
ABSTRACT

WILLIAMS, JON CHRISTOPHER. Initial Investigations of Aerobic Granulation in an
Annular Gap Bioreactor. (Under the direction of Francis L. de los Reyes III.)

This research describes the design, construction, and characterization of a novel annular

gap bioreactor.  The bioreactor was conceived as a tool for the shear-based control of

activated sludge floc particle size in batch and continuous-run experiments.  Initial

experiments on the feasibility of cultivating aerobic granular sludge in the bioreactor are

described.  The bioreactor was found to experience turbulent Taylor vortex flow, rather

than laminar Couette flow, at all rotational speeds tested.  This flow regime is the result of

inner cylinder rotation.  Despite turbulent flow conditions, the bioreactor was found to

behave approximately as a plug-flow device when not aerated, and as a complete-mix

reactor when aerated.  Floc size control was found to depend on bioreactor rotational

speed for two sludges tested, with higher rotational speed leading to smaller particle size.

Three experimental attempts at aerobic granular sludge cultivation in the annular gap

bioreactor are described in this study.  Although none of the three attempts was successful

at producing aerobic granules, the experiments allowed critical control issues related to

bioreactor operation and influent composition to be identified and addressed.  The

Bacterial and Eukaryal population dynamics during each run were tracked with denaturing

gradient gel electrophoresis and rDNA sequence analysis, using methods developed or

streamlined in the course of this research.  The foundational work described in this study

culminated in the development of a series of protocols and recommendations for the next

phase of aerobic granular sludge investigation with this novel annular gap bioreactor.
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Chapter One – Design, Construction, and Physical

Characterization of the Annular Gap Bioreactor

Introduction

Biological wastewater treatment, in particular the activated sludge process, is one

of the most important pollution-preventing engineered processes in the world.  Although

biological wastewater treatment has been in use for roughly a century, only recently have

scientific advances made it possible to directly examine the central functional unit of

activated sludge: the microbial floc.  While much has been learned with respect to

microbial populations (Who’s there?) and dynamics (How many?  Are they increasing or

decreasing with time?), only limited information is available on microbial interactions

within the floc, and how floc structure affects and is affected by the populations present.

Nitrogen removal via microbial conversion from organic nitrogen or ammonia to

nitrogen gas is one of the most important goals for the activated sludge process.  The

ammonia-oxidizing and nitrite-oxidizing communities of bacteria are slow-growing

autotrophic obligate aerobes that must be carefully cultivated in the activated sludge

population.  Denitrification is performed by a diverse range of heterotrophic

microorganisms, usually under oxygen-limited conditions.  The growth requirements of

these two populations, nitrifiers and denitrifiers, largely determine the unit processes and

control strategies necessary for wastewater treatment.  Aeration to supply oxygen for

nitrification and supplemental carbon addition for denitrification are two major cost

contributors to wastewater treatment plant (WWTP) operation [1].
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Investigations of nitrification and denitrification have revealed the existence of

some microorganisms that can denitrify under aerobic conditions (2-6 mg/L) [2-6], others

that perform heterotrophic nitrification [7-9], and a few heterotrophs that can both nitrify

and denitrify simultaneously [10].  Other studies have shown that microbial flocs are

composed of layers, in which the outer layer may be fully aerobic (i.e. nitrifying) while

the innermost layer is anoxic (i.e. denitrifying) [11-14].  These findings all provide

possible explanations for the phenomenon of simultaneous nitrification-denitrification, or

SND, which has been observed in the aerobic mixed-liquor basins of full-scale WWTPs

[8, 15, 16].

To further investigate microbial nitrogen transformations in activated sludge, the

present study focuses on the floc microenvironment.  Some of the questions that may be

answered by understanding the floc microenvironment include: How are ammonia

oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB) organisms arranged within

the floc?  What are the effects of floc size and shape on the N-transforming community

structure, in terms of species diversity and abundance?  How do bioreactor conditions

affect floc structure and function?  What are the carbon and nitrogen interactions of AOB,

NOB, and denitrifiers in flocs?  How do floc size and structure affect bioreactor

performance?

As the first step toward answering these questions, a novel annular gap bioreactor

was designed.  The intended use of this bioreactor was to allow for floc size control over a

range of particle diameters, while producing a narrow floc particle size distribution.

