy, supervisory control and data acquisition (SCADA) system was utilized to control and 

measure a wide range of environmental and process parameters. The most important parameters 

measured were fluid flow rates, dissolved oxygen (DO) concentration, TMP, mixed liquor pH 

and temperature, SBR and MBR total suspended solids concentrations, permeate conductivity, 
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and MLSS levels in the SBRs. The DO concentration was set at a maximum of 1 mg/L for both 

treatment strategies and was controlled via a process logic controller (PID) for DO probes and 

aeration devices. Thus, the bioreactor blowers operated at maximum capacity (~1.8 m3/min) in 

order to reach the 1 mg/L DO set point. If DO concentration increased above the 1 mg/L set 

point, the bioreactor blowers would decrease flow as shown in Figure 2.2. 

	  
Figure 2.2 Aeration sequences under strategy 1 (a) and strategy 2 (b). Arrow indicates carryover 
of dissolved oxygen from previous treatment. 

 

Weekly influent grab samples were collected at the beginning of each treatment cycle, 

immediately after the 2 mm fine-screen, during peak flow periods (i.e., between 8 AM and 1 

PM). Permeate samples were collected at the end of the treatment cycle from a permeate 

collection tank with a hydraulic residence time of ~30 minutes. With the exception of total COD, 

all influent samples were filtered using 0.45 µm Pall Co. Supor-450 filters to measure soluble 

COD (sCOD), TN, TP, ortho-P, NH4
+, and NO3

- concentrations. We defined TN as inorganic 
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nitrogen (NH4
+ + NO2

- + NO3
-) plus soluble organic nitrogen using persulfate digestion Test N’ 

Tube method. Ammonia was measured via the Nessler method. Nitrate was measured via 

dimethylphenol method. Ortho-P and TP were measured with ascorbic acid method with acid 

persulfate digestion, respectively. Alkalinity was measured using titration method 8203 (model 

16900, Hach, Loveland, CO). Dissolved organic carbon (DOC) was measured using a Sievers 

5310 TOC analyzer (GE Analytical Instruments, Boulder Colorado). Calcium, iron, magnesium, 

and potassium were measured by inductively coupled plasma - atomic emission spectroscopy 

(ICP-AES) (Optima 5300, Perkin-Elmer, Fremont, CA). 

To evaluate membrane performance, the permeability (K) of the membranes was calculated 

using the recorded TMP and the constant optimal flux (J) of 24 L m-2 h-1 of the membrane. 

       (2.1) 

In order to compare membrane permeability over the course of the operation period, a 

permeability temperature correction (K20) was applied: 

     (2.2) 

While this correction is not comprehensive, as reported by Judd (31), the use of 

temperature normalization is justified in order to compare time series data across different 

seasonal temperatures (32). 

2.3.4 Statistical Analysis 

All data acquired through the SCADA system were extracted and processed using the R 

software (http://www.r-project.org). Statistical analyses were also conducted in R, including 

hypothesis testing, outlier identification, and principal component analysis. The latter was carried 

out in the vegan package, version 2.0-3 (33). 

2.4 Results and Discussion 

Below are results and discussion. 

2.4.1 Start up 

The start-up period (days 1 through 89) of the hybrid SBMBR process lasted 

approximately three months. It was operated under the strategy 1 operating conditions and was 

€ 

K =
J

TMP
[Lm−2h−1bar−1]

€ 

K20ºC = KT ⋅ 1.025
(20ºC −T )[Lm−2h−1bar−1]
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intended to identify and correct any control system errors and mechanical malfunctions. After 

stable conditions with respect to operating parameters and effluent water quality were achieved, 

strategy 1 conditions were maintained for additional 122 days (days 90 through 212). From the 

213th day, the system was operated under strategy 2 conditions. 

Water quality of the SBMBR influent and membrane permeate during strategy 1 and 

strategy 2 operating conditions is summarized in Table 2.1. Influent quality to the hybrid systems 

was consistent and within the range of typical water quality values of domestic sewersheds (4). 

Influent pH values varied between 6.6 and 8.8 with an average of 7.5. 

Table 2.1 Summary of influent and effluent parameters and percent removal during strategy 1 
and strategy 2 operating conditions. Additional water quality parameters from ICP analysis can 
be found in Table A-1 (Appendix A). 

 Steady State - Strategy 1 (Days 90 through 
212) 

Steady State - Strategy 2 (Days 213 through 
334) 

Anoxic - Oxic Anaerobic – Oxic – Anoxic  
Parameter  Influent 

(n=18) 
Effluent 
(n=18) 

%Removal±%SD Influent (n=9) Effluent (n=9) %Removal±%SD 

COD (mg/L) 478.1 ± 110 - - 544.7 ± 190  - - 
sCOD (mg/L) 172.1 ± 30 11.1 ± 4.4 97.5% ± 1.5% 215.9 ± 85 12.6 ± 3.9 97.2% ± 1.7% 
Total N (mg/L) 57.2 ± 12.0  15.5 ± 13.2 69.9% ± 22.8% 73.78 ± 8.4  5.19 ± 1.4 92.9% ± 2.2% 
NH4-N (mg/L) 38.0 ± 6.3  < D.L. - 43.34 ± 2.9  < D.L. - 
NO3-N (mg/L) 0.48 ± 0.26 9.40 ± 4.1 - < D.L. 4.25 ± 1.6 - 
Total P (mg/L) 9.6 ± 4.2  6.01 ± 2.3 33.3% ± 19.0% 10.21 ± 1.3 1.89 ± 1.6 82.1% ± 15.6% 
PO4-P (mg/L) 6.5 ± 3.3  4.18 ± 2.2 29.0% ± 13.9% 7.31 ± 0.77  1.41 ± 1.2 82.3% ± 16.2% 
Alkalinity (mg/L  
as CaCO3) 

189.1 ± 50 48.6 ± 11.6 72.5% ± 12.5% 228.5 ± 24.6  55.3 ± 8.2 69.6% ± 4.7% 

2.4.2 Treatment Performance under Strategies 1 and 2 

Treatment strategies 1 and 2 are markedly different in two respects. First, the anaerobic 

period under strategy 2 is twice as long (20 min) as the anaerobic period under strategy 1 (10 

min), and second, strategy 2 consists of two aerobic steps per cycle totaling 60 min, while 

strategy 1 consists of 4 aerobic steps per cycle totaling 45 min. Despite the inherent differences 

between strategy 1 and strategy 2, COD removal for both conditions was high (97.2%) (Table 

2.1) and was not significantly different (p = 0.864, Welch-Satterthwaite method Two Sample t-

test). 

Nutrient removal efficiencies for strategy 1 were calculated and are summarized in Table 

2.1. Results acquired during this operating period indicate very high removal of COD, moderate 

removal of TN, and low removal of TP. During testing under strategy 1 conditions, the average 

mixed liquor pH was 7.5. The aeration scheme for strategy 2 was adopted on the 213th day of the 
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testing period. This configuration involved a 20-minute anaerobic period at the start of the cycle, 

and the final anoxic step was extended to 25 minutes, thereby preventing any carryover of 

dissolved oxygen to the beginning of the next SBR cycle. Nutrient removal efficiencies for 

strategy 2 are also summarized in Table 2.1. The removal efficiency of TN and TP substantially 

increased (92.9% TN and 82.1% TP removal) under strategy 2. During testing under strategy 2 

conditions, the average mixed liquor pH was also 7.5. 

The SBMBR system demonstrated very low removal of phosphorous when operated 

under strategy 1 conditions (29% removal of phosphate and 33% removal of TP). Phosphorus 

removal under strategy 2 conditions was significantly greater than strategy 1 conditions 

(p=4.52·10-7, Welch-Satterthwaite method Two Sample t-test), achieving an average removal of 

82% TP. The significant increase in phosphorus removal during strategy 2 is attributed to the 

extended anaerobic periods at the beginning and end of each two-hour treatment cycle. 

Furthermore, phosphorus removal did not occur immediately following the treatment transition 

but was established within one week (Figure 2.3). However, phosphorous removal was not 

consistent over the course of strategy 2. This is likely the result of fluctuating sCOD loading over 

the course of a day, which leaves insufficient available carbon for denitrification during off-peak 

flow periods (i.e., evening and early morning hours) to completely remove nitrate 

heterotrophically (Figure A-1-Appendix A). Phosphorus removal is therefore inhibited when 

nitrate is present in the mixed liquor during off peak flow periods and may explain the 

inconsistency of phosphorous removal efficiency across strategy 2. Nonetheless, these results 

demonstrate the feasibility of gaining enhanced biological phosphorus removal (EBPR) in a 

decentralized setting within a relatively short acclimation period (i.e., weeks), which has 

significant practical application for next-generation urban water treatment systems aiming to 

tailor water quality to local needs. 

Under strategy 2 conditions, the SBMBR removed 92.9 % of TN compared to only 

69.9% removal under strategy 1 conditions. Due to three outlying removal values that were 

observed during strategy 1, nonparametric statistical analysis was chosen to test if strategy 2 was 

able to achieve significantly greater TN removal rates than strategy 1. Results revealed that 

strategy 2 achieved significantly greater TN removal rates over strategy 1 (p = 4.1·10-5, using the 

Wilcoxon Sign Rank test). Due to the possibility that the outliers (i.e., 22.0%, 13.2%, and 44.6% 

TN removal) might contribute to a type I error, the outliers were removed and new test statistics 
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were computed. The new mean TN removal under strategy 1 was thus calculated to be 78.6%. 

By satisfying the assumptions for normality and repeating the Welch-Satterthwaite method Two 

Sample t-test, we have evidence to conclude that the true mean TN removal of strategy 2 is 

greater than strategy 1 (p = 5.74·10-5). 

 
Figure 2.3 Time series influent and effluent (permeate) COD, ortho-phosphate, and nitrogen 
species (ammonia and nitrate) concentrations collected weekly from the Mines Park water 
reclamation test site. The time series is divided between strategy 1 and strategy 2 operating 
conditions. Upon transition from strategy 1 to strategy 2, no change in COD removal was 
detected. Phosphorus and nitrogen removal efficiencies significantly increased. 

Overall, TN and TP removal under the conditions of strategy 1 is not suitable for surface 

water discharge. Furthermore, the TN and TP removal process was observed to be variable. For 

example, the variation of TN concentration in the permeate stream was relatively high (average 

of 15.5 mg/L and standard deviation of 13.2 mg/L). This may have been due to slightly lower 

COD loading during the summer months (June – August) when occupancy of the housing 

complex was at its lowest – low COD loading may have limited denitrification in the SBRs. 

However, evidence is insufficient to support this hypothesis as there was no significant 

difference in influent COD loadings between strategy 1 and 2 (p = 0.1714, Welch-Satterthwaite 
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Two Sample t-test). Furthermore, the carryover of DO from the end of each treatment cycle to 

the start of the subsequent treatment cycle is also visible, as illustrated in Figure 2a. The 

carryover of DO, combined with the short duration of the anoxic phase (10 minutes), prohibits 

the establishment of anaerobic conditions (i.e., no nitrate present) inside the SBRs and hinders 

denitrification. The effects of incomplete nitrate removal are thus two-fold: (1) incomplete 

removal of NO3
--N prevents the formation of anaerobic conditions required for enhanced 

biological phosphorus removal (4, 34) and (2) partially inhibited denitrification allows for the 

retention of additional nitrate in the SBMBR permeate. Therefore, an aeration scheme that 

hinders denitrification during the SBR Fill phase is a viable option in a scenario where the 

retention of nutrients in the effluent is desired, such as for landscape irrigation. Overall, 

treatment strategy 2 demonstrated stable removal efficiencies; however, in order to achieve more 

strict effluent discharge requirements for TN and TP, supplemental carbon and coagulant 

addition may be necessary. Further optimization of the anaerobic zone duration and subsequent 

aeration cycles may also enhance the nutrient removal process. 

The main advantage of the SBMBR configuration is that permeate can be produced while 

the reactor is still in reaction phase. Thus, it is possible to manipulate the process such that the 

desired nutrients are present only during filtration. Strategies 1 and 2 are thus two examples of 

how operating parameters (i.e., anaerobic zone duration, oxygen delivery, and number of 

delivery intervals) can be manipulated in order to tailor effluent nutrient concentrations for 

seasonal or sight-specific use. 

2.4.3 Membrane performance 

Average permeate turbidity over the course of the study period was 0.07 NTU. In order to 

further evaluate membrane performance over the course of the study, daily average MLSS 

concentration (g/L), reactor temperature (ºC), TMP (bar), and hourly membrane permeability L 

m-2 h-1 bar-1 at 20 ºC were plotted as a function of time, as illustrated in Figure 2.4. Membrane 

tank MLSS concentrations fluctuated between 6,500 and 9,000 mg/L. Reactor temperature 

showed a clear seasonal trend, with values ranging between 15 ºC in the winter and 25 ºC in the 

summer. TMP was relatively constant and stable from May to November (i.e., day 90 to 

approximately day 277), with averages of 0.084 bar and 0.086 bar for membranes 1 and 2, 

respectively, at which point an increase in TMP was observed. We interpreted the sudden 
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increase in TMP in terms of two possible variables, MLSS concentrations and reactor 

temperature.  

To explore this relationship, we used a Principal Component Analysis (PCA) correlation 

biplot (Figure 2.5) to visualize and interpret the massive multivariate dataset (> 300,000 

observations) collected by the SCADA system during the period of the study. Specifically, we 

used a PCA correlation biplot in conjunction with the dataset to (1) explain how observations, or 

principal component scores, cluster relative to each other, and (2) elucidate how each operating 

parameter (e.g., TMP, MBR MLSS concentration, and sludge temperature), or arrow, controls 

the locations of those observations. Furthermore, the angle between arrows in the biplot indicate 

their correlations such that projections in the same direction are positively correlated, projections 

in opposite directions are negatively correlated, and orthogonal projections have a correlation 

close to zero. Results illustrated in Figure 2.5 reveal that the combined proportion of variance 

explained by the first pair of axes is 85.5% (60.2% and 25.3% for PC1 and PC2, respectively), 

indicating that the first two principal components accurately represent the data in 2-dimensional 

space (35). Also in Figure 5, the observations are binned by season such that points colored in 

black represent spring/fall months, red points represent summer months, and green points 

represent winter months. Results show that summer observations (red) cluster together, winter 

(green) observations are clearly separated from summer, and spring/fall observations (black) lie 

in between. The separation of results along this gradient is a result of seasonal temperatures and 

TMP, which project outward from each other along axis 1 – indicating a strong, negative 

correlation. Along axis 2 there is no visible trend for the impact of MLSS concentration on TMP. 

Furthermore, in order to quantify the significance of these results we calculated Pearson product-

momentum correlation coefficients. Results indicate that the effect of reactor temperature on 

TMP was highly significant (p = 2.2·10-16), while the variations in TMP did not significantly 

correlate with membrane tank MLSS concentrations (p = 0.1969, at a 95% confidence interval). 

Therefore, these results highlight and reinforce the importance of water temperature as a major 

operating parameter affecting TMP and membrane performance for distributed systems at the 

scale reported in this study. 
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Figure 2.4 MBR performance as a function of time during treatment strategies 1 and 2. Panel (a) 
shows the fluctuations in MBR MLSS in g/L over the course of the study period. Panel (b) shows 
the change in temperature in °C over the course of study period. Panels (c) and (d) show TMP 
(bar) and membrane permeability at 24 Lm-2·h-1·bar-1, respectively. Stars in panel (d) indicate 
when membrane maintenance cleaning was performed. 
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Figure 2.5 The effects of temperature and MBR MLSS concentrations visualized in ordination 
space using a data reduction technique PCA correlation biplot. 85.5% of the variation in the data 
(sum of 60.2% and 25.3%) is explained by the first two principal components. Principal 
component scores (i.e., points) for the first two axes cluster based on season with sludge 
temperature and TMP explaining the observed clustering patterns. 

As a result of the sudden TMP increases that were due to seasonal temperature shifts (i.e., 

during November and December), membrane permeability was also adversely affected, declining 

to approximately 100 L m-2 h-1 bar-1 by late-November. In response to the declining membrane 

permeability, a membrane maintenance cleaning was conducted but only partially restored 

permeability for the duration of the studied period. Inspection of the membrane modules post-

study period revealed that membrane clogging, or sludging, was evident and likely explains the 

rise in TMP and decline in membrane permeability. The cause of the membrane sludging is 

likely due to increasing MLSS viscosity from decreasing temperature during colder temperatures 
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as reported by Judd (31). Winterization of the SBMBR before the following winter (enclosure in 

an insulated barn) resolved the operational challenges of temperature effects on TMP. 

In decentralized settings the effects of temperature on membrane performance must be 

considered and proper infrastructure (i.e., thermal insulation) must be in place to ensure stable 

operation. Nonetheless, in our study membrane permeability averaged 284 L m-2 h-1 bar-1 for 

membrane cassette 1 and 256 L m-² h-1 bar-1 for membrane cassette 2, and is comparable to other 

studies operating a under a similar flux range (27, 36).  

Lastly, the transition from treatment strategy 1 to strategy 2 did not have any apparent 

negative impacts on membrane performance (i.e., permeability or TMP). This indicates that the 

manipulation of anaerobic and aerobic periods within SBR treatment cycles does not have 

adverse affects on membrane fouling. Therefore, an SBMBR hybrid treatment system is capable 

of achieving different effluent qualities within the same operating footprint, without 

compromising membrane performance, and it offers new options for water supply planning and 

water reuse within the urban environment.  

2.4.4 Conclusion 

This study reports the first decentralized/satellite application of a hybrid sequencing 

batch membrane bioreactor (SBMBR) implemented in an urban setting and operated in a tailored 

water reuse mode. Our results reveal that a flexible wastewater treatment system can be used to 

achieve different effluent quality without compromising the performance of membrane operation. 

Thus, a flexible treatment system has great potential to tailor effluent qualities to local urban 

water demands, such as for landscape irrigation, household service water, stream flow 

augmentation, or groundwater recharge. Further research must aim at assessing the level of 

predictability, resilience of system performance to changing treatment conditions, and long-term 

robustness of flexible treatment systems.  
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3 CHAPTER 3 – PHYLOGENETIC RECONSTRUCTION OF AN ACTIVATED SLUDGE 

COMMUNITY UNDER DIFFERENT SOLIDS RETENTION TIMES 
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3.1 Abstract  

The resilience of microbial communities to press-disturbances and whether ecosystem 

function is governed by microbial composition or by the environment have not been empirically 

tested. To address these issues, a whole-ecosystem manipulation was performed in a full-scale 

activated sludge wastewater treatment plant. The parameter solids retention time (SRT) was 

manipulated, which started at 30-days, then decreased to 12 and 3 days, before operation was 

restored to starting conditions (30-day SRT). Activated sludge samples were collected 

throughout the 313-day time-series in parallel with bioreactor performance (‘ecosystem 

function’). Bacterial small subunit (SSU) rRNA genes were surveyed from sludge samples 

resulting in a sequence library of >417,000 SSU rRNA genes. A shift in community composition 

was observed for 12- and 3-day SRTs. The composition was altered such that r-strategists were 

enriched in the system during the 3-day SRT, while K-strategists were only present at SRTs ≥ 12 

days. This shift corresponded to loss of ecosystem functions (nitrification, denitrification and 

biological phosphorus removal) for SRTs ≤ 12 days. Upon return to a 30-day SRT, complete 

recovery of bioreactor performance was observed after 54 days despite an incomplete recovery 

of bacterial diversity. In addition, a different, yet phylogenetically related, community with fewer 

of its original rare members displaced the pre-disturbance community. Our results support the 

hypothesis that microbial ecosystems harbor functionally redundant phylotypes with regard to 

general ecosystem functions (carbon oxidation, nitrification, denitrification, and phosphorus 

accumulation). However, the impacts of decreased rare phylotype membership on ecosystem 

stability and micropollutant removal remain unknown.   
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3.2 Introduction 

Mixed-culture microbial assemblages present in biological wastewater treatment systems, 

such as activated sludge, are the most important component of modern sanitation systems used in 

domestic and industrial wastewater treatment (4, 37). These assemblages are organized into 

planktonic biofilms or flocs that degrade complex organic matter, attenuate toxic compounds, 

and transform inorganic nutrients in wastewater. In addition to the importance of activated 

sludge in modern sanitation, these systems are uniquely suited for whole-ecosystem scale 

experimentation due to the tight controls on chemical, physical and biological processes (3). As a 

model system for microbial ecology, research on activated sludge has greatly informed our 

understanding of microbe-microbe interactions (3, 38, 39), undiscovered biochemistry (40–44), 

and community assembly theory (45, 46). However, little work has focused on the ecological 

consequences of press (i.e., prolonged) disturbances on microbial diversity and the extent of 

compositional versus environmental effects on ecosystem function (47). Most community 

ecology studies in activated sludge systems have been limited to microbial diversity surveys of 

full-scale municipal treatment plants that are not open to experimental manipulation (5, 48–52). 

Thus, a large knowledge gap exists with regard to activated sludge microbial community 

temporal variability, responses to species-selection pressures and resilience to disturbances. 

Environmental factors, such as pH and temperature, are known to influence specific 

functions (e.g., nitrification) in activated sludge bioreactors. However, system performance and 

microbial diversity are most influenced by operating conditions (e.g., organic loading rate and 

feed composition) and reactor configuration (e.g., batch-fed versus continuous) (53). Pholchan et 

al. found that microbial diversity and performance increased under a batch-fed configuration, but 

diversity itself could not be systematically manipulated, which indicates a knowledge gap 

regarding the control of both the membership and structure of engineered microbial communities. 

The effects of other operational parameters on microbial diversity such as solids retention time 

(SRT), which represents the average time that microorganisms reside in a bioreactor, have yet to 

be investigated thoroughly and under realistic conditions (54, 55). For example, real wastewater, 

rather than synthetic feed solutions, should be used to account for mechanisms of spatial 

dynamics such as colonization (56), and reactor volume must be large enough to 1) ensure that 

biomass collection does not act as a confounding variable on SRT and 2) operation should be at a 

relevant scale for community ecology and environmental engineering (57). 
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It is plausible that SRT can be used to control both diversity and composition of 

microorganisms because it is related to the specific biomass growth rate (4) and would likely 

influence the abundance of Bacterial, Archaeal, and Eucaryal clades within the community. The 

manipulation of SRT also implies that microorganisms can be selected along a continuum of life-

history strategies, which forms the bases of r-K selection theory (58). Only organisms that have 

doubling times less than a corresponding SRT will be capable of growing quickly enough in the 

system to avoid being washed out. Thus, there is a trade-off between maximum growth rate and 

resource-use efficiency: 1) Fixed volume bioreactors operated at high SRTs will be highly 

saturated with organisms (i.e., density-dependent growth) that are capable of efficiently utilizing 

scarce resources (‘K-strategists’); 2) Low SRTs will enrich for fast-growing organisms that are 

adapted for high resource utilization (‘r-strategists’) and typically dominate unstable 

environments where disturbances have recently occurred (59). 