Additionally, the bioreactor was designed to maintain a stable floc structure, to minimize

floc breakage, and to allow microbial populations to develop spatially within the floc
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according to the suitability of their ecophysiology to the floc microenvironment.  This

chapter describes the background and rationale for the selection of an annular gap

bioreactor, details of its construction, and initial evaluations of its behavior and

effectiveness at achieving the stated goals.

Background

Flocculation theory

Activated sludge floc particles are agglomerations of microorganisms,

biopolymers, and inorganic material.  Floc particles contain the bacteria, fungi, and

protozoa that metabolically satisfy the first goal of wastewater treatment: the

transformation and removal of nutrients such as BOD, nitrogen, and phosphorus.  Gravity

sedimentation of floc particles satisfies the second goal of wastewater treatment: liquid-

solid separation.  Although the mechanisms of bioflocculation are still poorly understood,

there is general agreement in the literature on several important points.

Bioflocs typically grow to between 0.05 and 1 millimeters in diameter (50 to 1000

microns) [1].  In general, particles collide and stick and thereby increase their size via

Brownian motion, shear collision, and differential sedimentation.  One of these

mechanisms is usually dominant for a given particle size class, temperature, and shear

condition [17].  In typical mixed liquor basins, the size attained by a floc particle mainly

depends on shear.  Floc particles in a shear field grow by orthokinetic flocculation, in

which two smaller particles collide and stick to form a new, larger particle.  However,

excessive shear can lead to floc breakage [1].  Bioflocs, unlike inorganic particles, can

also grow in size via reproduction of their constituent microorganisms.



4

Both filamentous and floc-forming microorganisms must be present to yield a

strong, well-settling floc [1].  A filamentous bacterium typically displays a ribbon-like

morphology in which cells are attached end-to-end.  Side branching may also be observed

in filaments.  Floc-forming bacteria grow in clusters and secrete a variety of glue-like

extracellular polymeric substances (ECPs) that keep them immobilized.  According to the

“filamentous backbone” theory [1], a balance of filaments and floc formers is necessary to

produce bioflocs with desirable characteristics, especially with regards to good gravity

settling.  According to the theory, filaments serve as the structural basis of the floc (i.e.

“backbone”) and provide tensile strength to resist breakage, while floc-formers provide

the ECPs necessary to attach bacterial mass to the backbone.  Other microorganisms that

are neither filaments nor floc formers can then grow, embedded, inside the floc

superstructure in the microenvironment that suits their ecophysiology.

The ionic composition of the liquid in which floc particles form is also important.

To flocculate, particles must be able to approach closely enough to interact with each

other.  Double-layer compression due to mono- or divalent cations has been found to

facilitate these interactions by decreasing the electrostatic repulsion between flocs and

ECPs, which typically carry negative charges.  Divalent cations such as calcium and

magnesium facilitate bridging between negatively charged ECPs once particles approach

closely enough to interact [18].

The microenvironment of a biofloc particle is heterogeneous.  The primitive model

of a biofloc as a mass of evenly distributed bacteria has been abandoned.  The current

model envisions a biofloc as an amalgam composed of numerous microcolonies,

distributed irregularly throughout the particle.  The ability of a microorganism to compete
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for nutrients such as oxygen and carbon partially determines its relative location and

abundance in a biofloc.  For example, ammonia-oxidizers that compete well for oxygen

might tend to be found near the surface of flocs, where oxygen is abundant.  Anoxic

microorganisms like nitrate-reducers tend to accumulate near the center of flocs, where

oxygen is limited or not present.  Void spaces and liquid channels may exist throughout a

floc, further contributing to the heterogeneity of the floc microenvironment [11, 14, 19-

21].

Flocculation devices

Particle flocculation is critical to both wastewater treatment and drinking water

treatment.  Fundamental flocculation investigations have been performed, mainly on

coagulation chemicals and model particles (e.g. aluminum sulfate, ferrous sulfate, latex

microspheres, kaolin clay), to aid in physico-chemical treatment of drinking water.

Orthokinetic flocculation, or the shear-induced collision of small particles to form larger

particles, is the primary phenomenon of interest.  Orthokinetic flocculation is caused by

the creation of a velocity gradient in the liquid in which particles are suspended.

Differences in the velocities of particles in the velocity gradient result in particle

collisions.  Fundamental orthokinetic flocculation experiments and model developments

were performed in laminar flow conditions with easily calculable velocity gradients [22-

24].  However, in practice nearly all flocculation basins are turbulent, and turbulent

velocity gradient calculations are more difficult than their laminar counterparts.  Despite a

difference in flow regime, similarities in form between the empirical equations developed

from laminar and turbulent flocculation experiments allow a central parameter to be used:
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mean velocity gradient G, also known as shear [25].  Under turbulent conditions, G is

calculated as the square root of the energy dissipation rate of the mixer averaged over the

total volume of the liquid being mixed, divided by the kinematic viscosity.

A variety of devices have been used to induce orthokinetic flocculation.  The most

common is a paddle-type mixer, using one or more paddle blades (also called impellers)

attached to a rotating mixer shaft.  A number of experiments have shown that steady-state

floc size depends on shear, or G.  Over time, floc particles grow to a steady-state

distribution that depends on the applied mixing intensity.  Some shear is necessary to

induce particle collisions, but the rate of particle breakage increases as shear increases.  At

steady-state, high G values result in small floc particles, while low G values result in large

floc particles.  The shape of the particle size distributions for specific paddle mixers, when

scaled by the mean particle size, are similar across a range of mean G values (50-300s-1)

[26-32].

A drawback to paddle-type mixers is the localized high-shear region around the

edge of a paddle blade.  Researchers have shown shear past some paddle blades to be up

to two orders of magnitude greater than the volume-averaged shear in the tank [27, 33-

35].  This high shear leads to increased particle breakage and a widely spread particle size

distribution.  Hopkins and Ducoste [30] found that alum floc growth, mean floc size, and

particle size distribution variance all vary spatially in a stirred tank, with greatest variance

in the impeller region.  In some applications break up and reaggregation may be

beneficial, since this process can lead to denser, more homogeneous floc particles [36].  In

the present study, however, minimal floc breakage and easy shear-based particle size

estimation were desirable.   Ducoste [34] also found that impeller tip speed was more
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important to the prediction of volumetric mean floc size than the mean G value.  Kramer

and Clark [36] note that mean G values in paddle-mixed tanks lead to incorrect

predictions of steady-state floc size.

Extending this flocculation work into activated sludge, researchers have found that

biofloc particles display similar behavior to inorganic flocs in paddle mixers.  Biggs and

Lant [31] document paddle-mixer experiments measuring short-term reflocculation of

sonicated sludge that show floc size to be dependent on shear: the largest bioflocs are

developed under the lowest shear (~20 s-1), and little or no reflocculation is observed at

the highest shear values (~350 s-1).  They do not report floc size distributions, but note that

the rate of breakage is reported to be lower for activated sludge as compared to inorganic

floc particles.

If the goal of an experiment is to limit floc breakage by minimizing shear non-

uniformity, as is the case in the present study, the best orthokinetic flocculation device

would be a mixer that applies the same velocity gradient at each point in the bulk fluid.

To this end, one investigator proposed the use of a grid flocculation device to minimize

non-uniformity in turbulent velocity gradients throughout the bulk liquid [37].  At

identical mean G values, the ratio of settled turbidity to initial turbidity of alum-dosed

water treated with a grid mixer was found to be one to six times lower than water treated

with a paddle mixer [38].  No information is available regarding the use of grid

flocculators with activated sludge.  The practical utility of a grid mixer in full-scale

systems remains an open question, but the experiment demonstrated that more uniform

shear could lead to lower floc breakage rates.  
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An even more promising design to minimize floc breakage, and the one employed

in this research, is the annular gap mixer, also known as a Couette mixer.  This device

approximates plane Couette flow in a thin gap between two concentric cylinders.  As one

cylinder is rotated, fluid in the annular gap develops a velocity gradient in the radial

direction.  Figure 1 shows the three types of mixers described here: paddle, grid, and

annular gap.  The advantage of a Couette device in orthokinetic flocculation is its laminar-

flow regime, which results in a well-defined and easily calculated velocity gradient in the

annular gap.  In addition, the magnitude of the velocity gradient is nearly constant at all

points in the fluid.  As the rotational speed of one cylinder relative to the other increases,

the magnitude of the velocity gradient in the annular gap increases [39]. Figure 2 shows

the velocity gradient in plane Couette flow and the approximation of Couette flow in an

annular gap.