To explore the consequences of a press-disturbance in the context of ecosystem function 

and microbial diversity, we sequentially reduced the SRT from 30-days, to 12-days and 3-days, 

before operation was restored to a 30-day SRT, over a time-course of 313 days. This study was 

performed in a full-scale activated sludge wastewater treatment plant (sequencing batch 

membrane bioreactor (SBMBR) configuration, as described by Vuono et al. (27)) in order to 

tightly control environmental conditions such as pH, dissolved oxygen concentrations (DO), 

biomass concentrations, and Food:Microorganism (F:M) ratio. We hypothesized that both 

microbial community structure and membership would shift with changes in SRT, and that the 

shift would reflect a selective enrichment of microorganisms along a life-history continuum (r vs. 

K strategists). We further hypothesized that if microbial communities are resilient to press-

disturbances, we should observe secondary succession of a community comprised of pioneering 

species to a climax community with the same diversity prior to the disturbance. Because 

diversity can be viewed from a spectrum of viewpoints, we used Hill numbers to measure and 

compare diversity through time and across treatments (60–63). In addition, we hypothesized that 

if community composition was a major factor that governs ecosystem function, the same 

community should return after the disturbance and perform the same functions. In this study, a 

culture-independent approach was employed to monitor bacterial diversity with barcoded 

amplicon sequences of the bacterial small subunit (SSU) rRNA gene. In parallel, a wide range of 
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metadata was collected as operational, performance, and water quality parameters to identify 

break points for ecosystem function gain and loss. 

3.3 Materials and Methods 

Below are materials and methods. 

3.3.1 Sampling, Amplification, and Sequencing 

All biological samples for each time-point observation were collected in triplicate. 

Activated sludge samples were collected from a ~75 L/min sludge recirculation line between 

SBR and MBR tanks (see Appendix B - SI Materials and Methods for details on reactor 

operation). Samples were stored at -20 ºC prior to processing. DNA was extracted within one 

month of sampling using MoBio PowerBiofilm DNA extraction kit following manufacturer’s 

protocol with a 1 min. bead-beating step for cellular disruption. Barcoded SSU rRNA gene 

primers 515f-927r were incorporated with adapter sequences for the GSFLX-Titanium platform 

of the Roche 454 Pyrosequencing technology (see Appendix B - SI Materials and Methods for 

details). 

3.3.2 SSU rRNA processing pipeline and quality control 

SSU rRNA gene amplicons generated from pyrosequencing were binned by barcode and 

quality filtered using the ‘split_libraries.py’ script in the Quantitative Insights Into Microbial 

Ecology (QIIME v1.5-dev) software (64). Sequences with errors in the barcode or primer, 

shorter than 400 nt, longer than 460 nt, with a quality score <50, homopolymer run greater than 6 

nt, and which contained ambiguous base-calls were discarded from downstream analysis. 

Flowgrams for remaining sequences were denoised using DeNoiser version 1.3.0-dev by (65). 

Chimeric sequences were identified using UCHIME under reference mode and de novo mode 

(66) (see Appendix B - SI Materials and Methods for details). The remaining 672,521 sequences 

were processed in Mothur (67) as outlined by Schloss et al. (68) Schloss SOP version data 

15/2/2013 (see Appendix B - SI Materials and Methods for details). Singletons were discarded 

from downstream analysis prior to diversity calculations. A phylogenetic tree was constructed 

from the filtered alignment using FastTree. Unweighted and weighted UniFrac distance matrices 

were calculated from the phylogenetic tree along with Morisita-Horn distances. Beta diversity 

metrics were derived from a rarefied OTU table from the sample with lowest sequencing depth 

(see Appendix B - SI Materials and Methods for details on diversity calculations and statistical 
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analysis). These sequence data have been submitted to MG-RAST database under the 

metagenomic ID 9726 (static link http://metagenomics.anl.gov/linkin.cgi?project=9726) 

3.4 Results 

Below are results. 

3.4.1 Analysis of Ecosystem Function 

To provide context for the biological response to the SRT disturbance, we measured a 

wide range of operational and environmental parameters obtained through a Supervisory Control 

and Data Acquisition (SCADA) system (>1.0 x 108 measurements) (Figure B-1 - Appendix B). 

In addition, we characterized ecosystem processes by measuring removal efficiencies of 

chemical oxygen demand (COD), total nitrogen (TN), ammonia, nitrate, nitrite, and total 

phosphorus (TP). Throughout the investigation, COD removal was consistently greater than 90% 

and was not significantly different between pre-disturbance and the 3-day SRT (P=0.123, 

Wilcoxon signed-rank test). Mean ± standard deviation of pre- and post-disturbance COD 

removal were 96.3±0.9% and 95.6±0.8%, respectively, and were not significantly different 

(P=0.102, Wilcoxon signed-rank test). TN and TP removal were also not significantly different 

between pre- and post-disturbance (TN: P=0.069, TP: P=0.79, Wilcoxon signed-rank test). TN 

removal exceeded 90% on day 214, while TP removal exceeded 95% on day 236. Removal 

efficiencies are summarized in Table B-1 - Appendix B. All general ecosystem functions (i.e., 

COD, TN, and TP removal) recovered within 54 days after the end of the 3-day SRT, or 

maximum disturbance state (MDS) (see Appendix B - SI Methods and Materials). 

The transition from a 12-day SRT to a 3-day SRT resulted in a major shift in the nitrogen 

cycle within the treatment plant (Figure B-2 - Appendix B). The complete loss of nitrification 

was observed within 2 days of starting the 3-day SRT (day 162). Correspondingly, effluent 

ammonia concentrations gradually increased and peaked at 39.2 mg NH3-N/L (day 182). After 

biomass wasting ceased (day 178, aka biomass recovery), ammonia and nitrite oxidation 

gradually increased and recovered by day 205 and 214, respectively. Heterotrophic 

denitrification efficiency also recovered rapidly by day 219, as indicated by the lack of nitrite 

and nitrate accumulation in the treated effluent. 
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3.4.2 Effects of SRT on Bacterial Diversity 

	  
Figure 3.1	  Mixed liquor suspended solids (MLSS) concentration (g/L) within the sequencing 
batch membrane bioreactor (SBMBR) with corresponding reactor SRTs, transitions and biomass 
recover periods as a function of time (A). Total Biomass (kg) is also indicated as new 
membranes were installed on day 225 and bioreactor volume was reduced; Food:Microorganism 
(F:M) Ratio as a function of time (B). Red horizontal dashed-line indicates the F:M ratio 
threshold (< 0.1 kgCOD kgMLVSS-1 d-1) used in engineering design for SBR reactors (4); Three 
orders of diversity q = 0, 1,  and 2 as a function of time and corresponding treatment conditions 
(C). Calculations were made after rarefying to an equal number of reads for all samples to 
control for unequal sampling effort. Error bars indicate 95% confidence interval approximated 
from a t-distribution. Red ‘asterisk’ and green ‘arrow’ indicate when nitrogen removal and 
phosphorus removal recovered in the system, respectively. 
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We monitored bacterial communities along the experimental time-course by collecting 

activated sludge samples (n = 81) and sequencing the V4-V5 hypervariable region of the 

bacterial SSU rRNA gene. A total of 417,515 high quality amplicon reads were obtained at an 

average read depth of 5,155 sequences/sample, with sequence statistics of 

1,925/10,059/4,947/1,829 (min/max/median/SD, respectively) and a total of 2,478 operational 

taxonomic units (OTUs; 97% sequence similarity by average-neighbor method). To accurately 

compare bacterial diversities across the different SRT treatments, we calculated Hill numbers 

based on OTU sequence counts (Figure 3.1C, Equation 1). 

As an ecological parameter, the term “diversity” is more inclusive than simply species 

richness and includes aspects of community evenness. Furthermore, estimating the total number 

of microbial species (as ‘OTUs’) in a microbial community, even if asymptotic estimators such 

as Chao1 are used, cannot be accomplished from sample data alone (69). Generalized diversity 

metrics such as Hill numbers facilitate our interpretation of diversity by maintaining a 

mathematical “doubling property”, producing ecologically intuitive quantities that allow for 

confidence in both ratios and percentage changes. Thus, Hill numbers can inform our 

understanding of the magnitude of change between two communities, which is often more 

relevant for biological interpretation (62). Hill numbers are calculated using the following 

equation (61). Let 0 ≤ q < ∞, such that
 
 

                                                        (3.1) 

where S is the number of species sampled, pi is the species frequency of the ith species and the 

parameter q, or sensitivity parameter, is equal to the “order” of diversity that applies weight to 

common or rare species. 0D is equivalent to species richness, 1D is equal to exp(Shannon entropy 

(H) = -∑pi ln pi), and 2D  is equivalent to 1/Simpson concentration (61, 62). Together, 1≤q≤2 

provides a unified framework for diversity measurements, which can be interpreted as the 

effective number of species (ENS), or a community of S equally abundant species. 

During our time-series, the sequential decrease of SRT from 30 to 3 days had a large 

negative effect on taxonomic diversity. Our results from estimating species richness (0D) indicate 

the large range of variation within time-point replicates (Figure 3.1C). These results are 

consistent with the finding of Haegeman et al. who demonstrate the large biases involved in 
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species richness estimations and the interpretation of results from values of q<1. However, at 

q≥1 we see the true impact of the SRT press-disturbance on the activated sludge community. Our 

calculations for 1D, which weigh each OTU exactly by its frequency, indicate a 57% reduction of 

diversity from a pre-disturbance 30-day SRT to a 3-day SRT (mean±SD: 145.3±12.8 and 

62.5±6.0 ENS, respectively). During the biomass recovery phase 1D decreased further (52±5.7 

ENS) and moderately recovered by the post-disturbance recovery 30-day SRT (86.5±12.6 ENS, 

59.5% of the pre-disturbance ENS). At 2D, where dominant species are disproportionally 

emphasized by the diversity calculation, we see diversity trends similar to 1D. Between pre-

disturbance 30-day SRT and press-disturbance 3-day SRT we observed an even greater decline 

in diversity (60.6%) compared to 1D, which indicates a less-even community than during the 

MDS. Post-disturbance diversity recovered to 63.4% of the original starting conditions, with 

corresponding means of 59.5±9.0 and 37.7±10.3 ENS for pre- and post-disturbance, respectively.  

To ascertain if diversities at each SRT treatment were statistically different, we modeled 

the series as an autoregressive (AR(1)) process in order to account for autocorrelation (see 

Appendix B - SI Materials and Methods). For both 1D and 2D we tested the null hypothesis that 

mean values were equal across SRT treatments: µ30d-pre = µ12d = µ3d = µ30-post. For both cases, 

diversities were statistically different at the 5% level (q=1: P=0.0053, likelihood ratio statistic 

12.73; q=2: P<0.001, likelihood ratio statistic 19.61; distributed X3
2). When comparing pre- and 

post-disturbance diversities only (µ30d-pre = µ30-post), 1D was significantly different (P=0.0064, 

likelihood ratio statistic of 7.42, distributed X1
2), while 2D was not (P=0.0746, likelihood ratio 

statistic of 3.18, distributed X1
2). These results suggest that the system recovered to a greater 

extent with regard to common OTUs (2D), but was significantly less diverse in its pool of rare 

OTUs (1D). 

To verify that the observed estimates of taxonomic diversity for orders 1 and 2 were 

congruent (because OTU-based measures are arbitrary and can be affected by OTU picking 

methods (70–72)), we plotted phylogenetic diversity (PD) (73) based on Hill numbers (60) as 

described by Leinster and Cobbold (63) and Armitage et al. (74) (Figure 3.2). In Figure 3.2, a 

series of effective numbers using mean qDZ(π) values for each SRT treatment are plotted versus 

q, where π is the relative abundance of “historical species” (see SI Materials and Methods for 

detailed calculation). Figure 3.2 (inset) displays the qDZ(π) values between 1≤q≤2. Crossover 

points for each treatment indicate transitions between communities that differ in their diversities 
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of rare to common taxa. The pre-disturbance (30-day SRT; solid line) community is more 

diverse than all treatments, except at q=1.72 when the solid line crosses below the profile for 

Biomass Recovery (dotted line). As q approaches 2, the biomass recovery community is the most 

diverse with regard to common taxa (i.e., it is the most even). However, the post-disturbance 

SRT (dotted-dashed line) is the least diverse, as the profile lies below all other treatment profiles. 

At q≈1, pre-disturbance ENS is 30.3% more diverse than post-disturbance and at q≈2, pre-

disturbance ENS is 16.9% more diverse than post-disturbance. These results indicate the 

incomplete recovery of phylogenetic diversity post-disturbance with regard to rare taxa. 

 
Figure 3.2	   Heatmaps displaying pairwise Morisita-Horn distances (A) and weighted UniFrac 
distances (B) for each sample date and corresponding SRTs. Values along unity indicate days 
elapsed from the start of the study. Values close to 1 (green-yellow) indicate high similarity 
while values close to 0 (brown-white) indicate dissimilarity. Opposing side of each matrix is 
omitted for clarity.	  

3.4.3 Effects of SRT on Community Composition 

Pairwise ecological dissimilarity metrics of composition and relatedness were used to 

measure changes in community composition across all SRTs. We hypothesized that because 

ecosystem function recovered by 54 days after the MDS, similarity should be observed between 

pre- and post-disturbance communities. Given that rare community members (1D) recovered to a 

lesser degree than common members (2D) (Figure 3.1C and Figure 3.2), we chose the Morisita-

Horn (MH) and Weighted UniFrac (WU) indices to characterize the recovery of common 

community members. Rather than perform an Eigen-decomposition of the MH and WU distance 
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matrices to be visualized and condensed into ordination space, we chose to visualize the distance 

matrices directly (Figure 3). The MH index, which measures compositional similarity of 

abundant OTUs, showed greater similarity within each SRT (values approaching unity as blocks 

of green along diagonal), while the largest shifts in similarity were between SRTs (Figure 3.3A). 

Next, analysis of similarity (ANOSIM) and permutational multivariate analysis of variance 

(ADONIS) were used to test if bacterial community composition (with transition categories 

removed) within the same SRT and between SRTs were statistically different. Results suggest a 

strong distinction between treatments (RANOSIM=0.86, P<0.001; R2
ADONIS=0.75, P<0.001). After 

the system was returned to a 30-day SRT (lower right, Figure 3.3A), time-decay was observed, 

which indicates that the community was still undergoing dynamic succession with addition and 

replacement of new community members. Similar trends were observed after compositionally 

based dissimilarity metrics were employed, which include both abundance weighted (e.g., Bray-

Curtis) and presence/absence (unweighted UniFrac) metrics (Figure B-3 - Appendix B). 

Investigation of phylogenetic relatedness (WU, Figure 3.3B) revealed similar patterns to 

MH between SRTs (value approaching unity along diagonal). However, in contrast to MH, 

phylogenetic similarity during the post-recovery 30-day SRT remained relatively high through 

time. Also, during the biomass recovery period (WU, Figure 3.3B) a clear bifurcation was 

observed after day 201 where pairwise similarities among pre- (30-day SRT) and post-

disturbance increased and were at their maximum values (0.73 on day 311). These results 

suggest that phylogenetically related organisms reestablish in the post-disturbance community. 

Here, reestablish is defined as either recolonization (immigration from a source community) or 

regrowth by organisms (e.g., dormant) within the bioreactor that were not completely washed out. 

These results are also corroborated using ordination techniques, as the trajectory of the bacterial 

communities along the principal coordinate (PCo) 1 axis return to their original starting 

conditions (WU) (Figure B-4 - Appendix B). The distinction of community similarity within, 

rather than between SRTs, however, remained high (RANOSIM=0.92, P<0.001; R2
ADONIS=0.68, 

P<0.001) despite the observed trends of similarity (i.e., return of PCo scores along PCo1 axis). 

3.4.4 Bacterial Dynamics/Response During Selective Enrichment of r-K Strategists 

Taxonomic assignments were mapped onto OTUs to measure the relative shifts in 

abundance of specific bacterial clades. The abundance of major bacterial phyla are plotted versus 

time in Figure 3.4. Here, dynamic fluctuations of higher bacterial taxonomic ranks are seen both 
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through time and across SRTs. The most notable shifts in relative abundance occurred during the 

MDS (3-day SRT). Several bacterial phyla, such as Acidobacteria, Planctomycetes, Chloroflexi, 

and Nitrospira declined in abundance, which indicates that these phyla were washed out of the 

system as SRT decreased. Because Nitrospira is associated with the oxidation of nitrite, these 

results explain the decline in nitrogen removal efficiency and the accumulation of nitrite in the 

treated effluent (Figure B-2 - Appendix B). After the MDS, ammonia and nitrite concentrations 

in the treated effluent were below detection limit on days 205 and 219, respectively. These 

results correspond to the increase of ammonia oxidizing bacteria (AOB) and nitrite oxidizing 

bacteria (NOB) in the activated sludge. While these results are not surprising, because nitrogen 

removal efficiency has long been known to improve with longer SRTs (typically > 5 days), prior 

studies have not demonstrated the complete washout and recovery of such functionally important 

organisms. For, example, two sublineages of known NOB within the phylum Nitrospira were 

present before the initial transition to a 12-day SRT: sublineage II, whose cultured representative 

is Nitrospira moscoviensis, was present at greater relative abundance (1.5-2%) than its 

sublineage I counterpart (‘Candidatus’ Nitrospira defluvii) (~0.5%). However, by day 90 (during 

the 30-12 day SRT transition) sublineage I displaced sublineage II and persisted as the only 

Nitrospira OTU to recover from the MDS. 

The relative abundance of organisms at higher taxonomic ranks such as Alpha- and 

Gammaproteobacteria remained constant in response to SRT operational transitions, which 

indicates generalism (i.e., mildly fluctuating dynamics and persistent occurrence through time). 

However, at lower taxonomic ranks a differential response was observed. For example, taxa of 

the order Actinomycetales within the Actinobacteria persisted at a relatively consistent level 

through the MDS but more than doubled in abundance after the MDS. The majority of the 

increase in abundance within Actinomycetales (48.1%) was attributed to sequences associated 

with the genus Tetrasphaera (OTU 1153), known to include phosphate-accumulating organisms 

(PAO). However, taxa within Acidimicrobiales declined to extinction during the MDS and 

reestablished thereafter. Similar patterns were observed within Alphaproteobacteria (Figure B-5 - 

Appendix B) and Gammaproteobacteria. In the latter, taxa within the order Xanthomonadales did 

not appear to be greatly affected by the MDS (indicating generalism), while phylogenetically 

related taxa of Chromatiales were pushed to temporal extinction but reestablished thereafter. 
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These results highlight the variability and diversity of life-history strategies, even among 

phylogenetically related groups.  

 
Figure 3.3	  Relative abundance of major bacterial phyla as function of time and corresponding 
SRTs: from left to right is 30 day SRT, 3 Day SRT and post-recovery 30 day SRT. Error bars 
represent the standard error of the sample mean. *Cultured representatives of each Nitrospira 
sublineage detected.	  

Orders within two phyla displayed a positive response to the MDS, indicating the 

selection of r-strategists. Within Betaproteobacteria, taxa within the order Burkholderiales 

increased to a maximum of 23% of the total community during the MDS. Interestingly, AOB 

within the Betaproteobacteria were pressed to temporal extinction (Figure S6). Members of 

Rhodocyclales also increased in relative abundance (to ~7% from ~2.5%); however, post-

disturbance abundance fluctuated in a comparable range. Members of the phylum Bacteroidetes 

increased in abundance precisely as the system transitioned to a 12-day SRT. The relative 

abundance of taxa within the order Sphingobacteriales increased by 20% above 12- and 3-day 

SRT levels during the biomass recovery period. The most prominent taxa were affiliated with 
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members of the family Saprospiraceae, which are known to be epiphytic protein-hydrolyzers 

commonly attached to filamentous bacteria (75). 

The phenotypic effects associated with rRNA gene copy number have been shown to 

positively correlate with the rate at which phylogenetically diverse bacteria respond to resource 

availability (76). Thus, the translational power or number of rRNA gene operons for abundant 

OTUs should be inversely related to SRT. The number of rRNA gene operons from the most 

abundant OTUs was estimated at various SRTs with the Ribosomal RNA Database (rrnDB) (77). 

The two most abundant OTUs during the 3-day SRT (MDS) were members of 

Betaproteobacteria order Comamonadaceae (OTU 418) and Bacteroidetes order 

Sphingobacteriales (OTU 1200). Together, OTU 418 and 1200 matched at 100% bootstrap 

confidence at the family-level in the rrnDB with upper estimates of rRNA gene operon copy 

number of 5 and 6 and means of 2.8 and 3.0 at order and family levels, respectively. During the 

biomass recovery phase, the two most abundant OTUs, which were also of orders 

Comamonadaceae and Sphingobacteriales (OTU 1453 and 1, respectively), had upper rRNA 

gene operon copy number estimates of 5 and 6, respectively. K-selected organisms found in our 

sequence libraries, such as Nitrospira sp., Nitrosomonas sp., and taxa phylogenetically 

associated with Planctomycetes and Chloroflexi all contained 1 rRNA gene operon and at the 

family-level had average estimates of 1.75. K-selected organisms were present only at SRTs 

≥12-days, while r-selected organisms were abundant during all SRTs. The decline in abundance 

of K-selected organisms during the MDS validates that SRT is an appropriate parameter to 

enrich for a variety of organisms that display trade-offs between maximum growth rate and 

resource-use efficiency (i.e., life-history strategy). 

3.5 Discussion 

Below is the discussion. 

3.5.1 Microbial Diversity is Not Resilient to All Types of Disturbance 

In this study, it is demonstrated that 1) the operational parameter SRT can selectively 

enrich for organisms based on life-history strategy (i.e., selection of r-K strategists); 2) in 

contrast to studies that show resilience of microbial diversity to pulse-disturbances (78), 

microbial communities in activated sludge did not fully recover to their original state after the 

press-disturbance; and 3) the recovery of microbial composition is not a prerequisite for the 
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recovery of general ecosystem functions. Concordantly, our results support the functional 

redundancy hypothesis for microbial ecosystems (47) and indicate that after a major disturbance, 

new microbial communities reassemble to perform the same ecosystem functions. Thus, 

environmental conditions are the main driver in selecting for specific ecosystem processes. A 

major issue in microbial ecology has been to elucidate compositional versus environmental 

effects on ecosystem processes. Allison & Martiny suggest that this could be accomplished 

through manipulation of microbial composition while controlling the abiotic environment. We 

chose SRT as the most appropriate parameter to address this question because of its capacity to 

select for organisms over a range of life history strategies. The manipulation of SRT is also 

analogous to macro-scale ecological processes where diversity in a climax community is reduced 

by disturbance followed by interspecific competition and secondary succession of early 

colonizers (79). Indeed, over 55% reduction in diversity was observed during the MDS and early 

colonizers that were phylogenetically affiliated with bacterial orders Comamonadaceae and 

Sphingobacteriales outcompeted late colonizers, such as AOB, NOB, Planctomycetes, 

Chloroflexi, and populations of Actinobacteria and Gammaproteobacteria. Our results show that 

while some phylogenetically related organisms reestablish after the disturbance, community 

composition was significantly different and ~40% less diverse (1D) with rare membership 

comprising the majority of diversity loss. 