Previous experiments with annular gap devices

Several research groups have made use of Couette devices (or Couette flow-based

mathematical models) to investigate orthokinetic flocculation of inorganic particles [26,

29, 36].  Experiments have also been performed on the flocculation and nutrient uptake

rates of microorganisms in pure culture using Couette devices [40, 41].  On the basis of

increased mass transfer rates to microorganisms experiencing shear flow, Logan and

Dettmer [40] draw the intriguing conclusion that bioflocculation, the ability for which is

widespread in microorganisms, offers a competitive advantage over planktonic (single

cell) growth.
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Liu and Evans [28] were the first to study the behavior of activated sludge in a

Couette bioreactor.  In their work, a Couette bioreactor was operated at various rotational

speeds to generate different floc sizes.  They found that floc size decreased linearly with

increasing shear rate, until a minimum diameter of about 15 microns was reached.  The

focus of the study was not floc size control, though: Liu and Evans investigated the effect

of increasing hydrodynamic energy dissipation on activated sludge growth rate.  They

found that growth rate peaked at 0.2 hr-1 at an energy dissipation rate of 40m2s-3, and

decreased thereafter.

Materials and Methods

Bioreactor construction

Figure 3 shows a diagram of the Couette bioreactor.  The device was designed and

built in a similar fashion to that of Liu and Evans – with a rotating inner cylinder and

fixed outer cylinder.  (The relative advantages and disadvantages of this design are

discussed later in the chapter.)  The bioreactor consists of two concentric cast acrylic

cylinders (Cast-Plex, Bloomfield, NJ).  The outer cylinder has an outer diameter of 20cm

and an inner diameter of 18.8cm.  It has a height of 36cm.  The inner cylinder has an outer

diameter of 17cm and an inner diameter of 16.2cm.  It has a height of 33cm.  The annular

gap width of the reactor is 0.9cm.  The outer cylinder has a base plate of acrylic milled to

fit flush with its outer diameter, and attached with acrylic glue (TAP Plastics, San

Francisco, CA).  The base is 1.3cm thick, making the total outer cylinder height 37.3cm.

The inner cylinder is capped on top and bottom with acrylic plates of thickness 1.3cm

milled to fit flush with the inner cylinder’s outer diameter, making the inner cylinder total
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height 35.6cm.  A flat PTFE plate 3mm in thickness is sandwiched between the inner and

outer cylinder base plates.  This plate was milled to fit flush with the inner cylinder outer

diameter, and provides a slick surface to encourage free rotation of the inner cylinder.

A stainless steel shaft 0.635cm in diameter and 51cm long runs down the exact

center of the inner cylinder.  The shaft extends nearly 16cm above the top of the inner

cylinder, and 0.635cm below the base.  The portion of the shaft that extends below the

inner cylinder base is lathe-rounded to sit snugly into a lathe-drilled hole in the base of the

outer cylinder.  The hole only partially penetrates the outer cylinder base.  In this way, the

shaft anchors the inner cylinder directly in the center of the outer cylinder.  A hole of

diameter 0.0625in is drilled through the shaft 1cm above the acrylic base of the inner

cylinder.  A thin, stiff steel wire 7cm long is threaded through this hole, extending equally

on both sides from the shaft.  The synthetic urethane rubber compound PMC-790

(Smooth-On, Easton, PA) was poured into the inner cylinder, which hardened around the

shaft and the wire.  The hardened urethane around the shaft and wire allows for torque to

be transferred from a mixer motor through the shaft to the inner cylinder, causing rotation

of the inner cylinder to occur.

A hole 2.54cm in diameter was drilled through the top plate of the inner cylinder,

and offset 4.75cm from the center of the plate.  This hole allows the inner cylinder to be

filled with water, which provided ballast and keeps the inner cylinder neutrally buoyant

when the annular gap is also filled with liquid.  An aluminum brace was milled to fit

above the inner cylinder, in order to hold the cylinder vertically.  The steel shaft penetrates

a hole drilled in the center of the aluminum plate, made with tight tolerances to hold the

shaft in line vertically, while allowing the shaft to rotate freely.
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Five 1.5cm holes were drilled into the outer cylinder to serve as ports for air

pumping, influent addition, and effluent withdrawal.  Threaded brass fittings were bonded

to the drilled holes with JB Weld (JB Weld Co., Sulphur Springs, TX) epoxy, such that

the fitting was flush with the inner wall of the outer cylinder.  Two of these ports were

placed on opposite sides of the reactor, 1cm above the base plate.  These were intended to

be aeration ports.  A third port was equidistant between the first two, 2.7cm above the

base plate.  This was intended as either an aeration port or effluent withdrawal port.  A

fourth port was placed opposite the third, 10cm above the base plate.  This was intended

as an effluent withdrawal port, which would waste all but approximately 1/3 of the reactor

volume.  The fifth and final port was placed above the fourth, 25cm above the reactor base

plate.  This was intended as an overflow port, but was not used in practice.

PTFE fittings (Cole-Parmer, Vernon Hills, IL) were used to attach influent,

effluent, and air lines to the brass ports.  In the case of air input ports, limewood plugs

(Aquatic Eco-Systems, Apopka, FL) were fitted inside the ports, snug with the port wall,

to diffuse small air bubbles.  Fine-grained limewood is commonly used in aquariums to

diffuse very tiny bubbles, increasing oxygen mass-transfer surface area.  The wooden

plugs were cut and fitted by hand, and required frequent replacement due to fouling.

Cole-Parmer peristaltic pumps were used for liquid pumping.  Three variable-flow

aquarium air pumps (Rena SA, France) were used to provide air to the bioreactor.

Residence time distribution experiments

After constructing the annular gap bioreactor, its hydraulic behavior was

examined.  The first task was to characterize its residence time distribution with a tracer
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test, to determine whether the bioreactor behaved as a plug-flow or complete-mix vessel

and to experimentally determine its mean hydraulic residence time.  One tracer test was

performed in aerated mix conditions, while a second was performed in unaerated mix

conditions.

The experimental method used to obtain the residence time distributions in both

cases was as follows.  The reactor was filled with 1.8 liters of deionized water.  A 10-liter

holding tank was also filled with deionized water.  A peristaltic pump (Cole-Parmer) was

used to transfer water from the holding tank into the reactor at a rate of 118.5 ml/min

(pump setting: 3) for both the aerated and unaerated tests.  The water was introduced

through an 8mm diameter brass port located 40mm from the base of the reactor.  Water

was pumped from the top of the reactor with a length of plastic tubing hooked over and in

to the annular gap, not through a port in the reactor body.  In the aerated test, air was

introduced by aquarium pumps through two 8mm brass ports located 10mm from the base

plate of the reactor.  The flow rate through each aeration port was approximately

250ml/min.  In the unaerated test, these ports were filled with plastic plugs.  For both

tests, the reactor was rotated at 45RPM, yielding a theoretical mean G of 44s-1.

The pulse injection method was used to introduce the tracer.  In both the aerated

and unaerated tests, 15 ml of a 0.1M potassium chloride solution was injected in the water

feed line at time zero.  The conductivity of the water leaving the reactor through the

overflow wastage port was measured with a conductivity meter (Cole-Parmer).  The tests

were run until at least two theoretical mean residence times had passed, and the

conductivity measurements approached the baseline level.  The conductivity as measured

in microSiemans (uS) of a dilute solution of KCl is related to the concentration of KCl by
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the constant 0.64mg/L KCl per microSieman [42].  The conductivity measurements were

converted into mg/l KCl concentrations and analyzed to compute residence time

distribution functions according to the methods described by Clark [17].

Floc particle size distribution experiments

The purpose of the second set of experiments was to evaluate the ability of the

annular gap bioreactor to control floc size by varying the inner cylinder’s rotational speed.

The experiment examined the reflocculation of sonicated mixed liquor from two sources:

the North Cary Wastewater Reclamation Facility (Cary, NC) and intermittently aerated

lab-scale reactors fed with swine wastewater.  The two mixed liquor sources were selected

because one exhibited more of a dense, well-settling flocculant morphology

(intermittently aerated), while the second was looser and more filamentous (N. Cary).

Sludge was collected from the wastewater treatment plant and the lab reactors on

the same day it was used.  For each test 100mL of settled sludge was collected and

sonicated for 3 minutes at 50 W.  This duration and power of sonication was determined

to be optimal to reduce activated sludge to its constituent microcolonies (about 15 microns

in diameter) without disrupting cell walls [31].  After sonication, the sludge was

immediately added to the bioreactor, which contained 1600ml of deionized water

containing a 10mM phosphate buffer at pH 7, along with 5meq of both calcium and

magnesium ions.  Air was supplied to the bioreactor through two brass ports near the base,

at a rate of 250mL per port per minute.  The bioreactor was rotated at a speed of 45, 120,

or 240 RPM depending on the test being performed.  These three speeds were selected

because they created a mean G value of 44, 118, and 237 s-1, respectively, which is in the
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range of a typical activated sludge WWTP [1].  Freshly sonicated sludge was used for

each test.  Each test ran for two hours, at room temperature (about 22 C). Floc particles

were immobilized in agarose gel for imaging, and images were captured for size analysis

according to the method detailed in Appendix 1.  Approximately 500-1500 floc particles

were imaged and analyzed to obtain mean particle size values for each test.