Despite the incomplete recovery of diversity and composition, general bioreactor 

functions (i.e., carbon oxidation, nitrification/denitrification, and phosphorus accumulation) 

recovered relatively quickly (54 days). These results indicate functional redundancy of the post-

disturbance community. It is important to note that while complete recovery of diversity was not 

observed during the study period, it is possible that rare taxa may have returned if the study 

period were extended. Furthermore, we have not addressed how diversity loss in the rare species 

pool may affect ecosystem stability in response to future disturbances, as rare and dormant 

organisms play an important role in maintaining diversity (80). In addition, rare community 

members are likely responsible for other metabolically specialized functions such as 

biotransformation and degradation of organic micropollutants (81, 82). Additional studies should 

evaluate the impact of disturbance on micropollutant removal coupled with surveys of associated 

functional genes. Lastly, the mechanisms by which microbial ecosystems can be repopulated 

after disturbance, either through recolonization (i.e., immigration) or regrowth, must also be 
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evaluated in order to inform our understanding of diversity maintenance and enhance recovery of 

microbial ecosystems after disturbance. 

3.5.2 Improved Methods of Comparing Microbial Diversity 

A common approach in microbial community ecology studies is to assess ecosystem 

resilience and recovery through comparison of univariate metrics and visualization of 

community data in ordination space (83–89). These methods often oversimplify and condense 

complex community data into a single datum point, which cannot be partitioned into independent 

alpha- and beta- components (90). In the current study, we expand the suite of measurements to 

include a variety of ecosystem processes and demonstrate the utility of using Hill numbers to 

more comprehensively measure and compare microbial diversity. For example, if conclusions 

regarding community resilience were based solely on Weighted UniFrac PCoA results (Figure B-

3 - Appendix B), one could falsely conclude that the microbial community completely recovered. 

However, the use of Hill numbers expands our understanding of diversity by revealing the 

opposite conclusion: microbial diversity was not resilient because diversity across all orders of q 

did not recover to the pre-disturbance state. We contend that Hill numbers, calculated both 

taxonomically (i.e., OTU-based) and phylogenetically (i.e., using diversity profiles), are the most 

informative metrics for comparing microbial diversity, and that these metrics should permeate 

into other fields of microbial ecology such as clinical microbiology associated with the massive 

DNA sequence studies of the Human Microbiome Project (91). 

3.5.3 Prediction of Ecosystem Health Based on Indicator Species 

In this study, the activated sludge metacommunity is temporally partitioned by selecting 

for organisms based on a range of life-history strategies (i.e., r versus K strategists). Fierer and 

colleagues (92) found that certain bacterial phyla in soil could be partitioned into r-K categories 

using both experimental soil columns and meta-analysis, measured by the net carbon (C) 

mineralization rate. The relative abundance of Acidobacteria negatively correlated with C 

mineralization rate (r2 = 0.26, P < 0.001), while Bacteroidetes and the Beta-class of the phylum 

Proteobacteria were positively correlated with C mineralization rates (r2 = 0.34, P < 0.001 and r2 

= 0.35, P < 0.001, respectively) (92). Our study yields similar results, albeit through an 

alternative selection method: adjustment of SRT in a wastewater treatment system. We 

demonstrate that more ecosystem processes (nitrification/denitrification and PAO activity) are 
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present at higher SRTs when K-strategists are detected. At lower SRTs (3-days), K-strategists 

were absent and the only remaining ecosystem process, among the performance parameters that 

were measured, was carbon oxidation. As more genomes are sequenced and added to the rrnDB 

and other databases, future studies can enumerate the number of K-strategists in their sequence 

libraries to gauge ecosystem health and successional stage. 

3.5.4 Merging Ecology and Environmental Engineering 

Activated sludge bioreactors are a model system for microbial ecology, but they also 

serve a major role in water quality and public health protection and as a renewable source of 

freshwater in urban centers with scarce water supplies. Knowledge and integration of both 

disciplines can improve existing technologies in which engineered biological systems are 

optimized for specific purposes (93). Such systems will improve upon our current strategies for 

water supply and treatment: current ‘linear’ methods of water supply (i.e., inter-basin water 

transfers, use, and discharge) are not sustainable because as urban centers grow larger, regional 

water scarcity becomes more prevalent and water supply may be compromised due to climate 

change (21). Thus, new paradigms of urban water management must treat wastewater as a 

resource, rather than a liability, by planning for water reuse and nutrient reclamation. For 

example, the concept of ‘tailored’ nutrient management (13) aims to support this paradigm by 

recovering both water and nutrients by blending high nutrient streams (e.g., anaerobic digester 

centrate) with reclaimed water or through flexible treatment plant operation. In the latter, greater 

knowledge of ecosystem resilience, robustness, and stability within wastewater treatment 

systems in response to changing operating conditions will enable engineers and city water 

planners to sustainably manage freshwater resources through water and nutrient reclamation. 
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4 CHAPTER 4 – IMMIGRATION AND MECHANISMS OF MICROBIAL DIVERSITY 

MAINTENANCE IN ACTIVATED SLUDGE 

 

Author Contribution: DV operated the bioreactor, performed all laboratory and statistical 

analyses, and led writing of the paper. Co-authors JMM, JRS, and JED provided input to 

operation experimentation and microbiological analyses. 

4.1 Abstract 

Little is known about the role of immigration in shaping bacterial communities or the 

factors that may dictate success or failure of colonization by bacteria from regional species pools. 

To address these knowledge gaps, the influence of bacterial colonization into an ecosystem 

(activated sludge bioreactor) was measured through a disturbance gradient (successive decreases 

in the parameter solids retention time) relative to stable operational conditions. Through a DNA 

sequencing approach, we show that the most abundant bacteria within the immigrant community 

have a greater probability of colonizing the receiving ecosystem, but mostly as low abundance 

community members. Only during the disturbance do these bacterial populations significantly 

increase in abundance beyond background levels and in some cases become dominant 

community members post-disturbance. Two mechanisms facilitate the enhanced enrichment of 

immigrant populations during disturbance: 1) the availability of resources left unconsumed by 

established species and 2) the increased availability of niche space for colonizers to establish and 

displace resident populations. Thus, as a disturbance decreases local diversity, recruitment sites 

become available to promote colonization. This work advances our understanding of microbial 

resource management and diversity maintenance in complex ecosystems, which serve 

functionally important roles in society as well as in analogous systems such as the human 

microbiome. 

4.2 Introduction 

Dispersal of bacteria from regional pools to form local species assemblages is facilitated 

by a variety of mechanisms, including atmospheric transport via transcontinental winds, 

hitchhiking on migrating animals, circulating ocean currents, subsurface hydrological transport, 

and by anthropogenic means (94–101). However, environmental filters, biotic interactions, 



	   39	  

relative fitness differences and stochastic processes (or combinations thereof) within 

heterogeneous ecological landscapes are the primary factors that dictate which organisms are 

recruited into local environments, and those that are not (102–104). At local scales, species 

compete for limited resources and thus respond to and affect both the abiotic (e.g., resource 

gradients) and biotic (e.g., competition and predation) environment (105, 106). Diversity within 

local environments is then maintained by stabilizing niche differences and relative fitness 

differences among species, which forms the basis of co-existence theory (103). Such interactions 

feed back to influence the strength of environmental and biotic filters, which pose as 

colonization barriers to immigrant organisms. 

Although niche and neutral paradigms were developed from the macro-ecological 

perspective, such patterns are also pervasive in microbial ecology. While it has been argued that 

high dispersal rates and rapid horizontal gene transfer among bacteria and archaea may erode 

population structure (107, 108) (e.g., through the acquisition of plasmids that encode for 

pathogenicity, antibiotic production and resistance), wild bacterial populations are now known to 

be non-clonal and structured into ecologically and socially cohesive populations (109–112). Thus, 

the congruency between ‘macro’ and ‘micro’ ecological theory can allow for predictions 

regarding the role of colonization into stable and unstable (i.e., disturbed) ecosystems to better 

understand altered states in ecosystems. Such studies will improve our understanding of human 

health and our microbiome; it may be possible to divert or reverse disease states in humans that 

are linked to differences in bacterial community structures (113–117). 

Stable ecosystems act as filters, which prevent colonization of immigrant organisms. This 

is due to a lack of available resources and niche space, which are consumed and occupied by 

established species in local environments that provide localized ‘ecosystem services’ (118). Thus, 

ecosystems that experience food web transitions either from primary or secondary succession 

(i.e., disturbance) may be more susceptible to colonization by immigrant organisms. Many 

examples of immigration and ‘invasion’ exist in macro ecology (see (119)). However, 

surprisingly few studies have attempted to characterize the patterns of colonization in microbial 

communities (120, 121). Jones et al. found minimal effect of immigration by atmospheric 

deposition of bacteria into freshwater seepage lakes; the composition of abundant immigrant 

communities was significantly more variable and did not overlap with the composition of 

abundant lake bacterial communities, most likely due to dispersal limitation. However microbial 
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communities are also known to have persistent ‘seed banks’ (122), which may contribute to 

microbial diversity maintenance through the increase in abundance and resuscitation of rare and 

dormant organisms into disproportionately active populations when conditions become optimal 

(80). 

Here we investigate the roles of immigration and colonization in a purely microbial 

ecosystem without dispersal limitation, before and during a disturbance event, as well as during 

the successional periods that follow the disturbance. We define colonization as an increase in the 

abundance of taxa in a receiving environment that are also present in the source environment. 

Culture-independent methods were used to survey bacterial communities in a full-scale activated 

sludge bioreactor (13) and its associated influent domestic wastewater as the sole immigration 

source. We hypothesized that colonization limitation would be greatest during stable operating 

conditions (i.e., before and after disturbance) and would decrease as the ecosystem progressed 

towards its maximum disturbance state (see (123) for complete description of disturbance). Such 

decreases in colonization limitation would thus be manifested as increases in taxonomic and 

phylogenetic similarity as well as an increase in the number of shared taxa between source (i.e., 

influent) and receiving (i.e., activated sludge) environments.  

4.3 Materials and Methods 

Below are materials and methods. 

4.3.1 Bioreactor operation 

A full-scale decentralized activated sludge bioreactor treating domestic wastewater was 

operated through time and at 3 different solids retention times (SRTs): 30, 12 and 3 days as 

described by Vuono et al. (123). Briefly, hydraulic retention time (HRT: 24 hrs.) and SRT were 

decoupled through biomass separation (ultrafiltration membranes with a cut-off of 0.05µm) in a 

sequencing batch membrane bioreactor. SRT was managed through controlled wasting of return 

activated sludge.   

4.3.2 Sampling, Amplification, and Sequencing 

All biological samples for each time-point observation were collected in triplicate. 

Activated sludge samples were collected as described by Vuono et al. (123). Influent samples 

were collected from treatment plant headworks post primary screening. All samples were stored 
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at -20 ˚C prior to processing. DNA was extracted within one month of sampling with MoBio’s 

PowerBiofilm DNA extraction kit (Carlsbad, CA) following manufacturer’s protocol with a 1-

minute bead-beating step for cellular lysis. Barcoded small sub-unit (SSU) rRNA gene primers 

515f-927r were incorporated with adapter sequences for the GSFLX-Titanium platform of the 

Roche 454 Pyrosequencing technology (as described in (123)). 

4.3.3 SSU rRNA processing and quality control 

SSU rRNA gene amplicons generated from pyrosequencing were binned by barcode and 

quality filtered with the ‘split_libraries.py’ script in the Quantitative Insights Into Microbial 

Ecology (QIIME v1.8-dev) software (64). Sequences with errors in the barcode or primer, 

lengths shorter than 400nt or longer than 460nt, a quality score <50, homopolymer run greater 

than 6 nt, or ambiguous base-calls were discarded from downstream analysis. The remaining 

sequences were corrected for homopolymer errors with Acacia (124). Chimeric sequences were 

identified with UCHIME under reference mode and de novo mode (66). The remaining 613,321 

sequences were processed in Mothur (67) as outlined by Schloss SOP version data 2014/15/02. 

Taxonomic classification of all remaining sequences was implemented with the RDP Classifier 

(125) at 80% bootstrap confidence	  against the Greengenes 16S rRNA database (13_5 release)	  

(126). Singletons were discarded from downstream analysis prior to diversity calculations. A 

phylogenetic tree was constructed from the filtered alignment with FastTree. Unweighted and 

weighted UniFrac distance matrices were calculated from the phylogenetic tree. Beta diversity 

metrics (i.e., Bray-Curtis dissimilarities and Morisita-Horn distances) were derived from a 

rarefied operational taxonomic units (OTU) table from the sample with lowest sequencing depth. 

These sequence data are publicly available in the MG-RAST database under the accession No. 

4569429.3. 

4.3.4 Biodiversity analysis, null model consideration and network analysis 

Biodiversity analyses were accomplished in the R environment for statistical computing 

(http://www.r-project.org/). Briefly, the Vegan package (33) was used to calculate Hill 

diversities of orders 0≤q≤2, and permutational multivariate analysis of variance (MANOVA or 

ADONIS) with 999 permutations to test for significant differences in community structure 

between treatment groups. Hill diversities are interpreted as the effective number of species, or a 

community of S equally abundant species; these diversity measurements produce ecologically 
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intuitive quantities that possess mathematical doubling properties. Thus, diversity can be 

compared on a linear scale that implies the magnitude of difference between community 

assemblages (61, 62). Multivariate cutoff level analysis (MultiCoLA) was performed with 

Spearman correlation coefficients between full and reduced datasets (singletons excluded) as 

described by (127). To assess shared bacterial diversity between influent and sludge samples, a 

dendrogram displaying the clustering pattern of bacterial OTUs was constructed by the complete 

linkage hierarchical clustering algorithm in hcluster (Damian Eads, code.google.com/p/scipy-

cluster) as described by (128). The corresponding heatmap (Figure 4.3), which displays relative 

abundance of bacterial OTUs in the dendrogram, was constructed with custom Python scripts 

from (128) that incorporated Python modules from Matplotlib (129). The software package 

Explicet v2.9.4 (www.explicet.org) was used to calculate Two-Part statistics (130) and generate 

figures (131). 

The standardized effect size of each community’s mean phylogenetic distance (MPD) 

was estimated (Picante package in R; (132)) by comparing it to the rarified values of 999 

randomized communities generated from null models as described by (74). Because each null 

model varies in its statistical power to detect niche-based community assembly, three different 

randomization algorithms were used to test the agreement between them: (1) the taxa.labels 

algorithm (labels of a phylogenetic distance matrix of shuffled); (2) the independent swap 

algorithm (the taxa/sample table is shuffled); and (3) the phylogeny.pool algorithm (the 

phylogenetic distance matrix is randomly sampled to populate the taxa/sample table). In null 

model 1, diversity was calculated both by weighting the relative number of sequences obtained 

for each OTU as either 0 or 1 (presence/absence) or as pi, the proportional relative abundance of 

the OTU in its respective sample. Samples were considered significantly overdispersed or 

clustered (α = 0.05) if they fell above or below 95% of the randomized communities’ values, 

respectively. 

Network-based analysis was accomplished on a subset of the OTU table, where only 

OTUs with ≥150 sequences were retained for downstream analysis. The number of OTUs 

retained represented the majority of the influent OTUs (~2.3%) with consistent abundance 

patterns throughout the study period. The resulting OTU table was passed to the 

‘make_otu_network.py’ script in QIIME to visualize clustering of samples based on shared 

OTUs (http://qiime.org/scripts/make_otu_network.html). The resulting output of nodes and edge 
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files were passed to Cytoscape; node attributes included OTU identification, the OTU 

abundance, taxonomic affiliation and whether the OTUs were shared between sample types 

(influent and sludge). Edge attributes specified sample type, influent or sludge. OTU and sample 

nodes were clustered with the stochastic spring-embedded algorithm (133). 

 
Figure 4.1 (A) Taxonomic summary of influent and sludge libraries, sorted by day of study with 
(B) corresponding Hill diversities.  Error bars in B represent the 95% confidence interval 
estimated from a t-distribution. Sludge Hill diversities in B have been adapted from (123). 

4.4 Results 

Sewage-derived (i.e., influent) bacterial communities were surveyed throughout the time-

course in parallel with activated sludge communities that underwent disturbance and secondary 

succession (as described by (123)). A total of 135 samples were collected and the V4-V5 

hypervariable region of the bacterial small-subunit (SSU) rRNA gene was sequenced from these 

samples. Of the 135 samples, 54 samples were collected from the influent and 81 samples were 

collected from the activated sludge bioreactor (triplicate samples per time-point), with 18 and 27 

time-points over the 313-day time series, respectively. A total of 610,311 high quality amplicon 
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reads were obtained (singletons removed) with sequence statistics of 

1,384/13,904/4,258/4,521/2,187 (min/max/median/mean/SD, respectively). In the influent 

sequence library, 231,832 high quality sequences were recovered at an average read depth of 

4,293 (±2,786 standard deviation or S.D.) sequences/sample and clustered into 1,395 0.03OTUs. 

In the activated sludge sequence library, 378,479 high quality sequences were recovered at an 

average read depth of 4,672 (±1,499 S.D.) sequences per sample and clustered into 2,343 

0.03OTUs. 

4.4.1 Bacterial composition and diversity of sewage-derived and sludge communities 

The majority of sequences from the influent libraries were mapped to bacterial phyla 

Firmicutes (62.0%), Proteobacteria (Alpha-2.0%; Beta-16.6%; Gamma-4.5%) and Bacteroidetes 

(9.5%). The majority of Firmicute tag-sequences were associated with order/family Clostridiales 

(51.8%)/ Lachnospiracea (26.9%), Ruminococcaceae (13.5%) and Veillonellaceae (6.6%) and 

Lactobacillales (7.4%) / Carnobacteriaceae (2.9%) / and Streptococcaceae (3.8%). Members of 

the phylum Bacteroidetes were mainly comprised of populations of order/family Bacteroidales 

(7.7%) / Bacteroidaceae (1.6%) and Prevotellaceae (5.3%) (Figure 4.1A). For the influent 

libraries, minor fluctuations in community composition were observed at the phylum and class 

levels and showed no significant differences in compositional similarity through time (Bray-

Curtis R2
ADONIS = 0.16, P = 0.16; Morisita-Horn R2

ADONIS = 0.16, P = 0.248) or phylogenetic 

similarity (Weighted UniFrac, R2
ADONIS = 0.15, P = 0.25). These results indicate temporal 

stability of the source communities. Community composition of the activated sludge however, 

was greatly affected by the SRT treatments (as described by (123)) and shifted such that K-

strategists (i.e., phyla Acidobacteria, Chloroflexi, Nitrospira, and Planctomycetes) were present 

at high abundance under pre- and post-disturbance conditions (30-day SRTs) but were mostly 

washed out during the 3-day SRT (Figure 4.1A bottom). In contrast, r-strategists were 

opportunistic and became dominant members of the community during the 3-day SRT and 

biomass recovery periods (123)). 

Mean Hill diversity of orders 0D, 1D and 2D (qD(p) for q=0,1,2) for the influent library 

were 366.6 (±109.4 SD), 79.5±19.9, and 30.4±10.4, respectively. Considerable variation in 

taxonomic richness, 0D, was observed temporally compared to orders of diversity q=1,2 (Figure 

4.1B), which indicates the lack of certainty in estimating species richness from sample data alone 
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(69). First-order bacterial diversity, 1D, of the influent communities was significantly lower than 

that of the activated sludge communities, pre- and post-disturbance (145.3±12.8 and 86.5±12.6, 

respectively as reported by (123)) (Figure 4.1B). Diversity of order 2D, which disproportionally 

emphasizes dominant species (i.e., a measurement of community evenness), was also lower in 

the influent than the activated sludge communities pre- and post-disturbance (59.9±9.0 and 

37.7±10.3, respectively; (123)). However, during the maximum disturbance state of the 

bioreactor (3-day SRT), diversity of order 1D and 2D in the activated sludge community was 

21.4% and 23.0% lower than the influent diversities (62.5±6.0 and 23.4±2.8), respectively 

(Figure 4.1B). 

4.4.2 Disturbance drives phylogenetic community structure 

To provide a phylogenetic context for the drastically different diversities across sample 

types (influent and activated sludge) and within SRT treatments (30 days to 12 days, to 3 days, 

followed by a recovery period and return to 30 days), the standardized effect size of each 

community’s mean phylogenetic distance (MPDSES) was calculated (Table C-1- Appendix C). 

MPDSES is a measure of phylogenetic relatedness that can be used to investigate contemporary 

ecological processes that may structure community composition (134). Mean MPDSES values of 

the influent tree topology were consistently negative throughout the time series, which indicates 

phylogenetic clustering. Influent MPDSES values calculated using the taxa.labels 

(presence/absence) and phylogeny.pool algorithms were significantly clustered throughout the 

time series. Similarly, MPDSES values from the taxa.labels abundance weighted and independent 

swap algorithms were also consistently negative but were not significantly clustered at all time 

points throughout the time-series  (Table C-1 – Appendix C). Based on the taxa.labels algorithm 

with presence/absence option, mean MPDSES values of the activated sludge increased 

significantly as the disturbance progressed: 0.89±0.62 (pre-disturbance) to a maximum of 

3.23±0.48 during the 3-day SRT and recovery period followed by a return to pre-disturbance 

levels, 1.50±0.80. These values during the 3-day SRT describe significant phylogenetic 

dispersion of the tree topology (i.e., limiting similarity) (MPDSES=2.95±0.57, p<0.005) and 

indicate that co-occurring species are significantly less related than expected by chance. These 

results are supported with a parallel increase in the probability of interspecific encounter (PIE), 

defined as 1-Simpson concentration, during the 3-day SRT (0.017±0.003 to 0.041±0.007) (135). 

Conversely, pre- and post-disturbance communities were randomly spread across the 
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phylogenetic tree (MPDSES values approaching zero), which indicates randomly assembled 

communities relative to the three null models tested. However, during the 3-day SRT (Table C-1 

- Appendix C) a transition from random dispersion to significant overdispersion, or limiting 

similarity, was detected for each of the null models, with the exception of the independent swap 

algorithm. The inability of the independent swap algorithm to detect niche-based community 

assembly is likely a result of its known conservatism (74, 136), but does not change our 

interpretation of phylogenetic structure.  

 
Figure 4.2 Comparison of phylogenetic (left column) and compositional (right column) distance 
of sludge libraries by study day, relative to influent libraries. Blue rectangle represents the 3-day 
SRT time period, or maximum disturbance state. Error bars represent the interquartile range of 
boxplots. 

Phylogenetic clustering and overdispersion are commonly interpreted as the result of 

environmental (i.e., habitat filtering) and biotic (i.e., competition) filters (134). However, we use 

caution in naming any particular mechanism that describes phylogenetic community structure 

because several processes (e.g., phenotypic attraction and convergent evolution versus niche 

conservatism of functional traits) may produce similar tree topologies such as phylogenetic 

overdispersion. Thus, caution is warranted when interpreting the mechanisms of community 

assembly based on phylogenetic community structure, particularly in the absence of trait 

information. This is due to the difficulty in distinguishing the various combinations of 

environmental filters acting on organisms, stabilizing niche differences and the relative fitness 

differences among bacterial species (137). 



	   47	  

4.4.3 Activated sludge communities become more similar to influent during disturbance 

Bacterial communities within the bioreactor during each SRT treatment stage were 

compared to the influent (global comparison) to elucidate their taxonomic and phylogenetic 

similarity. It was hypothesized that taxonomic and phylogenetic similarity would be greatest 

during the 3-day SRT because during this period resource availability is greatest and 

concentration of organisms in the sludge is lowest (123), which promotes increased colonization 

probability of arrival organisms (118, 138). Under all SRT treatments, sludge communities were 

significantly different from their immigration source (Table 4.1). However, for all metrics, the 

value of the R2
ADONIS statistic decreased to its lowest value during the 3-day SRT, which 

indicates a moderate increase in similarity (i.e., decreased variance between treatment types by 

sequential sum of squares). To quantify this similarity, the taxonomic and phylogenetic distance 

between the sludge and influent communities over time is plotted (Figure 4.2).  

Table 4.1 Permutational MANOVA (ADONIS) analysis of taxonomic (Bray-Curtis and 
Morisita-Horn) and phylogenetic (Weighted UniFrac) similarity between source (i.e., influent) 
communities and their respective sludge communities, by SRT treatment. Significance in the 
ADONIS R2 statistic is based on 999 randomizations; P values were <0.001 for all analyses. 

  
Bray-
Curtis   

Morisita-
Horn   

Weighted 
UniFrac 

Comparison  R2   R2   R2 
30 Day SRT vs. Influent 0.553   0.697   0.718 
12 Day SRT vs. Influent 0.493   0.619   0.695 
3 Day SRT vs. Influent 0.384   0.512   0.615 
Biomass Recovery vs. Influent 0.456   0.584   0.653 
30 Day SRT (Recovery) vs. Influent 0.551   0.682   0.715 

 

The mean phylogenetic distance (Weighted UniFrac) between influent and bioreactor 

communities (0.63±0.06) was not significantly lower during the 3-day SRT (blue box Figure 4.2), 

with pre-and post-disturbance distances of 0.64±0.03 and 0.66±0.04, respectively. These results 

indicate that overall phylogenetic similarity of abundant organisms between influent and sludge 

did not increase during the 3 day SRT. Conversely, when rare taxa were weighted equally 

(unweighted UniFrac), the mean phylogenetic distance of influent and sludge communities 

decreased (0.83±0.01 pre-disturbance to 0.68±0.02 during disturbance). The same trend was 

observed with metrics of compositional similarity (Bray-Curtis and Morisita-Horn), which began 

to decrease during the 12-day SRT sludge wasting conditions (days 70 of study period) and 
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decreased significantly more during the 3-day SRT. These results indicate an increase in 

similarity between the influent and bioreactor communities during the disturbance. 

4.4.4 Colonization of individual taxa increases with disturbance progression 

Overall, 40.1% of the OTUs were shared between influent and all sludge treatments and 

transition periods (Figure C-1 - Appendix C). However, because phylogenetic and compositional 

metrics (Figure 4.2) both showed small increases in similarity, it was unclear which contributed 

more to the increase in similarity: abundant or rare organisms. In order to answer this question, 

multivariate cutoff level analysis (MultiCoLA) was used to quantify the contribution of rare taxa 

to taxonomy-based beta-diversity metrics. Briefly, MultiCoLA removes the least abundant taxa 

at increasing proportions and correlates each reduced dataset to the full dataset to determine how 

each successive omission of rare taxa influences beta-diversity. This analysis revealed that each 

reduced dataset strongly correlated with the full dataset with the removal of up to 50% of the 

least abundant OTUs (Figure C-2 - Appendix C). 

With this information, the dataset could be quantitatively reduced (hereby referred to as 

the reduced dataset) to more easily visualize the contribution of abundant and rare influent OTUs 

that may be shared with the sludge. A two-dimensional hierarchical clustering combined with a 

heatmap of OTU occurrence frequencies was plotted (Figure C-3 – Appendix C) to reveal which 

OTUs had similar co-occurrence patterns between sample groups. The 100 most abundant OTUs 

were sub-sampled to visualize the dynamics of individual taxa and the relative impacts of 

colonization during the disturbance (Figure 4.3). Hierarchical clustering of samples revealed that 

sample types were split between influent and sludge. Sludge samples clustered based on their 

respective SRT operation and the biomass recovery period, while influent samples did not cluster 

based on any particular structure (i.e., samples were distributed randomly in a single cluster). 

The lack of organized structure within the influent cluster supports a consistent influent 

community composition throughout the study period. The distribution of OTUs was also split 

between two main clusters. One cluster contained 42 OTUs that were consistently found at high 

abundance in the influent but low abundance in the sludge (lower left and right quadrants, 

respectively; Figure 4.3). The second cluster contained 58 OTUs that were either absent in the 

influent and abundant in the sludge or abundant in both libraries (upper left and right quadrants, 

respectively; Figure 4.3). The clustering patterns within this cluster were mainly driven by the 
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OTU occurrence frequencies in the sludge, in response to disturbance and recovery (below), 

which are representative of ecological strategies as defined by (139).  

 
Figure 4.3 Heatmap and cluster analysis (Bray-Curtis; complete linkage) of the 100 most 
abundant OTUs in influent and sludge libraries; relative abundances are log transformed for 
visualization purposes. OTUs (y-axis) and samples (x-axis) are clustered based on similar 
abundance and occurrence patterns. Taxonomic identification of each OTU is shown on the right 
sidebar, starting with phylum (or class for Proteobacteria) and ending with the highest taxonomic 
classification assigned for that OTU. Red boxes capture the influent OTUs that increased in 
abundance in the bioreactor during the 3-day SRT, although other groups increased during 12-
day SRT and biomass recovery as well. Red asterisks highlight the OTUs that did not recolonize 
to a comparable amount after disturbance based on limited representation in the sludge. 

Several patterns of OTU occurrence frequencies are evident in the heatmap. These 

include (1) OTUs consistently present in significant proportions in influent, sludge, or both 
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(generalists); (2) sludge OTUs that significantly decreased during the disturbance followed by 

recovery to higher levels; (3) loss of some organisms after disturbance (red asterisks); (4) 

addition of some organisms after disturbance; (5) lack of dependence of some OTUs on SRT. Of 

the sludge OTUs that were lost after the disturbance, it is possible that these organisms did not 

recolonize because there were no detectible sequences from these OTUs in the influent. However, 

it is difficult to know if lack of recolonization was solely due to absence of a particular OTU in 

the influent because it is impossible to detect all organisms in any given sample.  

 
Figure 4.4 Manhattan plot, which displays negative log transformed p-values from all two-part 
tests for each OTU detected between 30-day and 3-day SRT operations. Values above 2 (top 
horizontal line; α = 0.01) represent OTUs that have significantly different abundance 
distributions, either enriched or depleted during the 3-day SRT (bottom horizontal line represents 
α = 0.05). The distinction between enriched or depleted OTUs is shown in Figure S4. Fifty-three 
OTUs (Table C-2 – Appendix C) were identified as being significantly enriched in the bioreactor 
from the influent during the 3-day SRT (represented as large data points). Colors correspond to 
different phyla and are ordered by taxonomy line. Phyla in the “Other” category (<1% 
abundance) are comprised of Spirochaetes, Synergistetes, Cyanobactera, Elusimicrobia, 
Fibrobacteres, and candidate divisions BHI80-139, BRC1, FBP, GN02, GN04, GOUTA4, MVP-
21, NKB19, OD1, OP3, SR1, TM6, TM7, WPS-2, and WS3. 

If influent organisms were to establish as the activated sludge community members, the 

signature of successful colonization could be identified as a group of OTUs that were present in 

the influent, also present in the sludge, but increase in abundance beyond background levels (30-

day SRT) only during the maximum disturbance (3-day SRT). Of the 100 most abundant OTUs, 
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23 were identified to have increased significantly in abundance above 30-day SRT levels (red 

boxes Figure 4.3). Thirty additional OTUs were also identified to have increased in abundance 

during the 3-day SRT, above 30-day SRT levels. In addition, all of the OTUs that were identified 

as having these abundance patterns (53 in total) were significantly enriched beyond background 

levels, as determined by a Two-Part statistic for comparison of sequence variant counts (p-values 

< 0.01; Figure 4.4). This collection of OTUs, albeit small, explains our findings from the 

distance-based taxonomic (Bray-Curtis, Morisita-Horn) and unweighted phylogenetic (UniFrac) 

calculations; combinations of abundant and rare influent taxa contribute to the increase in 

similarity during the disturbance periods, particularly during the 3-day SRT. However, it is still 

unclear why in the case of the weighted phylogenetic metric, 30-day SRT communities did not 

differ substantially from the 3-day SRT communities; it is possible that the phylogenetic 

composition of the abundant OTUs overwhelmed this signal. 

4.4.5 Network-based analysis reveals higher OTU co-occurrences between disturbance and 

influent communities 

To visualize the degree of connectedness between samples as a function of shared OTUs, 

a network was built of the most prevalent OTUs (~2% or 198 OTUs), which had ≥150 sequences 

detected study-wide, including replicates (Figure 4.5). In the network, samples that cluster more 

closely together have more OTUs shared between them. The network clearly shows that samples 

cluster into two main groups, either influent or sludge (denoted by edge color radiated from 

sample nodes, with green and blue lines representing sludge and influent samples, respectively). 

All of the influent samples cluster closely together with little deviation between them. 

Conversely, as the disturbance progresses, the 3-day SRT sludge samples deviate from the 30-

day SRT cluster and approach the influent cluster. This shift in position indicates that the 3-day 

SRT sludge samples share more OTUs with the influent than do the 30-day SRT treatments. 

Each sample node radiates edges to OTUs (outer nodes) that are either shared or not shared, 

independent of treatment. 65% of the OTUs in this analysis were shared between influent and 

sludge. The bacterial phylum that shared the most OTUs between sample types were Firmicutes 

(55 OTUs in total) with the remaining OTUs mapped to Proteobacteria (42 OTUs in total, mostly 

within the Alpha, Beta and Gammaproteobacteria classes), Bacteroidetes (22 OTUs in total) and 

Actinobacteria (8 OTUs in total). The OTUs most frequently shared between influent and sludge, 

and containing the largest edge-weights or average number of sequences in an OTU (Table C-1 - 
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Appendix C), were mapped to the cosmopolitan clade of Comamonadaceae (OTU 1 and 3, 

Figure 4.3 and Table C-1- Appendix C). Other shared and prevalent OTUs between influent and 

sludge were Faecalibacterium prausnitzii, Lachnospiracea/Blautia sp. and Prevotella copri (4, 5, 

and 23 OTUs). In summary, network-based analysis reinforces our observations of increased 

similarity between influent and sludge during disturbance and provides a robust method to 

visualize this similarity based on shared OTUs between baseline operational conditions and 

maximum disturbance state. 

 
Figure 4.5 Shared OTU network analysis of the most abundant OTUs (capturing those influent 
OTUs that were consistently present throughout the study period) during the 30-day SRTs (pre- 
and post-disturbance; blue and light blue sample nodes, respectively), 3-day SRT (max-
disturbance; red sample nodes) and biomass recovery period (orange sample nodes) (12-day SRT 
and transition periods have been removed for clarity). Sample nodes (inner) and OTU nodes 
(outer) are connected by edges, which indicate whether those OTUs are shared by Influent, 
Sludge, or both. Node shape indicates the phylum level classification of the OTU. 

 

4.5 Discussion 

In this work, the influence of bacterial colonization into an ecosystem (activated sludge 

bioreactor) was measured through a disturbance gradient (successive decreases in solids 

retention time (SRT) relative to stable operating conditions in a before/after control/impact 

(BACI) experiment. Results show an increased abundance of organisms in the sludge that were 
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compositionally similar to those in the influent during the maximum disturbance state. Our 

results support the hypothesis that disturbance opens up recruitment sites for bacterial 

colonization. These results provide insights into the management of engineered microbial 

communities, but also provide insights for how to manage and promote healthy microbial 

communities within the human microbiome for individuals in diseased states. These results also 

shed light on the similarities between ‘macro’ and ‘micro’ ecology, which show similar patterns 

of dispersal and colonization of ecosystems during disturbance (118, 138). In addition, the 

stability of the bioreactor ecosystem (as measured by the range of ecosystem processes and 

decrease in diversity; (123)) was compromised and manifested as a decreased resistance to 

invasion (i.e., niche opportunity) (119, 140). During stable operating conditions (flanking 

treatments before and after disturbance), the opposite trend was observed: taxonomic and 

phylogenetic similarities between influent and sludge decreased as well as the number of shared 

OTUs (both weighted abundance and presence/absence) between influent and sludge sequence 

libraries. These results could be interpreted under the ‘species-sorting’ metacommunity paradigm 

(56), as suggested by Jones et al. (120), where spatial niche partitioning is emphasized over 

dispersal dynamics. 

Tilman (118) describes such systems under the more parsimonious framework of 

stochastic niche theory, where an invading species can survive on resources left unconsumed by 

established species. In the case of our bioreactor communities (i.e., sludge), established species 

(i.e., K-strategists) were washed out of the system during the disturbance and thus dampened the 

effects of recruitment limitation. Conversely, recruitment of influent bacteria into the activated 

sludge communities was considerably lower during the pre- and post-disturbance (30-day SRTs). 

Several lines of evidence support these observations, based on the predictions of stochastic niche 

theory. First, pre- and post-disturbance Hill diversities (for both 1D and 2D) were considerably 

higher in pre- and post-disturbance than the maximum disturbance communities. Recruitment 

limitation is not a direct consequence of highly diverse communities, but rather a consequence of 

uniformly low levels of resources that occur within them (118). Second, the concentrations of 

bacteria in the bioreactor during pre- and post-disturbance were an order of magnitude higher 

than the disturbance communities (123), which indicates an environment highly saturated with 

microorganisms. In addition, the Food:Microorganism (F/M) ratio was an order of magnitude 

higher during the disturbance than during normal operating conditions (123). These results all 
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indicate increased substrate availability during the disturbance and corresponding higher 

proportion of colonization in the context of stochastic niche theory. 

Within the context of metacommunity theory, an activated sludge bioreactor can be 

characterized as a source/sink system: source habitats (influent) are not constrained by finite 

growth and thus overflow into sink habitats (i.e., bioreactor) (56), where growth rates are 

controlled by sludge wasting rates. We see evidence for such dynamics with the extinction of 

several OTUs (Figure 4.3, red asterisks) that were mostly washed out of the bioreactor system 

during the disturbance but were not repopulated after the disturbance. For example, two 

functionally important nitrite-oxidizing Nitrospira, phylogenetically constrained to sublineages I 

and II (OTUs 63 and 85, respectively) were present and abundant (as high as 4% of the 

community) in the bioreactor before the disturbance (123). Not surprisingly, neither Nitrospira 

OTU was detected in the influent since Nitrospira are obligate aerobes, not thriving in 

environments such as the human gut or urban sewer water infrastructure (41, 141). However, the 

population of Nitrospira sublineage I was able to reestablish (i.e., regrow) after the disturbance 

because it was not completely washed out of the bioreactor. Yet, Nitrospira sublineage II was 

completely washed out of the system as early as the 12-day SRT and did not repopulate to a 

comparable amount in the bioreactor after the disturbance, most likely due to its absence in the 

influent. 

Our results indicate that a high proportion of low-abundance OTUs were shared between 

influent and 30-day SRT communities (Figures 4.3 and S1B – Appendix C). This may be 

indicative of a taxa-time relationship, or an increase in observed taxa richness with increasing 

time of observation (142); the bioreactor was operated for an 8-month period under a 30-day 

SRT prior to the start of the experiment (123), which may have allowed for more influent taxa to 

accumulate as rare community members in the bioreactor with time. The accumulation of 

influent organisms as low-abundance activated sludge members, which displayed opportunistic 

growth during the 3-day SRT, may be an example of how dormancy and rarity contribute to 

diversity maintenance within microbial ecosystems (80). We cannot definitively say in the 

current study that low-abundance community members are indeed dormant using the current 

methods, as rare members may be active but may not contribute to overall community structure 

and function. Nonetheless, environmental (abiotic) and biotic filters (species interactions), which 
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form the basis of co-existence theory, play a large role in regulating the colonization ability of 

immigrants to shape local species assemblages (103). 

Many microbial studies have aimed to determine the relative contributions of such 

ecological forcing mechanisms by calculating the phylogenetic relatedness of communities 

relative to null expectations (74, 139, 143–146). Phylogenies that are either clustered or 

overdispersed have traditionally been interpreted to reflect environmental filters (i.e., habitat 

filtering) or biological interactions (i.e., competitive exclusion), respectively, that are responsible 

for the assembly of local communities (134). However, given the assumption that phylogenetic 

relatedness is a proxy for trait and niche similarity, the declaration of assembly mechanisms 

should be used cautiously (137, 147). This may be especially true for bacteria, due to their high 

dispersal rates and genetic recombination rates, which may erode population and niche structure 

(110, 111, 148). In the case of our sludge communities, we observed phylogenetic overdispersion 

during the maximum disturbance state (3-day SRT) followed by a shift to random dispersion 

during normal operating conditions (30-day SRT). Loreau et al. (149) found that immigration 

plays a large role in competitive communities, which would coincide with our observations if 

indeed the overdispersed community at 3-day SRT could be explained by competitive exclusion. 

Nonetheless, whatever the mechanism that caused this shift in phylogenetic structure, ecosystem 

processes in the bioreactor, such as nitrification, denitrification and phosphorus removal, were 

greatly impaired by the disturbance. While it is unclear what mechanisms caused this shift in 

phylogenetic structure, ecosystems processes in the bioreactor, such as nitrification, 

denitrification and phosphorus removal, were greatly reduced during the disturbance (123). Thus, 

future studies should elucidate if phylogenetic overdispersion is a property of disturbed 

ecosystems, as a way to gauge ecosystem health and resistance to invasion. 
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5 CHAPTER 5 – NICHE DIFFERENTIATION AND TEMPORAL DYNAMICS OF 

ACTIVE MICROBIAL POPULATIONS IN ACTIVATED SLUDGE 
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and DV wrote the paper and performed statistical analyses. JED contributed to operation, 

experimental oversight, and data interpretation. 

5.1 Abstract 

The temporal dynamics of active microbial populations and associated bioreactor 

performance within batch-fed activated sludge treatment processes, such as sequencing batch 

membrane bioreactor (SBMBR) systems, remains largely unexplored. To address these 

knowledge gaps, we paired the removal of trace organic chemicals (TOrC) and nutrient removal 

with Illumina MiSeq sequencing of small subunit ribosomal RNA gene transcripts (rRNA), as a 

proxy for microbial activity, in a full-scale activated sludge treatment system. The experiment 

was replicated temporally and at two sludge retention times (SRT), 20 days and 5 days, with 

anaerobic-oxic-anoxic periods typical of a biological nutrient removal process (i.e., nitrification, 

denitrification, and phosphorus removal) to investigate how the diversity and dynamics of active 

microbial populations might influence the removal of TOrC. Our results indicate distinct 

anaerobic/oxic/anoxic abundance signatures of active microbial populations at a 20-day SRT, but 

not at a 5-day SRT. It was further observed that TOrC removal was significantly impaired by the 

transition to 5-day SRT operation. We characterized the most abundant bacterial populations and 

found further evidence for the washout of functionally important organisms. 

5.2 Introduction 

The dynamic range of functional RNAs (i.e., RNA elements that do not encode proteins, 

but instead perform direct biological functions), such as the small subunit (SSU) ribosomal RNA 

(rRNA), provide a glimpse into the activity of microbial populations within the environment 

(150, 151). Thus, characterization of bacterial rRNAs mapped to organism taxonomic identity 

could be used to identify the specialized niches that are challenged with fluctuations in redox 

conditions. Such changes in redox conditions are indicative of environmental heterogeneity. 
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Fluctuations in redox conditions are typical of batch-fed activated sludge reactors and are 

engineered to promote biological nutrient removal (BNR). Rather than compare the abundance 

of SSU rRNA genes, which do not show large turnover rates at short time-scales (i.e., minutes to 

hours) and usually contain large fractions of inactive biomass, comparative analysis of expressed 

rRNA is directly correlated to the proportion of microbial populations that are active (80, 150). 

Thus, the identity of active microbial populations as related to the specific redox periods during 

biological nutrient removal conditions (i.e., anaerobic/oxic/anoxic) may provide hints into the 

populations that are associated with the degradation or biotransformation of trace organic 

chemicals (TOrC). 

The removal of TOrC within domestic and industrial wastewater by conventional 

activated sludge, sequencing batch reactors (SBR), membrane bioreactors (MBR), and hybrid 

processes such as sequencing batch membrane bioreactor (SBMBR) systems is an emerging 

concern for the pollution of receiving waters and for water reuse scenarios. It is unclear whether 

the microorganisms responsible for biological degradation have to adapt to the presence of TOrC 

by expression of novel enzymes, or if degradation occurs via constitutively expressed enzymes. 

De Wever et al. (152) postulate that sludge adaptation is important for TOrC such as naphthalene 

sulfonates and lag phases of several weeks may occur before degradation starts. This implies that 

degradation of certain TOrC such as irregularly used medical drugs might be hampered by a lack 

of time to induce the necessary enzyme expression (153). Given the number and diversity of 

TOrC, both known and unknowns, the efficiency of SBMBR treatment regarding TOrC with 

specific physicochemical properties is still poorly understood. Physicochemical properties of 

TOrC significantly govern the major mechanisms (biodegradation and/or adsorption onto sludge) 

that control the removal of TOrC from the aqueous phase during SBMBR treatment. Recent 

studies observed a connection between the molecular structure of TOrC and their 

biotransformation behavior during MBR treatment (154, 155). Clara et al. (156) determined a 

SRT of >10 days to be sufficient to provide reliable treatment performance. For more 

hydrophobic compounds (log D >3.2) adsorption is considered to be the dominant removal 

mechanism from the aqueous phase. However, many of these studies were carried out in 

laboratory-scale MBRs using synthetic wastewater and findings might differ from full-scale 

operation. 
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The motivation of this study was to link the in situ active microbial populations during 

different operational set points (Figure 5.1) with the TOrC removal performance in a full-scale 

SBMBR. To our knowledge, niche differentiation (i.e., the differential expression of rRNA based 

on anaerobic/oxic/anoxic periods) of activated sludge organisms have not been elucidated. 