Results and Discussion

Residence time distribution analysis

It was hypothesized that for the unaerated case, the annular gap bioreactor would

behave more like a plug-flow device.  The slug of tracer would gradually disperse within

the annular gap of the bioreactor, but mainly through the mechanism of molecular

diffusion.  The laminar flow of the mixer would minimize convection up and down the

annulus.  The steady pumping of water through the bottom port and overflow through the

top would force the slug up the annular gap.  The theoretical mean residence time of the

reactor was 1800ml/(118.5ml/min) or 15.2 minutes (911 seconds).

The data shown in Figures 4, 5, and 6 agree with the hypothesis of plug-flow-like

behavior in the unaerated case.  An increase in conductivity in the effluent was not

measured until about 0.4 theoretical mean residence times had passed.  After that, the

concentration of tracer in the effluent quickly increased until its peak at about 0.7

theoretical residence times.  The right-hand side of the concentration peak is a more

gradual slope, but the measured conductivity had retreated to baseline levels after only 2

theoretical mean residence times had passed.  The cumulative residence time distribution

function and the washout function for the unaerated case show classic plug-flow-like
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curves, steeply inclined between 0.5 and 1.5 theoretical residence times, and gradually

curved otherwise.

In the unaerated test (see Figs. 4, 5, and 6), 92% of the injected tracer was

recovered.  The calculated experimental mean residence time was 723 seconds, compared

to the theoretical mean residence time of 911 seconds, a difference of 188 seconds, or

20%.  Part of this discrepancy may be explained by the water/tracer injection port

location.  The port was located 40mm above the base of the reactor, and 27mm above the

top of the reactor baseplate, which is the bottom of the mixing chamber.  So, about 3cm of

the total 33cm length of the mixing chamber was short-circuited by injecting the influent

in that port.

For the aerated test, it was hypothesized that the Couette bioreactor would behave

in a more complete-mix fashion.  The vertical motion of the bubbles was expected to

provide convection along the annulus, spreading the tracer slug throughout the mixer.

Figure 4 shows best that this was indeed what happened.  Conductivity in the effluent

increased steeply from the time of tracer injection, and tracer concentration in the effluent

peaked at about 0.4 theoretical residence times.  In comparison, for the unaerated test, at

0.4 theoretical residence times the conductivity in the effluent had just begun to increase.

After the peak, a long, gradual decrease in effluent conductivity was measured.  Baseline

conductivity levels were not reached until more than 3 theoretical residence times had

passed.  The cumulative residence time distribution and washout functions for the aerated

test both more closely approach the shape expected of a complete-mix reactor.

Tracer recovery for the aerated test was 93%, nearly the same as in the unaerated

test.  Low tracer recovery may be due either to inaccuracies in the conductivity detector or
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in the conversion factor of 0.64 mg/l KCl per microSieman.  It is also possible that the

KCl sorbed unexpectedly to some part of the test apparatus.

The calculated experimental mean residence time for the aerated test was 815

seconds, as compared to 911 seconds for the theoretical mean residency time.  This is a

difference of 96 seconds, or 10.5%.  As in the unaerated case, influent water and tracer

were injected above the base of the reactor.  But in the aerated test, the convective action

of the bubbles probably offset the short-circuiting by mixing the tracer even into the liquid

below the injection port.  The remaining 10% discrepancy between the theoretical and

experimental residence times is harder to explain.  Even with the aeration, top-to-bottom

mixing may not be as efficient in the annular gap bioreactor as in a stirred tank.  The

rising action of the bubbles, along with the entry of deionized water at the base of the

reactor, may preferentially have forced the tracer upwards, toward the effluent line.  Or

there may be something unexpected about the flow pattern within the annulus that

promotes mixing in the upward direction.

Floc particle size distribution analysis

It was hypothesized that higher rotational speeds would lead to smaller steady-

state floc sizes.  It was also hypothesized that the mean floc sizes for the WWTP and the

IA reactors would be roughly the same at the same rotational speed, or mean G value.

Figure 7 shows images of flocs from both sludges under different rotational speeds.

Figures 8 and 9 show histograms in which each radius size class is expressed as a percent

of the total equivalent-sphere floc volume.  The data generally support the hypothesis that

floc size decreases with increasing rotational speed.  At each rotational speed tested, the
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WWTP sludge has a slightly greater mean particle size compared to the IA sludge.  This

discrepancy is probably due to the more filamentous nature of the WWTP sludge.