Information is lacking about the presence and activity of specific microbial populations 

depending on environmental conditions (e.g., dissolved oxygen, pH, carbon and nutrient 

availability). We hypothesize that active microbial populations differentially express the SSU 

rRNA during the different redox periods within each treatment cycle and can then be correlated 

with the removal of TOrC during the treatment process. This study characterizes the microbial 

diversity of both total and active sludge microorganisms during complete SBMBR treatment 

cycles while simultaneously analyzing fourteen TOrC. The study focused on eleven hydrophilic 

(Log D ≤1.5 at pH 7.4) and three more hydrophobic (Log D <3) TOrC with different functional 

groups and different biotransformation potential, respectively. Though microbial populations 

involved in TOrC removal were emphasized, analyses of TOrC removal related 

biotransformation products were beyond the scope of this study. However, to understand the 

differences in TOrC removal and the activity of microbial populations in activated sludge, the 

effects of two different SRTs (5 and 20 days) were compared. This information contributes to a 

better understanding for the potential of activated sludge processes to achieve biological TOrC 

removal and provides a roadmap for the microorganisms putatively involved with the removal of 

TOrC. 

5.3 Materials and Methods 

A full-scale SBMBR system (Aqua-Aerobic Systems, Inc., Rockford, IL, USA), which 

receives raw wastewater from a 250-unit student-housing community at Colorado School of 

Mines (Golden, Colorado), described by Vuono et al. (13), was used in this study. In brief, the 

SBMBR system comprised two parallel-operated SBR tanks and two parallel-operated 

membrane tanks that are connected in series. Activated sludge volumes in each tank were in the 

range of 9.7 to 10.8 m3 (SBR) and 7.3 m3 (MBR) with a total system volume of approximately 

33.9 m3. A submerged PURONs PSH30 hollow fiber module (Koch, Wilmington, MA) with 

nine individually air-scoured membrane bundles (30 m2 total surface area, 0.05 mm nominal pore 

size) was used in each membrane tank. Sewage batches of approximately 1.14 m3 were received 

hourly by either of the two SBRs and were processed over a 2-hour treatment cycle. The 
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hydraulic retention time (HRT) for each batch of wastewater was approximately 24 hours. 

During the first hour (fill/react phase), the batch of raw wastewater was isolated in the SBR tank, 

while mixed liquor suspended solids (MLSS) were continuously exchanged between the SBR 

and the two MBRs during the second hour (react/filtration phase). The configuration of the 

SBMBR cycle allowed continuous operation of the system as reaction phases of both SBR tanks 

were time-shifted (i.e. one SBR was in the fill/react phase while the other one was in the 

react/filtration phase). 

The SBMBR system had been operated for 1 year at a 20-day SRT prior to the start of the 

experiment. SRT operation was controlled as described by Vuono et al. (123), using the flow rate 

based calculation of SRT for a SBMBR (activated sludge waste rate of approximately 0.75 

m3/day of waste activated sludge). At the start of the experiment, collection of biological and 

chemical samples was accomplished over a three-week period in February 2013, at a 20-day 

SRT. To minimize the effects of influent fluctuations throughout the study, samples were 

collected at the same time of the day. After sampling was complete for 20-day SRT operation, 

sludge wasting was increased to approximately 9 m3/day to reach a SRT of 5 days. After a 1-

month acclimatization period, collection of biological and chemical samples commenced over a 

1.5-week period in April 2013. The duration and frequency of oxic (aeration phase), and anoxic 

periods (periods where aeration is turned off but nitrate is present) during each 2-hour treatment 

cycle in the SBR tank is illustrated in Figure 5.1. Anaerobic conditions were only present in the 

SBR tanks at the end of the fill period before the aeration phase started. These conditions as well 

as HRT were kept constant over the course of this investigation. The air temperature within the 

SBMBR enclosure ranged between 15-20 ˚C during both sampling campaigns. 

 
Figure 5.1 Schematic of 2-hour SBR treatment cycle illustrating anoxic, anaerobic (AN), and 
oxic periods for 20-day SRT operation. Red stars indicate collection of grab samples. 

5.3.1 Sample collection  

During each sampling event, water samples (300 mL) for chemical analysis were 

collected at defined intervals of the bioreactor cycle (10 samples per cycle, Fig. 5.1) using a 
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peristaltic pump (flow rate 200 mL/min) connected to a PES ultrafiltration membrane (pore size 

0.05 µm) submerged in the mixed liquor. Simultaneously, biological samples were collected 

from the mixed liquor to assess the microbial community composition of active populations and 

total diversity. Biological samples were collected using a peristaltic pump with an extended dip-

tube submerged in the mixed liquor. Biological samples were partitioned into two categories: 1) 

DNA extraction for SSU rRNA gene sequencing and 2) RNA extraction, preserved with 

RNAlater RNA Stabilization Reagent (Qiagen, Valencia, CA, USE) for subsequent RNA 

extraction and reverse transcription of rRNA. Both sample categories were immediately stored at 

-80 ̊ C prior to processing. Water samples were analyzed for a set of 14 TOrC that are 

representative of different physicochemical properties and biodegradability (157, 158) as well as 

dissolved organic carbon (DOC), and nutrients (total nitrogen, ammonia, nitrite, nitrate, and 

orthophosphate). The selected TOrC and their physicochemical properties are summarized in 

Table 5.1. Samples for trace organic chemical analysis were immediately preserved with sodium 

azide (1 g/L) to prevent further microbial degradation whereas DOC samples were immediately 

acidified. All water samples were stored at 5˚C and processed within 48 hours. 

Table 5.1 Physicochemical properties of the selected trace organic chemicals. 
Compound CAS number Formula MW 

(g/mol) Log Kow
  Log D 

(pH 7.4) pKa
  

Acetaminophen 103-90-2 C8H9NO2 151.2 0.34 0.34 9.86; 1.72 
Acesulfame 33665-90-6 C4H5NO4S 163.2 -1.33 -2.32 3.02; -6.04 
Caffeine 58-08-2 C8H10N4O2 194.2 -0.13 -0.13 0.73 
Ibuprofen 15687-27-1 C13H18O2 206.3 3.97 0.8 4.41 
Naproxen 22204-53-1 C14H14O3 230.3 3.18 0.47 4.84 
Dilantin 57-41-0 C15H12N2O2 252.3 2.52 2.36 8.33; -2.81 
Sulfamethoxazole 723-46-6 C10H11N3O3S 253.3 0.89 -0.32 5.81; 1.39 
TCEP 115-96-8 C6H12Cl3O4P 285.5 0.48 1.22 -9.18 
Trimethoprim 738-70-5 C14H18N4O3 290.3 0.79 0.67 7.20 
Diclofenac 15307-86-5 C14H11Cl2NO2 296.2 4.28 0.95 4.18; -2.25 
Fluoxetine 57226-07-0 C17H18F3NO 309.3 4.35 1.57 9.80; -5.27 
TCPP 6145-73-9 C9H18Cl3O4P 327.6 1.52 2.82 -9.18 
Sucralose 56038-13-2 C12H19Cl3O8 397.6 -1.00 0.68 11.91; -3 
TDCP 78-43-3 C9H15Cl6O4P 430.9 1.79 2.98 -9.07 
Source: Data calculated using Advanced Chemistry Development (ACD/Labs) Software V8.14 and ChemAxon. 

5.3.2 Bulk and trace organic chemical analysis 

Bulk analysis of wastewater relevant parameters was conducted according to 

standardized methods (159). The mixed liquor volatile suspended solids (MLVSS) concentration 
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of each SBR and MBR tank was quantified according to Standard Method 2540. Ammonia, 

nitrite, nitrate, total nitrogen, ortho-phosphate, and chemical oxygen demand (COD) were 

measured using Hach TNTplusTM (Loveland, CO) reagent vials and Hach DR 5000TM 

spectrophotometer. A Sievers 5310 TOC analyzer with autosampler (Ionics Instruments, Boulder, 

CO) was used to quantify DOC in the pre-filtered samples according to Standard Method 5310 B. 

UV absorbance at wavelength 254 nm (UV254nm) was analyzed using a Beckman UV/VIS 

spectrophotometer (Brea, CA) with a 1-cm quartz cell (Standard Method 5910 B). The specific 

UV absorbance (SUVA) is defined as the ratio between UV254nm and DOC. 3D-Fluorescence 

excitation and emission matrix (EEM) spectra were generated using a Fluoromax 4 

spectrofluorometer with a xenon lamp (Horiba Jobin Yvon, Irvine, CA) across an excitation 

spectrum of 240-450 nm and an emission spectrum of 290-580 nm (160). Routine operational 

parameters of the SBMBR bioreactor (conductivity, pH, dissolved oxygen, temperature) were 

measured online via probes.  

TOrC concentrations in the aqueous SBMBR samples were determined by high 

performance liquid chromatography tandem mass spectrometry (HPLC/MS-MS) using an 

isotope dilution method reported by Vanderford and Snyder (161) and Teerlink et al. (162). Prior 

to HPLC/MS-MS analysis, samples (200 mL volume) were pretreated using an AutoTrace 280 

solid phase extraction (SPE) unit (Thermo Scientific, Waltham, MA) using Waters Oasis HLB 

cartridges (500 mg adsorbate, Milford, MA). Isotope-labeled standards were spiked into the 

water samples prior to SPE. Suppliers for native TOrC standards and isotope-labeled standards 

are detailed in (162). Analysis was performed using an Agilent 1200 HPLC (Santa Clara, CA) 

and a CTC Analytics HTS PAL autosampler (Lake Elmo, MN) equipped with a 1 mL sample 

loop for chromatography coupled with an AB Sciex 3200 QTRAP tandem MS system 

(Framingham, MA). SPE and HPLC method details, summaries of compound specific mass 

spectrometry tuning parameters for positive and negative ionization mode, average isotope 

standard recoveries, and method detection limits are provided in (162). Quantification was 

carried out using Analyst software (v.1.6, AB Sciex, Framingham, MA). The reported trace 

organic chemical concentrations in the aqueous samples account for sample loss during SPE and 

ion suppression as a relative response ratio of native and isotope-labeled standard is reflected. 

Filling and initial mixing of the SBMBR was completed 20 minutes after the start of the 

treatment cycle. Maximum concentrations of TOrC were reached at this stage in the SBMBR. 
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Instead of concentrations in raw wastewater prior to entering the bioreactor, TOrC  

concentrations at 20 minutes were used as the influent concentration CIn to account for dilution. 

Removal efficiency was calculated as R = (1 – CAq/CIn) * 100, where CAq is the concentration 

(ng/L) of the TOrC in the aqueous phase at a specific treatment cycle time after filling was 

completed. This approach disregards potential TOrC removal that occurs during filling process 

but allows evaluation of removal efficiencies achieved in the bioreactor at different operational 

set points relative to microbial data. It was not intended to calculate a mass balance for all 

compounds entering the system. However, TOrC concentrations in the raw wastewater were 

periodically measured for the duration of both short (5 days) and long (20 days) SRTs to verify if 

compounds were present in the SBMBR influent. Notably the term removal indicates the 

loss/transformation of the parent compound. It does not necessarily indicate complete 

mineralization of the analyzed TOrC. Concentrations below the compound respective detection 

limit were set equal to half the detection limit. The exponential first-order decay model was used 

to calculate the degradation rate constant λ as described in Beulke & Brown (163). 

5.3.3 DNA/RNA extraction, PCR, sequencing, and quality control 

DNA and RNA were extracted from their respective samples with MoBio’s (Carlsbad, 

CA) PowerBiofilm DNA extraction kit and PowerBiofilm RNA extraction Kit, respectively, 

following manufacturer’s protocol and 1 minute bead-beading for cellular disruption. Purified 

RNA was reverse transcribed to complementary DNA (cDNA) following the protocol by He and 

McMahon (40). Polymerase chain reaction (PCR) was carried out with a total reaction volume of 

25 µL (2 µL DNA/cDNA template) on a Roche LightCycler 480II. DNA and cDNA were 

amplified with Phusion Master Mix (New England BioLabs, Inc), 3% final volume DMSO, 0.4x 

final concentration SYBR Green, 200nM 515F (5’ GTGYCAGCMGCCGCGGTAA 3’), and 

12bp Golay barcoded 806R (5’XXXXXXXXXXXXCCGGACTACHVGGGTWTCTAAT 3’). 

The amplification program was: 94°C 3 min; 94°C 45 sec, 50°C 10 sec, 72°C 90 sec. The 

program was stopped after all samples had amplified as indicated by the plateau phase of the 

fluorescence signal. Triplicates were pooled and purified with Agencourt AMPure XP magnetic 

microbeads and quantified on a Life Sciences Qubit 2.0 Fluorometer. Normalized amplicons 

were sequenced on the Illumina MiSeq platform using NEBNext Ultra DNA Library Prep Kit 

and a MiSeq Reagent Kits v2 2x250 500 cycle kit (Illumina, San Diego, CO). Paired end reads 
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were assembled with ea-utils fastq-join (https://code.google.com/p/ea-utils/) with a minimum of 

100 bp overlap. Sequences were demultiplexed and processed in QIIME v1.8-dev under default 

settings (64). Briefly, sequences were screened for chimeric sequences with UCHIME in de novo 

mode (66), binned at 97% sequence similarity as operational taxonomic units (OTU), 

reprehensive sequences (i.e., the most abundant sequence within a particular OTU) were aligned 

to the Greengenes reference alignment with PyNAST (164). Greengenes taxonomic 

classifications (13_5 release) (126) were assigned to OTUs with the RDP classifier at 80% 

bootstrap confidence (125). 

5.4 Results and Discussion 

Below are results and the discussion. 

5.4.1 SBMBR performance – DOC and nutrients 

DOC concentrations were slightly lower in 20-day SRT samples than 5-day SRT samples  

Table 5.2 Dissolved organic carbon (DOC), UV absorbance at 254 nm and specific UV 
absorbance (SUVA) over time during a 2hr treatment cycle (n = 3). 
Treatment cycle DOC [mg/L] UV254nm [m-1] SUVA [L/mg m] 

20-day SRT    0 min 5.9±0.6 13.5±0.8 2.3±0.1 
10 min 6.0±0.7 12.6±0.3 2.1±0.3 
20 min 6.4±0.7 12.4±0.4 2.0±0.3 
30 min 6.7±1.2 13.2±1.2 2.0±0.5 
40 min 5.6±0.6 12.1±1.0 2.2±0.1 
50 min 5.5±0.5 12.5±1.1 2.3±0.1 
60 min 5.2±0.8 12.8±2.1 2.5±0.8 
68 min 5.5±0.7 11.8±0.7 2.2±0.4 
88 min 5.1±0.4 12.9±2.2 2.6±0.6 
108 min 5.4±0.3 12.6±1.3 2.3±0.2 

5-day SRT    0 min 7.3±0.7 11.8±0.4 1.6±0.1 
10 min 8.2±0.9 12.1±0.4 1.5±0.2 
20 min 8.9±1.0 12.5±0.4 1.4±0.1 
30 min 8.4±0.8 12.6±0.2 1.5±0.2 
40 min 7.9±0.8 14.5±2.0 1.8±0.3 
50 min 7.6±0.8 12.2±1.0 1.6±0.3 
60 min 7.3±0.7 11.3±0.1 1.6±0.2 
68 min 7.2±0.7 17.8±0.8 2.5±0.2 
88 min 6.9±0.6 11.5±0.4 1.7±0.2 
108 min 6.8±0.5 11.3±0.5 1.7±0.1 
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whereas UV254nm absorbance was similar during both experiments (Table 5.2). Hence, SUVA 

values were also slightly higher at longer SRT. Interestingly, at 5-day SRT, a significantly 

increased SUVA value was determined after 68 minutes of treatment (anoxic period) due to 

elevated UV254nm readings, pointing towards increased microbial activity generating aromatic by-

products while utilizing DOC (Table 5.2). 3D-fluorescence EEM results corresponded to SUVA 

values, which indicate there was more dissolved organic matter with a higher degree of 

aromaticity under conditions of 20-day SRT compared to 5-day SRT (Table 5.2 and Figure 5.2). 

 
Figure 5.2 3D-Fluorescence excitation-emission matrices (EEMs) of 20-day SRT (A, B) and 5-
day SRT (C, D) samples collected after 40 min and 88 min SBMBR treatment time, respectively. 
See text for definition of peaks I, II, and III. EEMs normalized to 2 mg/L DOC. 

The dissolved organic matter was characterized into three region peaks (Figure 5.2) as described 

in Maeng et al. (165): tryptophan protein-like peak I (ex/em 270-280/320-350 nm), humic-like 

peak II (ex/em 330-350/420-480 nm), and fulvic acid-like peak III (ex/em 250-260/380-480 nm). 

Concentrations of humic- and fulvic acid-like substances were higher at 20-day SRT, indicating 

I III 

II 
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the enhanced microbial biotransformation of less recalcitrant dissolved organic matter (i.e., 

carbohydrates, sugars, amino acids) into more recalcitrant substances with chromophoric 

characteristics ((166) and references therein). Furthermore, intensity of peak I decreased faster at 

20-day SRT over the course of the treatment cycle (Figure 5.2). The longer SRT led to a 

different DOC composition in the mixed liquor compared to short SRT (more humic- and fulvic-

like substances), which overwhelmed the feed signal of each new batch due to the recirculation 

of the mixed liquor.  

 
Figure 5.3 Changes in nutrient concentrations with time in a 2-hour treatment cycle for 20-day 
(top) and 5-day (bottom) SRTs. Blue rectangle regions indicate when air blowers were turned on 
to transfer oxygen to the activated sludge. Error bars are the standard error. 
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Biological phosphate removal in the SBMBR was accomplished by polyphosphate 

accumulating organisms through sequential anaerobic/aerobic activated sludge cycling as 

detailed in Vuono et al. (13). However, almost no phosphate was removed during 5-day SRT 

operation (Figure 5.3). This was due to no distinct anaerobic period (i.e. the absence of nitrate 

and oxygen) at 5-day SRT due to the reduced amount of MLVSS in the system. The MLVSS 

ratio in the SBMBR between 20-day (6.84 g/L) and 5-day SRT (1.31 g/L) was approximately 5. 

The average mixed liquor pH during both sampling campaigns was in the range of 7.0 to 7.5. 

Although ammonia and nitrate concentrations were in the same range during both SRT 

operations, nitrification/denitrification was less efficient during short SRT operation, i.e., nitrite 

was present at concentrations up to 1.2 mg/L. Furthermore, the nitrification efficiency decreased 

as illustrated in Figure 5.3.  

5.4.2 SBMBR performance – TOrC removal 

Average removal efficiencies for all analyzed TOrC after completion of the SBMBR 

reaction period (108 minutes) as well as calculated first-order decay coefficients are summarized 

in Table 5.3. Removal by volatilization or photodegradation was considered to be negligible 

within the bioreactor; biotransformation and/or adsorption were the main removal pathways for 

the selected TOrC. All of the investigated compounds were removed either similarly or more 

efficiently during 20-day SRT operation (Table 5.3). During 5-day SRT removal was diminished 

(Figure 5.4) and decay coefficients significantly lower (Table 5.3). Furthermore, concentrations 

of compounds were generally higher in the bioreactor as illustrated for acetaminophen, caffeine, 

naproxen, acesulfame, and TCPP (Figure 5.5) although their concentrations in the raw 

wastewater were in the same range during both sampling campaigns (data not shown). This 

implies that biotransformation and/or sorption processes started without lag-phase at the 

beginning of each treatment cycle during high SRT. However, highly fluctuating concentrations 

in the raw wastewater were experienced for the antibiotics sulfamethoxazole and trimethoprim 

(frequently used in combination), the non-steroidal anti-inflammatory drug diclofenac, and the 

anti-epileptic drug dilantin during both campaigns. Accordingly, concentrations in the bioreactor 

differed between below detection and 4500 ng/L (sulfamethoxazole), 3200 ng/L (trimethoprim), 

320 ng/L (diclofenac), and 5700 ng/L (dilantin), respectively. To avoid a bias of results, only 

data sets with similar influent concentrations at low and high SRT were compared for these 

compounds. Thus, differences observed in TOrC removal performance during the 2hr treatment 
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cycle were not caused by fluctuating influent concentrations but exclusively related to changes in 

SRT and therefore microbial community structure and activity. Although many compounds are 

amenable to both aerobic and anaerobic biotransformation, slightly enhanced removal was 

observed during the aeration phases (Figure 5.5). None of the analyzed compounds showed 

removal solely related to one redox condition. 

Removal efficiencies were compared with the qualitative framework for prediction of 

trace organic removal by MBR treatment proposed by Tadkaew et al. (154). As predicted, 

compounds containing strong electron withdrawing groups (halogens, carboxylic, amide) such as 

dilantin, diclofenac, fluoxetine, sucralose, TCEP, TCPP, TDCP showed poor to no removal 

during SBMBR treatment irrespective of SRT. Based on calculated log D values, the recalcitrant 

chlorinated flame-retardants TCPP and TDCP were expected to adsorb to the activated sludge 

and therefore be influenced by the change in MLVSS amount. Nevertheless, concentrations of 

TCPP (1092±215 ng/L, 2871±439 ng/L) and TDCP (481±68 ng/L, 768±133 ng/L) did not differ 

in the same extent between 20-day and 5-day SRT, respectively as the MLVSS ratio of 5 would 

have implied. 

Table 5.3 TOrC removal and first-order decay coefficients (λ)	  and associated coefficient of 
determination after completion of SBMBR treatment cycle (n = 3) during 20-day and 5-day SRT, 
respectively. 
  SRT 20 days SRT 5 days 
Compound %Removal λ R2 %Removal λ R2 
Dilantin <1 n.a. n.a. <1 n.a. n.a. 
Fluoxetine <1 n.a. n.a. <1 n.a. n.a. 
Sucralose <1 n.a. n.a. <1 n.a. n.a. 
TCEP <1 n.a. n.a. <1 n.a. n.a. 
TCPP <1 n.a. n.a. <1 n.a. n.a. 
TDCP <1 n.a. n.a. <1 n.a. n.a. 
Diclofenac 21±6 0.002 0.571 18* 0.002 0.493 
Trimethoprim 44±14 0.010 0.830 <1 n.a. n.a. 
Sulfamethoxazole 45±20 0.010 0.845 <1 n.a. n.a. 
Ibuprofen 93±4 0.044 0.729 89±17 0.034 0.977 
Acesulfame 96±2 0.035 0.910 <1 n.a. n.a. 
Naproxen 98±1 0.053 0.962 86±11 0.022 0.950 
Caffeine 99±0 0.073 0.888 92±7 0.031 0.966 
Acetaminophen 100±0 0.150 0.978 100±0 0.080 0.818 
       *Single value only; ˚First-order decay constants derived from multiple data points (n = 8). 
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Significant removal was observed for caffeine and naproxen, while moderate (20-day 

SRT) to poor (5-day SRT) removal was observed for trimethoprim. All three compounds contain 

both electron donating and withdrawing groups or only electron donating groups, which were 

classified by Tadkaew et al. (154) to show low removal efficiency.  

Sulfamethoxazole, acetaminophen, and ibuprofen contain electron-donating groups and 

were previously shown to have high removal efficiency during laboratory-scale MBR treatment 

(167–169). Acetaminophen and ibuprofen showed high removal during this study, while 

sulfamethoxazole was only biodegraded during 20-day SRT operation (45% removal). 

Negligible adsorption of sulfa-based antibiotics (sulfamethoxazole) onto MBR sludge was 

demonstrated elsewhere (167–169). 

The artificial sweetener acesulfame, a heterocyclic compound without strong electron 

withdrawing or donating groups, was well removed during 20-day SRT operation, whereas no 

removal occurred at 5-day SRT. 

 
Figure 5.4 Removal of naproxen (A) and acetaminophen (B) during SBMBR treatment under 
different SRT. 
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Figure 5.5 TOrC behavior during SBMBR treatment cycle (120 minutes) at 20-day (blue, solid) 
and 5-day (red, dotted) SRT. Radial axis displays averaged concentration (n = 3) of the 
respective compound in ng/L. Treatment phases correspond to (a) filling, anoxic, (b) mixing, 
transient, (c) mixing completed, anaerobic, (d – f) aeration, oxic, (g) no aeration, anoxic, (h) 
aeration, oxic, and (j) no aeration, anoxic. 

5.4.3 Bacterial community composition 

A total of 440,667 high quality sequence reads were recovered from SSU rRNA gene 

libraries, at an average sequence depth of 36,722 sequences/sample (min/max/median/standard 

deviation: 8,323/85,368/30,405/19,027). Microbial community compositions (Figure 5.6) were 

significantly different between 20-day SRT and 5 day SRT (Bray-Curtis, R2
ADONIS = 0.68, P 

<0.001). Very few Archaeal sequences were recovered from 20-day SRT samples (0.13%) and 
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none were recovered from 5-day SRT samples. The most abundant bacterial phylum within both 

libraries was Bacteroidetes. This is in contrast to Xia et al. (170), who found Proteobacteria to be 

dominant. Several Bacterial phyla showed significant negative changes in relative abundance 

from 20- to 5-day SRTs including Acidobacteria, Chlorobi, Chloroflexi, Planctomycetes, 

Nitrospirae, and Delta-Proteobacteria  (Table 5.4). Other phyla increased in relative abundance 

during the 5-day SRT, including Bacteroidetes, Alphaproteobacteria, and Verrucomicrobia. 

These results are similar to the findings of Vuono et al. (123). 

 
Figure 5.6 Comparison of community composition (rRNA gene-based) between 20- and 5-day 
SRTs. Colors indicate dominant Bacterial phyla and domain Archaea. Time of sampling event is 
shown on y-axis to demonstrate insignificant changes in gene abundance within a treatment 
cycle. 

5.4.4 Composition dynamics of active community members 

A total of 1,027,909 high quality rRNA amplicon reads were recovered, at an average 

sequence depth of 34,264 sequences/sample (min/max/median/standard deviation: 

5,309/121,865/26,879/25,753). Similar patterns of SSU rRNA gene expression between SRTs 

were observed at the phylum-level, as compared with DNA analysis (Table 5.4). Many of the 

same bacterial phyla showed significant decreases in rRNA relative abundance from 20- to 5-day 

SRTs: Acidobacteria, Chlorobi, Planctomycetes, Nitrospirae, and Delta-Proteobacteria. 

Deltaproteobacteria and Acidobacteria decreased by a greater magnitude than the relative 

decrease in respective abundances as measured by the occurrence of the rRNA gene. Also, the 

������
������

�������
������
������

�������

������
������

�������

������
������

�������

	�
��
�������

�
��
�������



	   71	  

activity of both Planctomycetes and Chloroflexi increased, despite a decrease in abundance for 

their DNA libraries. 

Principal coordinate analysis (Figure 5.7) constructed with Bray-Curtis distances revealed 

the major patterns within the DNA and cDNA (henceforth referred to as rRNA) libraries; the 

majority of the variation was explained by the primary axis (PCo1), which clustered samples by 

SRT, and the secondary axes (PCo2) clustered samples based on either belonging to DNA or 

rRNA libraries. It was hypothesized that if populations of microorganisms differentially express 

rRNA (i.e., an indication of protein biosynthesis) under different redox conditions (i.e., an 

indication of niche differentiation among populations), then rRNA libraries should be clustered 

by anaerobic/oxic/anoxic periods within the treatment process. Indeed this pattern was observed 

for 20-day SRT replicates, which showed distinct clusters for oxic and anoxic samples (with the 

exception of 0-minute anoxic samples).  

Table 5.4	  Phylum-level representation as relative abundance of SSU rRNA gene and SSU rRNA 
libraries recovered from 20-day SRT and 5-day SRT (mean ± standard deviation). Values in bold 
are phyla that decreased in abundance in response to 5-day SRT.	  

Phylum 

Percentage of DNA Sequences Percentage of rRNA Sequences 
20-day SRT 

(n=6) 
5-day SRT 

(n=6) 
20-day SRT 

(n=20) 
5-day SRT 

(n=10) 
Acidobacteria 9.6 ± 1.4 4.0 ± 0.3 8.5 ± 1.8 3.6 ± 0.4 
Actinobacteria 5.1 ± 2.6 6.7 ± 3.5 2.5 ± 0.7 7.3 ± 3.1 
Archaea 0.13 ± 0.1 0.0 0.03 ± 0.02 0.0 
Armatimonadetes 0.40 ± 0.3 0.33 ± 0.1 0.07 ± 0.05 0.05 ± 0.03 
Bacteroidetes 32.8 ± 5.6 42.5 ± 5.0 36.2 ± 5.6 47.5 ± 9.4 
Chlamydiae 0.07 ± 0.02 0.75 ± 0.6 0.07 ± 0.02 3.1 ± 1.1 
Chlorobi 1.2 ± 0.5 0.4 ± 0.0 2.0 ± 0.6 0.5 ± 0.1 
Chloroflexi 7.5 ± 3.4 6.4 ± 2.3 3.0 ± 1.6 8.7 ± 3.6 
Cyanobacteria 0.71 ± 0.1 0.49 ± 0.1 1.7 ± 2.2 0.8 ± 0.5 
Firmicutes 0.92 ± 0.3 1.3 ± 0.2 1.1 ± 0.5 3.9 ± 1.4 
Gemmatimonadetes 0.39 ± 0.02 0.31 ± 0.04 0.4 ± 0.1 0.2 ± 0.1 
Nitrospirae 4.6 ± 0.4 0.71 ± 0.2 2.6 ± 1.0 0.5 ± 0.1 
Planctomycetes 4.4 ± 1.3 2.7 ± 0.4 3.7 ± 1.6 6.1 ± 5.1 
Alphaproteobacteria 4.9 ± 1.1 9.5 ± 1.2 4.7 ± 1.0 6.0 ± 1.2 
Betaproteobacteria 11.2 ± 1.5 11.5 ± 1.4 13.0 ± 2.2 5.0 ± 0.9 
Deltaproteobacteria 5.8 ± 1.2 2.0 ± 0.3 10.5 ± 2.2 1.5 ± 0.1 
Proteobacteria-Epsilon 0.02 ± 0.01  0.01 ± 0.004 0.07 ± 0.1  0.02 ± 0.02 
Proteobacteria-Gamma 5.5 ± 0.5 4.2 ± 0.2 6.5 ± 0.9 3.1 ± 0.4 
Verrucomicrobia 4.1 ± 0.6 5.0 ± 1.0 2.7 ± 0.7 1.9 ± 0.4 
Other Phyla 0.74 ± 0.2 1.29 ± 0.5 0.6 ± 0.2 0.3 ± 0.04 
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One unique observation was the progression of replicates at the start of the treatment 

cycle (0-minutes-Anoxic to 20-minutes-Anaerobic) to form a transient anaerobic cluster at 20-

minutes. These results are best explained within the context of the water chemistry samples taken 

in parallel with the biological samples (Figure 5.3). 1) As raw wastewater fills the SBR tank at 

the start of the treatment cycle, O2 is dissolved at low concentrations, most likely from the 

splashing that occurs during the fill period. This explains the clustering patterns of 0-minute 

replicates within the oxic cluster despite the high concentrations of NO3
- at 0-minutes (Figure 

5.3). 2) As remaining O2 is consumed, anaerobic respiration proceeds with the use of NO3
- as a 

terminal electron acceptor (i.e., denitrification), as represented by a shift in the cluster at 10-

minutes and the linear removal of NO3
- (Figure 5.3 left between 0 and 20 minutes). 3) Finally, 

when nearly all NO3
- is consumed, a new cluster appears at 20-minutes, which is indicative of a 

different population of bacteria that are most likely performing fermentation reactions (i.e., 

substrate-level phosphorylation) in the absence of NO3
- as an abundant terminal electron 

acceptor.  

 
Figure 5.7 Principal coordinate analysis of rRNA gene (DNA) and expressed rRNA genes 
(rRNA) between 20- and 5-day SRTs, colored by redox period. Anaerobic periods are considered 
transient because nitrate is still present at low concentrations (see Figure 4; 20-day SRT) 
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Comparatively, 5-day SRT rRNA libraries did not show the same patterns as 20-day SRT 

libraries and were instead clustered as a single group. These results indicate that the same 

populations of bacteria are active throughout the treatment period. The propensity of microbial 

populations within a complex community to metabolically partition its members during periods 

of redox fluctuations may be a key ingredient for the biochemical transformations of 

contaminants, such as TOrC. 

The resolution of rRNA clusters within a SBR at a 20-day SRT (not attainable with 

DNA-based efforts) has shown that there are distinct populations of bacteria that are 

metabolically specialized for specific redox conditions. To elucidate which taxonomic groups 

were responsible for the rRNA clustering patterns of the 20-day SRT operation, the rRNA 

relative abundances of major bacterial phyla were investigated (Figure 5.8). Of the abundant 

phyla, Bacteroidetes exhibited the greatest differential expression and distinct activity signatures 

during the various redox conditions. The dominant phylotype within this group that showed an 

oxic signature (i.e., greater abundance during oxic periods over anaerobic periods) was an OTU 

mapped to the family Cryomorphaceae, whose closest BLAST hits were soil clones from 

agricultural soils (Table 5.5). Other phylotypes that displayed clear oxic signatures were 

Nitrospira sp., and Candidatus Accumulibacter sp., each of which are known nitrite oxidizing 

bacteria and phosphorus accumulating organisms, respectively. Phylotypes from the phyla 

Chloroflexi (DRC31), Actinobacteria (Gordonia), and Acidobacteria (Chloracidobacteria) also 

displayed oxic signatures. These phylotypes may be associated with TOrC removal due to their 

phylogenetic affiliations with isolates known to perform reductive dechlorination (171), co-

metabolic degradation of alkyl and alkylaryl ethers (172), and closest BLAST hit from oil 

contaminated groundwater. The latter, Chloracidobacteria, is physiologically unique among the 

phylum Acidobacteria in that it is an aerobic, anoxygenic phototroph found in alkaline hot spring 

microbial mats (173). Chloracidobacteria’s ecophysiology and function in activated sludge is 

currently unknown. 

Despite the oxic signature of the most abundant Bacteroidetes phylotype, 

Cryomorphaceae, most of the phylotypes within Bacteroidetes had anaerobic signatures (Table 

5.6). The most dominant anaerobic population of Bacteroidetes was classified to the order 

Sphingobacteriales, with its closest BLAST hits as uncultured clones from MBRs and anaerobic 

digesters. Also, the closest BLAST hit to a cultured representative was Owenweeksia 
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honghongensis strain DSM 17368 (Accession CP003156, 88% similarity), which was isolated 

from “sand-filtered sea water” (174). These results indicate the lack of knowledge for even the 

most abundant and active organisms in activated sludge.  

 
Figure 5.8 Heatmap of the abundance frequencies for Bacterial phyla (and Archaea), as percent 
of total rRNA transcripts, binned by redox condition through time and between 20- and 5-day 
SRT. 

 

One unique and unexpected anaerobic signature was the sequences recovered from the 

chloroplasts of a diatom (classified as Cyanobacteria/Stramenopiles). The closest BLAST hit for 

these chloroplast sequences were from diatom isolates Fragilaria pinnata (FJ002188, 99%) and 

Nanofrustulum shiloi (FJ002232, 99%). While diatoms are typically photoautotrophic, these 

diatoms are likely carrying out heterotrophic metabolisms and are respiring nitrate (175). 

However, it is unclear why the activity of a chloroplast’s rRNA would increase during anaerobic 

and anoxic periods in a SBR. 
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Table 5.5 Identification of the most active aerobic OTUs binned by redox period during a 20-day 
SRT. 

Taxon 
rRNA Abundance  
(%) 

OTU 
ID Top BLAST Hits (Accession, % ID) 

  Anaerobic/Oxic/Anoxic   

Aerobes    

Bacteroidetes/Cryomorphaceae_f 8.5 / 17.8 / 11.8 0 

China agricultural soil Bacteroidetes clone 
Paddy_40_1595 (JF982310, 99%); China 
agricultural soil Bacteroidetes clone 
Paddy_40_1521 (JF982236, 99%)  

Chloroflexi/DRC31_o 0.4 / 0.8 / 1.5 3 

Mesophilic anaerobic digerster clone 
QEDS1DE10 (CU921523, 99%); Domestic 
wastewater clone 255 (KF830532, 99%) 

Nitrospirae/Nitrospira_g 1.4 / 2.9 / 3.0 6 
Candidatus Nitrospira defluvii sublineage I 
(NR_074700, 99%) 

Acidobacteria/Chloracidobacteria_c 1.1 / 3.4 / 2.7 7 

Oil contaminated groundwater clone 3-4-4 
(JX012241, 99%); Anaerobic sludge clone 
ly13 (GQ203647, 99%) 

Delta-Proteo/Polyangiaceae_f 1.4 / 2.6 / 0.9 8 

Gut contents of earthworm Eudrilus 
eugeniae clone B013H_C07 (HG9964620, 
99%); Garden soil Mycococcales clone 9-15 
(DQ646297, 99%) 

Actinonacteria/Gordonia_g 0.37 / 0.43 / 0.46 11 

Skin microbiome clone nbw1222f07c1 
(KF070399, 99%); Gordonia alkanivorans 
strain Z1-4 Yalu River marine isolate 
(KJ571103, 99%); Gordonia rubripertincta 
strain Z7-14 Yalu River marine isolate 
(KJ571089, 99%) 

Acidobacteria/Solibacterales_o 0.55 / 1.25 / 0.74 20 

Jing-Mei River, Taipei, Taiwan river bank 
clone BSB0101-15 (JN397720, 99%); 
Nitrifying SBR clone P8E1 (JQ815046, 
98%) 

Beta-Proteo/Accumulibacter_g 0.53 / 0.98 / 1.16 21 
Candidatus Accumulibacter phosphatis clade 
IIA strain UW-1 (NR_074763, 99%) 

Planctomycetes/Gammataceae_f 0.56 / 0.89 / 0.73 55 

Activated sludge ANAMMOX enrichment 
clone KIST-JJY148 (FJ232673, 99%); 
Restored grassland, Kansas planctomycete 
clone GASO-KC2S3_F02 (EU299805, 96%) 

Taxonomic classification was implemented with the RDP Classifier at 80% bootstrap confidence against the Greengenes 16S rRNA database 
(13_5 release). The highest level of classification for each OTU is indicated as follows: c = class, f = family, g = genus, and s = species. 
Abundance was calculated as a percentage of the total sequences meeting the quality standards (1,846,278). 
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Table 5.6 Identification of the most active anaerobic OTUs binned by redox period during a 20-
day SRT. 

Taxon 
rRNA Abundance  
(%) 

OTU 
ID Top BLAST Hits (Accession, % ID) 

  Anaerobic/Oxic/Anoxic   
Anaerobes    

Bacteroidetes/Sphingobacteriales_o 10.3 / 4.9 / 2.9 1 

MBR clone MBP 436 (KF697505, 99%); 
Hybrid biofilm-activated sludge system clone 
Q7399-ASSA (JN391543) 

Delta-Proteo/Mycococcales_o 5.9 / 3.9 / 3.8 4 

Activated sludge MBR clone SMBR-NOV-
B23 (FN827191, 99%); Rice paddy soil 
Kofleriaceae clone EMC-0129 (KF956785, 
97%)  

Bacteroidetes/Saprospiraceae_f 5.2 / 3.0 / 2.9 17 

China estuarine salt march Bacteroidetes 
clone Marsh_0_248 (JF980971, 92%); 
Yangtze River, China surface seawater clone 
(DQ656298, 92%)  

Bacteroidetes/Saprospirales_o 2.0 / 0.53 / 0.31 24 

New Orleans, LA raw sewage clone 
Gctb_ML_280 (FJ353392, 100%); Activated 
sludge clone GD 2-74 (China) (KC551645, 
99%)  

Bacteroidetes/succinicans_s 1.7 / 0.98 / 0.84 19 

Electroactive biofilm isolate (Gent, Belgium) 
Flavobacerium succinicans strain R-31630 
(AM943047, 99%); Lake Inba, China 
freshwater clone R1-C4 (AB195780, 99%)  

Cyanobacteria/Stramenopiles_o 1.2 / 0.6 / 5.3 13 

Chloroplast of Fragilaria pinnata isolate 
C112 (FJ002188, 99%); Chloroplast of 
Nanofrustulum shiloi isolate C39 (FJ002232, 
99%) 

Delta-Proteo/Plesiocystis_g 0.85 / 0.57 / 0.30 32 

Biosolid amended soil Myxococcus sp. clone 
4_92 (GU271603, 99%); Yunnan Stone 
Forest, China soil clone YF707 (KF037875, 
99%) 

Gamma-Proteo/Dokdonella_g 0.48 / 0.31 / 0.69 31 

Vanadium (V) contaminated groundwater 
Dokdonekka sp. clone OTU15 (KF956484, 
99%); Secondary effluent 
Gammaproteobacteria clone SB_33 
(HE858121, 99%)  

Planctomycetes/Planctomyces_g 0.35 / 0.19 / 0.36 69 

Mesophilic anaerobic digerster 
Planctomycetes clone QEDP1BF02 
(CU923919, 99%); Aquatic moss pillar clone 
(MPB1-232, 99%)  

Taxonomic classification was implemented with the RDP Classifier at 80% bootstrap confidence against the Greengenes 16S rRNA database 
(13_5 release). The highest level of classification for each OTU is indicated as follows: c = class, f = family, g = genus, and s = species. 
Abundance was calculated as a percentage of the total sequences meeting the quality standards (1,846,278). 
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Table 5.7 Identification of the most active facultative OTUs binned by redox period during a 20-
day SRT. 

Taxon 
rRNA Abundance  
(%) 

OTU 
ID Top BLAST Hits (Accession, % ID) 

  Anaerobic/Oxic/Anoxic   
Facultative    

Beta-
Proteo/Comamonadaceae_f 3.2 / 3.6 / 4.4 28 

Anaerobic digester of cow manure Curvibacter 
sp. clone SY262140 (KF462377, 99%); 
Kathmandu, Nepal groundwater well clone DG-
BL-H6 (AB635987, 99%), Baltic sea Fe-Mn 
sediment clone 
PAH3week11SedimAnoxic_H17_11_F08 
(KJ616297, 99%) 

Gamma-Proteo/Moraxellaceae_f 2.6 / 2.2 / 1.3 15 

Hunan, China arsenic mine contamination clone 
SM3NY (KC961268, 100%); Illinois activated 
sludge treatment plant Gammaproteobacteria 
clone DGF73 (AY528783, 99%), Denmark 
EBPR Gammaproteobacteria clone Skagenf46 
(DQ640687, 99%)  

Beta-Proteo/Chitinimonas_g 2.5 / 2.6 / 2.5 42 

Stormwater clone SUPWaterClone295 
(JQ776314, 99%); Waste water clone a-67 
(JX040379, 98%)  

Chlorobi/OPB56_c 2.0 / 1.7 / 1.5 12 

ANAMMOX enrichment clone 10-1 
(KC872049, 97%); activated sludge MBR 
Chlorobi clone R7-69 (JF808803, 96%)  

Acidobacteria/Ellin6513_o 1.2 / 1.2 / 1.3 46 

Tibetan Plateau soil clone BACu-B5B11 
(GQ128056, 99%); Alpine soil, Alpes 
Acidobacteria clone A5YN02RM (FJ570126, 
99%) 

Bacteroidetes/Leadbetterella_g 0.69 / 0.49 / 0.88 2 

Activated sludge anoxic tank clone Q7418-
ASSA (JN391558, 99%); MBR clone SMBR-
NOV-B34 (FN827208, 99%); Polluted 
lakewater clone Dianchi-35 (Dianchi 
Lakeshore, China) (HQ324881, 99%)  

Verrucomicrobia/Prosthecobact
er_g 0.54 / 0.44 / 0.57 38 

Activated sludge clone BJ 2-71 (KC551758, 
98%), Natural wetland clone A6 (KF443417, 
98%) 

Taxonomic classification was implemented with the RDP Classifier at 80% bootstrap confidence against the Greengenes 16S rRNA database 
(13_5 release). The highest level of classification for each OTU is indicated as follows: c = class, f = family, g = genus, and s = species. 
Abundance was calculated as a percentage of the total sequences meeting the quality standards (1,846,278). 
 

5.4.5 TOrC removal related bacteria/enzymes and trends in SBMBR 

Until now, only a few bacterial strains, mainly from genera Pseudomonas, Sphingomonas, 

Patulibacter, Nocardia, Rhodococcus and Stenotrophomonas, able to degrade pharmaceuticals, 

have been isolated ((176) and references therein;  (177) and references therein). However, pure 

culture studies most often do not reflect the ability of microbial organisms to degrade TOrC at 

environmentally relevant concentrations in the low ng/L to µg/L range. During both SRTs, the 

genera Rhodococcus, Nocardia, Actinoplanes, Pseudomonas, and Stenotrophomonas were 

present in very low abundance and cannot explain the observed TOrC removal in the bioreactor. 
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Furthermore, the link between degradation and phylogenetic affiliation has yet to be elucidated 

for TOrC removal. 