Filaments extending from the floc particles add to the calculated diameter of the floc

during image analysis.  Filaments also act like hooks, catching and connecting flocs that

might otherwise have been two separate particles.

The data collected in this part of the study may be compared with similar data

collected by two other sets of researchers.  As mentioned previously, Biggs and Lant [31]

measured reflocculated particle size over a range of mean G values, but with a paddle

mixer in a baffled tank.  Liu and Evans [28] also measured mean particle size over a range

of G values in a Couette bioreactor.  The four data sets are graphically compared in Figure

10.  Particle sizes for the present study and for Liu and Evans’ data were calculated as the

Sauter mean radius, which weights the data as the ratio of equivalent sphere volume-to-

surface area.  Biggs and Lant reported particle sizes as calculated by the Malvern

Mastersizer.

(Error bars are not shown for the data in the present study because the large sample size

results in a maximum 95% confidence interval of ±2.4 microns, which would be

indistinguishable from the data points.)

The data from Biggs and Lant’s paddle-mixer study shows a curving trend, with

mean floc size growing rapidly as the G value decreases.  As G increases, the mean floc

size decreases, but not linearly.  At lowest shear, Biggs and Lant’s data indicate larger
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mean floc sizes than those found at comparable mean shear rates in this study.  At higher

shear, their data indicates smaller floc sizes that were found in this study.

As for the data collected in this study, both WWTP and IA data are presented

separately in Figure 10.  Both data sets show a decreasing trend of floc size versus

increasing mean G value.  At each shear condition, the WWTP floc is, on average, larger

than the IA floc, as mentioned above.  Both data sets appear to be more linear in their

dependence on G than the paddle-mixer data.  This may be due to a difference in the

uniformity of shear throughout the bulk liquid in a Couette bioreactor, compared to a

paddle-mixer bioreactor.

The fourth data set in Figure 10 is that of Liu and Evans.  Although floc size

control was not one of the goals of their work with a Couette bioreactor, they did collect

that data.  Their data appears linear, with a similar slope to both the WWTP and IA data of

this study.  However, their data set is shifted far to the right, with larger floc sizes at high

shear values than those of Biggs and Lant, or of this study.  This may be due to several

factors.  First, their mixed liquor sample may have been composed of much more resilient

activated sludge, with more resistance to shear.  It is possible that activated sludge with a

very high ECP concentration might hold together better under higher shear.  Second, they

may have collected data on floc size after a longer acclimatization period, including

growth.  This is not described in their study, but sludge allowed to grow under high shear

may have developed a tighter structure and developed flocs that could hold together

better.  Third, Liu and Evans may have collected their floc-size data in a way that

exaggerated the actual floc size.  Biggs and Lant used a Malvern Mastersizer to collect

floc size data, while the present study used microscopic image capture and image analysis
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software.  Liu and Evans also used microscopic imaging and image analysis software, but

there is considerable subjectivity in image analysis.  It is plausible that there was a

systematic error in the way either Liu and Evans, the authors of the present study, or both,

conducted their image analysis.  This could account for a consistent bias toward larger or

smaller particle size measurements.  For example, the manual thresholding necessary for

particle size measurement is subjective.  Two people working with the same image set

might threshold them somewhat differently, to consistently include or exclude a little

more area.  Also, it is possible that the method of floc immobilization in agarose gel

developed for this study might destroy or aggregate flocs, leading to a size bias.  Finally,

the stereoscope was calibrated with a standard 1000um stage micrometer at a set

magnification.  Subsequent image acquisition at a slightly different magnification (the

adjustment wheel is not extremely precise) would invalidate the calibration.

Even if there was no bias in the floc size measurement methods between the four

data sets presented in Figure 10, there is another reason to argue against direct

comparisons between the studies.  The methods used to estimate mean G values for the

present study and for Liu and Evans’s work make the assumption of laminar flow, which

may not be warranted.  This problem is described in detail below.

Laminar flow and turbulence in annular gap devices

To construct the annular gap bioreactor, it was necessary to specify whether the

inner cylinder, outer cylinder, or both would be capable of rotation.  For reasons of

simplicity, cost, and ease of construction, it was decided that the outer cylinder would be

fixed, and the inner cylinder would rotate.  Such a design facilitates the easy placement of
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influent, effluent, and aeration ports on the outer cylinder wall, and allows a top-mounted

mixer motor to provide inner cylinder rotation.  This design also followed that of Liu and

Evans, who had constructed the only other activated sludge annular gap bioreactors in the

literature.  Unfortunately, a rotating inner cylinder nearly guarantees turbulent flow.