More likely, TOrC are not solely degraded by one single bacterial strain but specific 

enzymes produced by a variety of microbes under certain environmental conditions (i.e. redox 

conditions, carbon limitation, high nitrification) in the SBMBR system. Enzymes catalyze 

specific reactions resulting in intermediate transformation products that may be available for 

further reactions. For instance, enzymes such as ammonia mono-oxygenase (AMO) and P450 

cytochrome were shown to be involved in the degradation of pharmaceuticals, i.e. diclofenac 

(178). 

5.5 Conclusions  

The relative abundance profiles represent gene expression of the SSU rRNA gene, a 

proxy for microbial activity. Higher abundance within a specific redox period 

(anaerobic/oxic/anoxic) corresponds to higher metabolic activity within that period and may be 

associated with the degradation or biotransformation of TOrC. Some populations mirror oxic 

periods, such as Cryomorphaceae and Nitrospira, while other populations mirror anaerobic-

anoxic periods such as Sphingobacteriales and Saprospirales. Our results shed light on niche 

differentiation in microbial populations in activated sludge and may help direct further research 

into the isolation of functionally important organisms responsible for bioreactor performance 

such as TOrC removal. Also, while it is not possible to directly link the removal of certain TOrC 

to a particular bacterial population in activated sludge with current methods used in this study, 

our results clearly show distinct redox-specific signatures of bacteria at a 20-day SRT, but not at 

a 5-day SRT. The lack of structure in rRNA libraries at 5-day SRT may be indicative of the co-

metabolic requirements for TOrC biotransformation. For example, at the 20-day SRT, active 

anaerobic populations may transform or alter the chemical structure of TOrC to make 

degradation by aerobic bacteria more amendable. However, regardless of the potential 

mechanisms by which TOrC are removed from wastewater, the potential and actual functions (in 

situ) of the most abundant bacterial populations in activated sludge are still unknown. This 

fundamental lack of knowledge warrants further research using -omic techniques (e.g., 

metagenomics, metatranscriptomics, and proteomics) to illuminate the activated sludge ‘black 

box’.      
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6 CHAPTER 6 – EDUCATIONAL VIDEO ABOUT WATER SUPPLY, WATER 

TREATMENT AND WATER REUSE 

In preparation as 

Tapped out: A documentary about water. (www.vimeo.com/davevuono) 

 

[TAPPED OUT: A DOCUMENTARY ABOUT WATER- 

SCRIPT] 
Dave Vuono – Aaron Heldmyer 

6.1 FILM OVERVIEW 

This short documentary targets a broad audience on the issues of drinking water supply 

and wastewater treatment in urban settings. We discuss some of the technologies used in 

supplying and treating water in urban centers (i.e., cities), with a focus on the Rocky Mountain 

Region of Colorado. We discuss the paradigms of water supply and present challenges and 

opportunities for how future infrastructure can be developed to facilitate challenges of water 

scarcity. We address advantages and pitfalls of centralized versus decentralized treatment, as 

well as public perception of water reuse and the advantages of using reclaimed water as a 

management option for future water supply. This documentary will initially be disseminated to 

Colorado School of Mines engineering students to gauge impact on public perception of water 

supply. 

[BLACK BACKGROUND. TITLE SCREEN. OPEN WITH 

LANDSCAPE/MOUNTAINS/AND WATER] 

6.2 PART I. INTRODUCTION 

[INTERCUTS OF SNOWY MOUNTAIN SCENES, RIVERS (CLEAR CREEK), 

RESERVOIRS, OTHER NATURAL WATER BODIES…PLAYING OVER NARRATION 

WHICH ENTERS AFTER SEVERAL MOMENTS. BGM: NATURAL WATER SOUND 

EFFECTS OR SIMILAR] 
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[NARRATOR. PAUSE BETWEEN SENTENCES. INTRO 1] Water is the most vital 

resource for life. Landscapes are shaped by it. Civilizations grow and die by it. This is 

particularly true in the American West, a region whose history is defined by this precious 

resource. 

 

[INTERCUT IMAGES OF ANASAZI (PUEBLO) RUINS AND PICTURES, 

FOLLOWED BY GOLD RUSH-ERA PICTURES OF MINING OPERATIONS USING 

WATER, IN CONJUCTION WITH NARRATION. BGM: RELEVANT, SOFT CULTURAL 

MUSIC] 

[NARRATOR. INTRO 2] As early as the 8th century, the ancient Pueblo people thrived 

in a culture centered in the Four Corners region [SHOW MAP HERE]. This civilization is 

remembered today by their towering cliff dwellings left behind in places like Mesa Verde and 

Chaco Canyon [SHOW CHANNEL WELLS], but they also constructed some of the most 

extensive and elaborate water-collection and irrigation systems of their time. Massive dams and 

canals captured water from neighboring tributaries and supported populations of several 

thousand people in a land seemingly inhospitable for life.  

[INTRO 3] The Pueblo prospered for many hundreds of years until, in approximately 

1150 C.E., the West experienced a sudden shift in climate, marking the start of a 300-year long 

period known as the Great Drought, forcing the once-prosperous nation to compete over 

dwindling water supplies, and ultimately abandon their homes. [pause] The unexpected end of 

Pueblo culture in the region illustrates the inescapable truth that water is essential for the survival 

of even the most powerful civilizations. 

6.3 PART II. STATUS QUO 

[SHOW CITYSCAPE OF DENVER. BRIEF PAUSE BEFORE CONTINUING 

NARRATION. IN CONJUNCTION WITH NARRATION, SHOW IMAGES OF WTP’S AND 

WWTP’S AND OTHER WATER INFRASTRUCTURE. BGM: NONE] 

[SQ 1] Of course, water management technology has seen vast improvements from its 

humble beginnings of simple canals and ditches. The United States is crisscrossed with pipe 

networks carrying millions of gallons of water across vast distances to sate a growing nation’s 

ever-increasing thirst. Water and wastewater treatment plants clean this water, making it safe for 

human consumption and discharge to the environment.  
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[SQ 2: VISUAL: SNOWY MOUNTAIN (TIME LAPSE) SHOT TO CREEKS AND 

RIVERS] Treatment of water begins with collection of water from a pristine water source, such 

as the rivers and catchments that collect snowmelt from the Rocky Mountains. This water can 

then be stored in reservoirs, where the quality is monitored so that utilities can tailor their 

treatment processes to the unique characteristics of the water.  

[SQ 3] Water treatment plants then collect and purify it for consumption and general use 

by the public.  After the water has been used, it flows through another network of city pipes, as 

wastewater.  

[SQ 4] But wastewater can be challenging to treat because it's a hodge-podge of 

ingredients that get mixed together into a single flow, making it difficult to remove constituents 

on an individual bases. In order to treat wastewater we must rely on the tiniest organisms on our 

planet, bacteria. 

[SQ 5] Most wastewater treatment plants use diverse communities of bacteria to break 

down and remove contaminants in our wastewater, so that it can be safely discharged back into 

the environment.  This has been standard practice for quite a while, but there are problems and 

inefficiencies. 

[CUE JÖRG AND GLEN DAIGGER, INTERVIEW EXPLAINING PROBLEMS WITH 

CURRENT WATER INFRASTRUCTURE. IS IT DECAYING? HOW MUCH ENERGY 

DOES IT CONSUME? SHOW INTERVIEWEE, TITLE WITH NAME AND CREDENTIALS 

AT BOTTOM. AFTER SEVERAL SECONDS OF HIS TALKING, SHOW GRAPHICS AND 

IMAGES THAT ILLUSTRATE POINTS] 

6.4  PART III. NEW THINKING 

[SHOW CLIPS OF LABWORK, POSSIBLY GRL. WHEN CSM IS MENTIONED, 

SHOW CLIP OF CSM SIGN. WHEN PILOT PLANT MENTIONED, DISPLAY CLIPS OF 

INSIDE/ OUTSIDE PLANT, LABORATORY, ETC. WHATEVER’S IMPORTANT.] 

[NT 1] ReNUWIt, or Reinventing the Nation’s Urban Water Infrastructure, is an 

interdisciplinary, multi-institution [VISUAL: SHOW MINES CAMPUS] effort to improve the 

ways in which we manage water in urban settings.  

[NT 2] At the Colorado School of Mines, in Golden, Colorado, graduate students in the 

fields of microbiology, ecology and environmental engineering are hard at work finding 
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alternatives to our current outdated and inefficient treatment processes. Here at the Mines Park 

Water Reclamation facility, raw wastewater is being treated and reused in a variety of ways. 

[CUE IN TZAHI WITH MINES PARK WATER RECLAMATION FACILITY. 

HIGHLIGHT DECENTRALIZED, CUE IN DR. BOB, ADVANTAGES (DECREASES 

URBAN SPRAWL, INCREASES WATER EFFICIENCY, ETC…) WATER AND NUTRIENT 

RECLAMATION, UFO-MBR SYSTEM, LANDSCAPE IRRIGATION (JUNKO), POTABLE 

AND NON-POTABLE REUSE.]  

[SHOTS OF CAMPUS, POTENTIALLY DURING PASSING PERIOD TO GET A 

MORE “BUSTLING” EFFECT. WHEN DISCUSSING DROUGHT, SHOW PHOTOS OF 

DROUGHT CONDITIONS, POSSIBLY RELATED TO RECENT CALI DROUGHT BGM: 

POSSIBLE AMBIENT SOUNDS OR NONE.] 

[NT 3] The ongoing efforts made here at Mines, as well as the other institutions of 

ReNUWIt, may help radically reinvent the ways in which we interact with water in our daily 

lives. In a world where less than 1% of fresh water readily available for use, reuse and proper 

distribution are some of the best options for securing our water resources in an uncertain future. 

Of course, like any system, there are limitations to consider. Cost, for example, may 

prove to be a difficult challenge. Existing plumbing would need to be retrofitted to allow for a 

dual piping system, which represents a significant cost when implemented on a nationwide scale. 

Another factor, and perhaps the most important, is public perception. Many people have 

concerns about using water treated directly from wastewater, regardless of how clean it is. But 

recycling water has always been the norm.  

[DR. BOB: We all have to realize that we are down stream from someone else. For 

example, by the time water from the Mississippi river makes it down to New Orleans, that water 

has been through approximately 8 people… [pause] and drinking bottled water is not the 

solution….why (privatization of water, transport costs, plastic waste, etc.)] 

With foresight, planning for water reuse can have huge long-term cost savings, benefiting 

both municipalities and consumers. At the Westminster Public Works Department, cutting edge 

water reclamation infrastructure is being put to use in a major way. 

[CUE IN BRENLEY RETHINKING MANAGEMENT PRACTICES FOR USING 

RECLAIMED WATER, IMPROVING PUBLIC PERCEPTION ETC] 

[VISUALS: AERIALS OF WESTMINSTER, ETC] 



	   83	  

Technological advancements, like the membrane bioreactor at Mines Park, and the 

dedicated work taking place in Westminster, offer a promising glimpse into the future of our 

nation’s water infrastructure. But this is just the beginning. Organizations like ReNUWIt are 

hard at work designing the water infrastructure of the future. 

[ROLL CREDITS]
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CHAPTER 7 – CONCLUSIONS AND FUTURE WORK 

 

In Chapter 2, we report the first decentralized/satellite application of a hybrid sequencing 

batch membrane bioreactor (SBMBR) implemented in an urban setting and operated in a tailored 

water reuse mode. Our results reveal that a flexible and stable wastewater treatment system can 

be used to achieve different effluent quality without compromising the performance of 

membrane operation. Thus, a flexible treatment system has great potential to tailor effluent 

qualities to local urban water demands, such as for landscape irrigation, household service water, 

stream flow augmentation, or groundwater recharge. Further research must aim to assess the 

level of predictability, resilience of system performance to changing treatment conditions, and 

long-term robustness of flexible treatment systems. 

In Chapter 3, it is demonstrated that 1) the operational parameter SRT can selectively 

enrich for organisms based on life-history strategy (i.e., selection of r-K strategists); 2) in 

contrast to studies that show resilience of microbial diversity to pulse-disturbances, microbial 

communities in activated sludge did not fully recover to their original state after the press-

disturbance; and 3) the recovery of microbial composition is not a prerequisite for the recovery 

of general ecosystem functions. Concordantly, our results support the functional redundancy 

hypothesis for microbial ecosystems and indicate that after a major disturbance, new microbial 

communities reassemble to perform the same ecosystem functions. 

In Chapter 4, the influence of bacterial colonization into an ecosystem (activated sludge 

bioreactor) was measured through a disturbance gradient (successive decreases in solids 

retention time (SRT) relative to stable operating conditions in a before/after control/impact 

(BACI) experiment. Results show an increased relative abundance of organisms in the sludge 

that were compositionally similar to those in the influent during the maximum disturbance state. 

Our results support the hypothesis that disturbance opens up recruitment sites for bacterial 

colonization. These results provide insights into the management of engineered microbial 

communities, but also provide insights for how to manage and promote healthy microbial 

communities within the human microbiome for individuals in diseased states. These results also 

shed light on the similarities between ‘macro’ and ‘micro’ ecology, which show similar patterns 

of dispersal and colonization of ecosystems during disturbance. In addition, the stability of the 
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bioreactor ecosystem (as measured by the range of ecosystem processes performed and decrease 

in diversity) was compromised by the disturbance and manifested as a decreased resistance to 

invasion (i.e., niche opportunity). 

In Chapter 5, the relative abundance profiles represent gene expression of the SSU rRNA 

gene, a proxy for microbial activity. Higher abundance within a specific redox period 

(anaerobic/oxic/anoxic) corresponds to higher metabolic activity within that period and may be 

associated with the degradation or biotransformation of TOrC. Some populations mirror oxic 

periods, such as Cryomorphaceae and Nitrospira, while other populations mirror anaerobic-

anoxic periods such as Sphingobacteriales and Saprospirales. Our results shed light on niche 

differentiation in microbial populations in activated sludge and may help direct further research 

into the isolation of functionally important organisms responsible for bioreactor performance 

such as TOrC removal. Also, while it is not possible to directly link the removal of certain TOrC 

to a particular bacterial population in activated sludge with current methods used in this study, 

our results clearly show distinct redox-specific signatures of bacteria at a 20-day SRT, but not at 

a 5-day SRT. The lack of structure in rRNA libraries at 5-day SRT may be indicative of the co-

metabolic requirements for TOrC biotransformation. For example, at the 20-day SRT, active 

anaerobic populations may transform or alter the chemical structure of TOrC to make 

degradation by aerobic bacteria more amendable. However, regardless of the potential 

mechanisms by which TOrC are removed from wastewater, the potential and actual functions (in 

situ) of the most abundant bacterial populations in activated sludge are still unknown. This 

fundamental lack of knowledge warrants further research using -omic techniques (e.g., 

metagenomics, metatranscriptomics, and proteomics) to illuminate the activated sludge ‘black 

box’. 

Recommendations for future work on the topic of microbial ecology of activated sludge 

include the effects of immigration on the diversity of activated sludge community structure and 

how that relates to stability and resilience if disturbances are introduced. Such an experiment 

could be designed with two treatment groups, 1) replicate bioreactors that receive a sterile source 

of wastewater and 2) replicate bioreactors that receive wastewater with a known community 

population. The experiment could be run through time and when equilibrium has been reached, a 

disturbance can be introduced to see which community recovers more quickly and completely, as 

well as bioreactor performance. Another area of future work could elucidate the impacts of 
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bioreactor scale on microbial diversity. This experiment could be accomplished with the pilot-

scale SBMBR at Mines Park, full-scale SBMBR at Mines Park, and a full-scale SBR, such as the 

treatment plants operating in Idaho Springs, CO and Morrison, CO. Lastly, further operational 

approaches could be tested to recover ammonia from influent wastewater by recirculating 

activated sludge to the membrane tanks during the fill period of the treatment cycle. 
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8 APPENDIX A – Supporting Information for Chapter 2 

8.1 Principal Component Analysis (PCA) 

PCA is a data reduction technique using eigen-decomposition of the variance/covariance 

matrix or correlation matrix. Each principal component is a linear combination of the original 

variables, whose variance (eigenvalue) is maximized at each principal component. PCA can be 

used to visualize the underlying structure of a data set, represented as new variables (i.e., 

principal component scores), and visualized in fewer dimensions, such as in a correlation biplot 

(Figure 2.5).  

 
Figure A-1. 24-hour time series of hourly influent sCOD and ammonia concentrations and 
effluent (permeate) nitrate concentrations collected from the Mines Park water reclamation test 
site under strategy 2 treatment conditions. Due to variations in sCOD loading over the course of 
a day, insufficient readily biodegradable organic carbon is available during off-peak flow periods 
(evening and early morning) to fully remove nitrate. This daily variation contributes to elevated 
effluent nitrate and hinders anaerobic conditions necessary for phosphorus removal. 

 

!
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Figure A-2. Sequencing batch reactor power consumption in kW as a function of air blower flow 
rate in cubic feet per minute. The exponential model that describes this relationship was used to 
accurately capture and estimate the hourly variations in power consumption over the course of a 
day and make comparisons between treatment phases. The hourly variations in power 
consumption are the result of diurnal variations in influent carbon and ammonia loadings. 
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Table A-1. Summary of additional water quality parameters measured.  
 

 
 

 Steady State - Strategy 1 (Day 90 – 
212) 

Steady State - Strategy 2 (Day 213 – 
334) 

Anoxic - Oxic Anaerobic – Oxic – Anoxic  
Parameter  Influent 

(n=18) 
Effluent 
(n=18) 

% Removal Influent 
(n=9) 

Effluent 
(n=9) 

% Removal 

TSS (mg/L) 217.3±60 - - 440.1 ± 270 - - 
BOD5 (mg/L) 215.6±27.8 NA - NA NA - 
DOC (mg/L) 61.2±11.2 4.69±0.3 91.9%±2.8% 73.59 ± 16.5 5.23±0.3 92.6%±1.6% 
Cond. (µS/cm) NA 595.1±80.4  NA 569.3±31.8  
Ca (mg/L) NA   26.9 ± 2.4   
Fe (mg/L) NA   0.04 ± 0.02   
Mg (mg/L) NA   8.3 ± 0.66   
K (mg/L) NA   10.6 ± 0.41   



	   108	  

9 APPENDIX B – Supporting Information for Chapter 3 

9.1 SI Materials and Methods – Chapter 3 

SI materials and methods are below. 

9.1.1 Operational Characteristics of Regime Change 

A full-scale decentralized sequencing batch membrane bioreactor (SBMBR) treating 

domestic wastewater upstream of a publicly owned treatment works was operated at the 

Colorado School of Mines (Golden, Colorado) over 313 days. The waste activated sludge (WAS) 

flow-rate-based calculated solids retention time (SRT; equation S1) was used to control 

bioreactor operation over a range of SRTs (Figure 3.1A). By definition, the SRT is equal to the 

total amount of solids in the treatment system divided by the mass of solids intentionally wasted 

per day. SRT was controlled in the SBMBR system, using the following equation: 

                                                         (B-1) 

In the numerator, the total mass of solids in both the bioreactor tanks (BR) and membrane 

tanks (MT) is calculated using the concentration of biomass (total suspended solids, or XTSS) 

multiplied by the tank volumes (V). The denominator corresponds to the amount of biomass 

wasted per day using the flow rate of waste activated sludge (QWAS) and the biomass 

concentration from the membrane tank. Prior to experimentation, we operated the SBMBR for 8 

months at a 30-day SRT to ensure acclimatization of the sludge community. Experimentation 

began at the end of the 8-month period and we ran the system for an additional 57 days at a 30-

day SRT. Average mixed liquor suspended solids (MLSS or biomass) concentration during these 

initial starting conditions was 5.6 g/L, at an average WAS flow rate of 0.62 m3/day. Increased 

biomass wasting was initiated on day 70 to reach a 12-day SRT (average wasting: 2.34 m3/day). 

After a transition period of approximately 30-days, we reached our target MLSS concentration 

(1.5 g/L) and continued operation at a 12-day SRT for a period of 4.3x the SRT. On day 157, we 

began wasting at an average flow rate of 9.99 m3/day to achieve a target MLSS concentration of 

0.5 g/L. After a brief transition period (3 days) we ran the system for a period of 4.3x the SRT at 

a 3-day SRT. The corresponding Food:Microorganism (F:M) ratios for 30, 12, and 3 day SRTs 

were 0.03, 0.14, and 0.33 kg of chemical oxygen demand (COD) per kg of mixed liquor volatile 

suspended solids (MLVSS) (Figure 3.1B). Here we define the 3-day SRT as the maximum-

€ 

Θx =
XTSS,MT ⋅ VMT + XTSS,BR ⋅ VBR

QWAS ⋅ XTSS,MT
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disturbance-state (MDS), due to the significantly higher F:M ratio imposed on the system above 

general design guidelines for SBR systems (represented by the red horizontal line in Figure 

3.1B) (4). 

  The recovery phase of the experiment began on day 178, during which wasting valves 

were closed and biomass was allowed to concentrate in the system. By day 200, the exponential 

growth response was halted (Figure 3.1A) and we began wasting at an average flow rate of 0.72 

m3/day until day 228. While the system was equilibrating, the SRT during this period was 

calculated to be approximately 20 days. After day 228 of the experiment, wasting was decreased 

to 0.62 m3/day and 30-day SRT conditions resumed for the remainder of the experiment. 

9.1.2 Water Quality Analysis 

Influent wastewater and treated effluent were collected weekly or bi-weekly, depending 

on sampling intensity, as 24-hour composite samples. Samples were analyzed for chemical 

oxygen demand (COD), soluble COD (0.45µ filtered), total nitrogen, total phosphorus, ammonia, 

nitrate, nitrite, alkalinity, conductivity, and pH as described by Vuono et al. (13). Biomass 

concentration was also measured as described by Vuono et al. (13) (Figure B-1). 

9.1.3 PCR 

PCR reactions were carried out in a total reaction volume of 25 µL, 2 µl of which was 

DNA template. In order to minimize primer dimer formation, we employed a PCR-touchdown 

annealing temperature strategy for the first 10 cycles from 68-58° C, proceeded by 10 cycles of 

three-step PCR (denaturation, annealing, elongation) followed by an additional number of cycles, 

which was determined by the start PCR-plateau phase, as measured by quantitative PCR (qPCR) 

of two-step PCR (annealing and elongation at same temperature). Reagents and final 

concentrations were 1x Phusion HF polymerase (2X mastermix) with 8% v/v DMSO and 0.5 uM 

forward and reverse primers in the final reaction volume. PCR products were quantified using 

the NanoDrop Spectrophotometer ND-1000 (Wilmington, DE) as well as gel quantification for 

redundancy. Amplicons were gel purified using the E.N.Z.A. gel purification kit (Omega). 

Briefly, the SSU rRNA gene primers used were 515f-modified, 5’-

GTGYCAGCMGCCGCGGTAA-3’, and 927r-modified, 5’-CCGYCAATTCMTTTRAGTTT-3’. 
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9.1.4 SSU rRNA Processing Pipeline and Quality Control 

Flowgrams were denoised using DeNoiser version 1.3.0-dev, loaded from the QIIME 

1.5.0 Amazon machine identifier (AMI), on Amazon Web Services (AWS) eight-core 

m2.4xlarge EC2 instance, launched as a 20-node cluster via StarCluster 

(http://star.mit.edu/cluster/index.html). Chimeric sequences were identified using UCHIME 

(USEARCH version 6.0.203) under reference mode and de novo mode (66). Given that chimeric 

sequences are most likely less abundant sequences, the most abundant sequences of cluster sizes 

>20 that were flagged as chimeras were hand-checked against the NCBI nt database using 

BLAST (179). Query sequences with ≤ 99% identity and mismatches on either end of the 

reference sequence were split at the point where reference and query sequence appeared to 

diverge. Each end of the split sequence was re-BLASTed and taxonomic consistency was 

inspected between either end’s best BLAST hit. Sequences that did not meet the above 

requirements were discarded. 

We aligned DNA sequences to the SILVA bacterial reference Seed alignment 

(www.mothur.org) using NAST (180); those sequences that did not begin at the V4 region and 

terminate at the end of the V5 region were discarded from further analysis. Vertical gaps were 

removed from the alignment and leading and trailing columns were discarded such that no 

sequences had terminal gaps (vertical=T and trump=., options in Mothur). Taxonomic 

classification of all remaining sequences was implemented using the RDP Classifier (125) at 

80% bootstrap confidence against the Greengenes 16S rRNA database (13_5 release) (126). 

Sequences were clustered into operational taxonomic units (OTUs) at 97% identity using the 

average neighbor method (Mothur) with pairwise distances calculated from the multiple 

sequence alignment described above. The consensus taxonomy was assigned to OTU clusters 

using the ‘classify.otu()’ command in Mothur. 

9.1.5 Data Analysis 

Pairwise community similarity of Weighted Unifrac (181) and Morisita-Horn indices 

were computed in QIIME using the ‘alpha_diversity.py’ script. To determine whether SRTs 

contained differences in species and phylogenetic composition, ANOSIM and ADONIS with 999 

permutations were used to test significant differences between groups based on weighted 
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UniFrac and Morisita-Horn indices. Taxonomy-based Hill number calculations were carried out 

using custom R scripts and in the vegan package (33) and plotted using ggplot2 (182) within the 

R environment for statistical computing (http://www.r-project.org/). Hill numbers based on 

phylogenetic diversity were calculated using custom R scripts by Armitage et al., using the 

following equation: 

                             (B-2) 

where π(i,b) is the relative abundance of internal branches in a phylogenetic tree, or 

“historical species” (i,b), for each branch b of i ∈ {1, 2, 3,. . ., S}, Ib ⊆ {1, 2, 3,. . ., S} that have 

descended from b, and Z(I,b)(j,c) is an asymmetric relatedness matrix (see Leinster & Cobbold 

Appendix A for Mathematical Proofs). At 0DZ(π), Z is equal to I (identity matrix), which is the 

species richness of the community. For each sludge sample, qDZ(π) values were calculated over 

a range of q (0–5) averaged over 100 subsamples and rarefied to the smallest number of 

sequences in each sample. The R code used to calculate diversity profiles can be downloaded at 

https://gist.github.com/darmitage. 

In order to test if diversity recovered after disturbance, the time series was modeled as an 

AR(1) process. We observe proportions of various OTUs at times t1, ..., tn. Let xi

 

be the number 

of sequences in a particular OTU at time ti. Between ti

 

and ti+1

 

each organism produces a clone of 

a random size (if the organism dies the clone size is 0). We assume the clone sizes of the 

organisms are independent and identically distributed. The number of copies xi+1

 

at time ti+1

 

is 

the sum of the clone sizes plus immigration. By the previous assumption the sum of the clone 

sizes will be approximately normally distributed. The distribution of xi+1

 

depends on xi. However, 

if xi

 

is known, no further information about xi+1

 

can be obtained from xi-1. Therefore we model xi

 

as a Gaussian AR(1) time series. We compute the proportion pi

 

by dividing xi

 

by the total 

number of organisms at time ti. We expect that the Gaussian AR(1) property will be preserved 

for each pi. Then we compute the Hill number q=1. Since this is a differentiable function of 

proportions, we again expect that the Gaussian AR(1) property will be preserved.  

We considered four stages: 
1) 30-day SRT: Days 1, 10, 19, 30, 43, 52  

€ 

qDZ π( ) = π( i,b ) Zπ( )(i,b )
q−1

i,b:i∈I b ,
π ( i ,b ) >0
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2) 12-day SRT: Days 108, 127, 138, 149  
3) 3-day SRT: Days 165, 169, 177  
4) 30-day SRT: Days 243, 256, 270, 284, 298, 312  
We did not consider measurements made during the transitions between SRTs. We 

assumed that measurements in distinct stages are independent. 

9.2 SI Results – Chapter 3 

This study adds to the current body of research through an investigation of the diversity, 

composition, and dynamics of activated sludge bacterial communities under different operational 

conditions with culture-independent SSU-rRNA sequence surveys coupled with process 

performance. Using wastewater treatment systems for whole-ecosystem manipulations has 

several advantages: 1) environmental and chemical parameters, such as temperature, pH, 

dissolved oxygen, and salinity, are more tightly constrained and controlled within engineered 

systems; 2) the use of real wastewater provides a discrete immigration source to account for 

dispersal assembly mechanisms (104, 183, 184); and 3) ecosystem processes are well-defined 

based on decades of environmental engineering research and development. In the latter, nutrients 

(e.g., ammonia and phosphorus) and carbon enter a treatment plant and must be removed by a 

consortium of microorganisms that perform discrete ecosystem functions such as carbon 

oxidation, nitrification/denitrification, and phosphorus removal, with additional benefits of some 

micropollutant removal (e.g., personal care products, caffeine, endocrine disruptors, and 

medicines) at higher SRTs. Thus, the recovery of ecosystem functions after a disturbance can be 

accurately measured by nutrient removal efficiency in addition to the ecological response of the 

microbial diversity and community structure. The Colorado School of Mines SBMBR has the 

added advantage of being a full-scale wastewater treatment facility upstream of a municipal 

treatment plant that allows for full-scale experimentation and manipulation without the worry of 

meeting discharge standards. 

In Figure B-1, bioreactor performance parameters are plotted versus time. During the 

MDS, effluent alkalinity reaches values comparable to the influent, which indicates that 

nitrification in no longer occurring in the bioreactor. Effluent conductivity also reaches 

comparable values to the influent, which indicates that sorption of mono and divalent cations, 

such as sodium, potassium, calcium, and magnesium, to the activated sludge floc has been 

reduced from operation at lower sludge concentrations. Drops in pH at the beginning of the study 

caused an increase in effluent nitrate, but recovered quickly once pH was restored to normal 
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operating conditions. After the MDS and biomass recovery period on day 235 of the experiment, 

new ultrafiltration membrane cassettes (0.05µm nominal pore size) were installed because 

irreversible membrane fouling was observed. Typically, membrane bioreactors are operated at 

SRTs >8 days. For this study, the use of the membrane bioreactor was intended for filtration 

purposes and ease of operation. The sharp decrease in transmembrane pressure (TMP) on day 

235 indicates the membrane replacement. Also, upward trends in TMP followed by a sharp 

decline indicate when chemical maintenance cleaning was conducted, as described by Vuono et 

al (13). In addition, while the treatment plant was operated inside of an insulated building, a 

decrease in water temperature was observed, coinciding with the winter season. The lowest drop 

in temperature occurred several weeks before the initiation of the 3-day SRT (MDS) and thus 

does not explain the major shifts in community composition that were observed during the MDS. 

These results are also supported by effects of temperature on microbial composition in other full-

scale activated sludge systems (49). 
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Figure B-1. Operations summary throughout time-course showing vital operational, chemical 
and environmental parameters by location. Return activated sludge (RAS) measurements were 
taken by submerged probes in the RAS trough as described by Vuono et al (13). 
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Figure B-2. Dynamics of nitrogen species in treated effluent during the maximum disturbance 
state (MDS), and recovery periods. Cyclical pattern of online nitrate probe (green line) indicate 
daily fluctuations of influent ammonia manifested as effluent nitrate. 
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Figure B-3. Principal coordinate analysis of (A) Bray-Curtis dissimilarities, (B) Morisita-Horn 
distances, and (C) Unweighted UniFrac distances of sludge samples by SRTs and transition 
periods. 
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Figure B-4. Principal coordinate analysis of weighted UniFrac distances between samples and 
through time. 

 
Figure B-5. Relative abundance of bacterial orders within Alphaproteobacteria through time. 
MDS and Biomass recovery periods occur between days 157 and 200. Error bars represent the 
standard error of the sample mean. 
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Figure B-6. Relative abundance of genus-level Nitrosomonas OTUs (4 total) through time. MDS 
and Biomass recovery periods occur between days 157 and 200. Error bars represent the standard 
error of the sample mean. 

 

Table B-1. Summary of percent removal ± standard deviation for COD, total nitrogen, and total 
phosphorus for each SRT. 

Parameter 30 day SRT 12 Day SRT 3 Day SRT  
Post Recovery 30 

Day SRT 
Removal %     
COD 96.3±0.9 (n=14) 97.9±1.1 (n=11) 95.1±2.4 (n=6) 95.6±0.8 (n=11) 
Total N 94.2±3.4 (n=7) 83.4±6.1 (n=12) 46.1±15.8 (n=6) 91.5±3.3 (n=11) 
Total P 95.2±15.1 (n=8) 50.2±9.2 (n=12) 38.9±19.2 (n=6) 89.8±13.8 (n=11) 
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10 APPENDIX C – Supporting Information for Chapter 4 

Table C-1 | Rarefied MPDSES values (mean ± standard deviation) for the entire set of bacterial 
OTUs found within sewage infuent and activated sludge libraries for three null models: The 
taxa.labels algorithm (presence/absence and proportional abundance), the independent swap 
algorithm, and the phylogeny.pool algorithm. 
Sequence 
Library 

Day of 
experiment Treatment Group Taxa.labels Ind. Swap Phylo. Pool 

      Pres/Abs Abund. Weight     
Influent 10 30 Day SRT -4.47 ± 0.71 0.11 ± 0.20 -1.41±0.07 -4.54±0.60 
  36   -5.32 ± 0.76 -0.53 ± 0.19 -1.53±0.10 -5.15±0.60 
  103 12 Day SRT -5.52 ± 0.32 -1.38 ± 0.30 -1.63±0.08 -5.56±0.36 
  138   -1.37 ± 0.95 2.48 ± 0.19 -0.85±0.22 -1.35±0.96 
  165 3 Day SRT -5.73 ± 0.63 -1.51 ± 0.23 -1.72±0.16 -5.62±0.55 
  169   -4.13 ± 0.14 0.33 ± 0.41 -1.46±0.02 -4.22±0.35 
  177   -6.53 ± 0.70 -1.99 ± 0.93 -1.84±0.12 -6.82±0.77 
  186 Biomass Recovery  -5.49 ± 1.20 -0.45 ± 1.06 -1.66±0.18 -5.49±1.08 
  190   -7.32 ± 0.62 -1.12 ± 0.28 -2.05±0.10 -7.37±0.76 
  201   -4.56 ± 1.98 -0.14 ± 0.81 -1.52±0.43 -4.65±1.96 
  214 20d Recovery -3.71 ± 0.71 0.33 ± 1.25 -1.31±0.14 -3.76±0.66 
  228   -7.20 ± 1.60 -3.71 ± 0.64 -1.92±0.18 -7.07±1.73 
  243 30d Recovery -3.95 ± 0.68 0.08 ± 0.15 -1.40±0.16 -3.98±0.59 
  256   -6.73 ± 0.56 -3.25 ± 0.93 -1.85±0.12 -6.85±0.47 
  270   -6.19 ± 0.71 -3.87 ± 1.11 -1.76±0.13 -6.17±0.77 
  284   -8.71 ± 1.05 -5.45 ± 0.91 -2.26±0.20 -8.81±1.09 
Sludge 3 30 Day SRT 0.93 ± 0.62 1.43 ± 0.21 -0.09±0.20 0.90±0.65 
  10   0.85 ± 0.67 1.11 ± 0.30 -0.13±0.17 0.84±0.62 
  19   0.61 ± 0.34 1.61 ± 0.12 -0.21±0.07 0.64±0.37 
  30   1.31 ± 0.56 1.74 ± 0.22 0.06±0.11 1.29±0.52 
  43   0.14 ± 0.87 0.65 ± 0.24 -0.35±0.25 0.10±0.91 
  52   1.13 ± 0.51 0.98 ± 0.25 -0.04±0.13 1.13±0.47 
  108 12 Day SRT 2.67 ± 0.27 2.15 ± 0.17 0.52±0.10 2.78±0.27 
  127   3.63 ± 0.26 2.74 ± 0.19 0.68±0.15 3.67±0.19 
  138   2.90 ± 0.53 2.64 ± 0.09 0.48±0.15 2.91±0.47 
  149   2.90 ± 0.31 2.40 ± 0.16 0.55±0.08 3.00±0.32 
  165 3 Day SRT 2.81 ± 0.55 1.83 ± 0.03 0.58±0.13 2.78±0.55 
  169   3.05 ± 0.53 1.68 ± 0.03 0.53±0.18 3.02±0.57 
  177   3.00 ± 0.81 1.58 ± 0.15 0.57±0.14 2.99±0.77 
  186 Biomass Recovery  2.76 ± 0.43 1.79 ± 0.05 0.39±0.14 2.76±0.46 
  190   3.23 ± 0.48 1.92 ± 0.09 0.53±0.04 3.31±0.44 
  201   2.67 ± 0.41 1.33 ± 0.25 0.26±0.10 2.72±0.35 
  214 20d Recovery 2.99 ± 0.28 1.94 ± 0.13 0.52±0.07 3.01±0.23 
  228   2.40 ± 0.68 1.70 ± 0.17 0.39±0.17 2.46±0.77 
  243 30d Recovery 2.30 ± 0.66 1.59 ± 0.25 0.32±0.14 2.36±0.64 
  256   1.17 ± 0.44 1.12 ± 0.34 0.11±0.11 1.23±0.42 
  270   2.08 ± 0.91 1.11 ± 0.06 0.31±0.26 2.07±1.00 
  284   2.25 ± 0.51 1.32 ± 0.17 0.35±0.13 2.24±0.38 
  298   0.99 ± 0.53 1.22 ± 0.02 -0.04±0.15 1.01±0.54 
  311   0.99 ± 0.83 1.56 ± 0.08 -0.09±0.18 0.94±0.76 

Bold values indicate significant (p < 0.05) phylogenetic clustering (negative values) or overdispersed (positive values) based 
on rank test. 
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Figure C-1. (A) 2-way Venn diagram of OTUs shared between influent and activated sludge. 
(B) 4-way Venn diagram of OTUs shared between Influent (all samples), 30-day SRT (pre-
disturbance), 30-day Recovery SRT (post-disturbance), and 3-day SRT (maximum disturbance). 
Numbers in parentheses show the proportion of OTUs belonging to each group. In total, 24% of 
30-day SRT OTUs are shared with influent and 25% of 3-day SRT OTUs are shared with 
influent. During 30-day SRT, rare organisms comprise the majority of the shared OTUs, while 
during the 3-day SRT abundant bacteria comprise a larger fraction of the shared OTUs. 
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Figure C-2. Output of MultiCoLA (127). (Top panel) Data sets (y-axis) at various cutoff levels 
(x-axis) are plotted at the phylum, class, order, family, genus and OTU levels. The orange line, 
which is result of overlapping yellow and pink lines, show the comparisons of the truncated 
datasets with complete annotation at the OTU level (yellow) and with the whole data set (pink 
line). (Middle panel) Non-parametric Spearman correlations are plotted versus various percent 
cutoff levels, which compare the deviation in complete data structure between the original matrix 
and truncated matrices. The dotted line indicated the point at which the correlations of each data 
set begin to diverge and fall below a correlation of 0.95. (Lower panel) Variation of the most 
important axes is compared to the original and truncated data sets. Non-significant Bonferroni 
corrected models are represented as lines that cross each other. 
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Figure C-3. Heatmap and cluster analysis (Bray-Curtis; complete linkage) between influent and 
sludge sequence libraries for the 50% most abundant OTUs in each library. OTUs (y-axis) and 
samples (x-axis) are clustered based on similar abundance and occurrence patterns. Red box 
captures the majority of the influent OTUs that increased in abundance in the bioreactor during 
the 3-day SRT. 

��
��

��
��

��
��

��
��

��
��

��
��

��
��

���������	
�����������

��
�	

��

�
�
�

��
��
�

��
��
��
��
��
�

�

��
�

�

��
��
��
��
��
�

�
��
�
��
�

�
��
��
� 

��

�
�
�

��
��
��

�
��
��
��
��
��

��

�
�
�

!�"#���� �#�
$�



	   123	  

 
Figure C-4. Delta plot, which displays significantly enriched OTUs (top right quadrant) and 
significantly depleted OTUs (lower left quadrant) between 30-day and 3-day SRTs (maximum 
disturbance state). Inset panel shows more detailed results of significantly enriched OTUs only. 

 

Table C-2. Taxonomic classification of OTUs that were detected to be significantly 
enriched in the bioreactor from the influent by the Two-Part test. 

OTU P-Value 
 -Log(P-

Value) 
Actinobacteria/Actinobacteria/Actinomycetales 0.0010 3.02 
Actinobacteria/Actinobacteria/Actinomycetales/.../Leucobacter 0.0000 4.56 
Actinobacteria/Actinobacteria/Actinomycetales/.../Phycicoccus 0.0034 2.46 
Actinobacteria/Actinobacteria/Actinomycetales/.../Tetrasphaera 0.0042 2.37 
Bacteroidetes/Bacteroidia/Bacteroidales/.../Bacteroides 0.0003 3.57 
Bacteroidetes/Bacteroidia/Bacteroidales/.../copri 0.0003 3.57 
Bacteroidetes/Bacteroidia/Bacteroidales/.../distasonis 0.0009 3.06 
Bacteroidetes/Bacteroidia/Bacteroidales/.../ovatus 0.0009 3.05 
Bacteroidetes/Bacteroidia/Bacteroidales/.../Parabacteroides 0.0041 2.39 
Bacteroidetes/Bacteroidia/Bacteroidales/.../Prevotella 0.0002 3.63 
Bacteroidetes/Bacteroidia/Bacteroidales/.../uniformis 0.0063 2.20 
Bacteroidetes/Bacteroidia/Bacteroidales/Rikenellaceae 0.0017 2.77 
Bacteroidetes/Cytophagia/Cytophagales/.../Leadbetterella 0.0048 2.32 
Bacteroidetes/Flavobacteriia/Flavobacteriales/.../Chryseobacterium 0.0001 3.91 
Bacteroidetes/Flavobacteriia/Flavobacteriales/.../Flavobacterium 0.0098 2.01 
Bacteroidetes/Flavobacteriia/Flavobacteriales/.../succinicans 0.0079 2.10 
Bacteroidetes/Saprospirae/Saprospirales/Chitinophagaceae 0.0002 3.72 
Firmicutes/Bacilli/Lactobacillales/.../Lactococcus 0.0013 2.88 
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OTU P-Value 
 -Log(P-

Value) 
Firmicutes/Bacilli/Lactobacillales/.../Streptococcus 0.0024 2.62 
Firmicutes/Bacilli/Lactobacillales/.../Trichococcus 0.0001 4.00 
Firmicutes/Bacilli/Lactobacillales/Enterococcaceae 0.0000 4.37 
Firmicutes/Clostridia/Clostridiales/.../Anaerovibrio 0.0037 2.43 
Firmicutes/Clostridia/Clostridiales/.../Blautia 0.0002 3.64 
Firmicutes/Clostridia/Clostridiales/.../Butyrivibrio 0.0004 3.38 
Firmicutes/Clostridia/Clostridiales/.../Coprococcus 0.0004 3.35 
Firmicutes/Clostridia/Clostridiales/.../Dorea 0.0095 2.02 
Firmicutes/Clostridia/Clostridiales/.../obeum 0.0091 2.04 
Firmicutes/Clostridia/Clostridiales/.../Oscillospira 0.0024 2.62 
Firmicutes/Clostridia/Clostridiales/.../Phascolarctobacterium 0.0014 2.84 
Firmicutes/Clostridia/Clostridiales/.../prausnitzii 0.0002 3.72 
Firmicutes/Clostridia/Clostridiales/.../Roseburia 0.0003 3.54 
Firmicutes/Clostridia/Clostridiales/.../Ruminococcus 0.0002 3.64 
Firmicutes/Clostridia/Clostridiales/Lachnospiraceae 0.0010 3.02 
Firmicutes/Clostridia/Clostridiales/Ruminococcaceae 0.0004 3.40 
Fusobacteria/Fusobacteriia/Fusobacteriales/.../Leptotrichia 0.0076 2.12 
Proteobacteria/Alphaproteobacteria/Caulobacterales/.../Phenylobacterium 0.0014 2.86 
Proteobacteria/Alphaproteobacteria/Rhizobiales/.../granuli 0.0003 3.56 
Proteobacteria/Alphaproteobacteria/Rhizobiales/.../organophilum 0.0001 4.00 
Proteobacteria/Alphaproteobacteria/Rhodobacterales/.../aminovorans 0.0003 3.57 
Proteobacteria/Alphaproteobacteria/Rhodobacterales/.../Rhodobacter 0.0002 3.72 
Proteobacteria/Alphaproteobacteria/Sphingomonadales 0.0003 3.54 
Proteobacteria/Alphaproteobacteria/Sphingomonadales/Erythrobacteraceae 0.0002 3.68 
Proteobacteria/Alphaproteobacteria/Sphingomonadales/Sphingomonadaceae 0.0002 3.72 
Proteobacteria/Betaproteobacteria/Burkholderiales/.../Hylemonella 0.0002 3.72 
Proteobacteria/Betaproteobacteria/Burkholderiales/.../Polaromonas 0.0001 4.00 
Proteobacteria/Betaproteobacteria/Burkholderiales/.../Rhodoferax 0.0001 3.91 
Proteobacteria/Betaproteobacteria/Burkholderiales/Comamonadaceae 0.0002 3.72 
Proteobacteria/Betaproteobacteria/Neisseriales/.../Vitreoscilla 0.0033 2.48 
Proteobacteria/Betaproteobacteria/Neisseriales/Neisseriaceae 0.0048 2.32 
Proteobacteria/Betaproteobacteria/Rhodocyclales/.../Thauera 0.0004 3.36 
Proteobacteria/Betaproteobacteria/Rhodocyclales/.../Zoogloea 0.0002 3.72 
Proteobacteria/Gammaproteobacteria/Pseudomonadales/.../Acinetobacter 0.0002 3.72 
Proteobacteria/Gammaproteobacteria/Thiotrichales/.../Thiothrix 0.0003 3.57 

 