G.I. Taylor investigated the critical rotational speed at which the flow in a Couette

device transitions from laminar to turbulent [43, 44].  He found that for a device in which

the ratio of annular gap width to outer cylinder radius is about 0.1 (for the device in this

study, the ratio is 0.9/9.4, or 0.096), the critical rotational speed for a rotating inner

cylinder is about 50 to 100 times lower than for a rotating outer cylinder.  In such cases,

the device’s lowest practical rotational speed usually exceeds the critical speed.  The ratio

of gap width to radius must approach 0.001 before it ceases to matter which cylinder is

rotated.

In the case of a rotating outer cylinder, the transition from laminar to turbulent

flow is reached when the Taylor number is between 1695 to 2453.  This was demonstrated

experimentally [43].
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For a rotating inner cylinder, an expression for the critical rotational speed was

also developed by Taylor.  In the following equations, R2 is the radius of the inner

cylinder, while R1 is the radius of the outer cylinder.  Assuming the kinematic viscosity of

the liquid to be 10-4 cm2/s, the critical rotational speed for the Couette bioreactor in the

present study is 0.2 rotations per second, or 12RPM.  Even the lowest rotational speed

used in the present study, 45RPM, was far higher than the critical speed.

The theoretical equation calculating the mean velocity gradient across the annular

gap shows no inherent preference for inner or outer cylinder rotation.  The magnitude of

each quantity remains the same.  However, the equation assumes laminar flow.

In the case of plane Couette flow, from which this equation is derived, it should

not make a difference which boundary is moving.  The direction of the shear gradient

would be switched, but the magnitude of the mean gradient would remain constant.  The

difference between idealized plane Couette flow and the Couette bioreactor is that the

Couette bioreactor tries to simulate plane Couette flow between cylinders, not flat plates.

Thus, fluid in a Couette bioreactor has centripetal acceleration, unlike in the idealized

Couette flow.

In the case of a rotating inner cylinder, the velocity is highest next to the inner

wall, whereas close to the outer wall the velocity is zero (if the no-slip condition is

assumed).  Fluid on the inner wall thus has a higher centripetal acceleration than that on

the outer wall because of its higher velocity.  Lacking resistance to centripetal

acceleration, the fast-moving liquid is thrown tangentially outward in the annular gap,

forcing slower-moving fluid toward the inner wall.  This slower fluid, pushed toward the

inner wall, is then accelerated and migrates outward, continuing the cycle.  When this
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happens, toroidal “Taylor vortices” appear, stacked atop each other like a column of

spinning donuts.  On the other hand, in the case of a rotating outer wall, the fastest-

moving fluid is already next to the outer wall and has nowhere further outward to migrate,

allowing stable laminar flow to remain at high rotational speed.  Figure 11 shows the

difference between rotating inner and outer walls.

In the present study, Taylor vortices were first observed in the bioreactor during

particle size distribution tests of the WWTP and IA sludge.  The vortices appeared to be

about 1cm in diameter, and were present along the entire length of the reactor.  A review

of the literature revealed no easy way to calculate the mean G value under turbulent

Taylor vortex flow in a Couette device.  Liu and Evans presented their data two ways:

with mean G values based on the assumption of laminar flow, and with mean G values

based on the assumption of isotropic turbulence.  In the case of isotropic turbulence, they

used a loadcell torque meter to measure energy input to the driveshaft of the Couette

reactor at varying RPM.  The authors of the present study did not have access to a

loadcell, but this method of G calculation may not be valid, anyway.  Taylor vortices,

while turbulent, are not isotropically turbulent, but instead exhibit structured flow.  Also,

some of the energy spent rotating an annular gap device is lost to friction at the base of the

inner cylinder, where it sits flush with the outer cylinder base.  The mean G values Liu

and Evans calculated under turbulent conditions are about an order of magnitude higher

than those calculated under the assumption of laminar flow.  Comparing their observed

particle sizes to the particle sizes of Biggs and Lant, it is reasonable to say that their

turbulent mean G must be an overestimate by between one and two orders of magnitude.

For this reason, their data in Figure 10 are presented with mean G values based on the
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assumption of laminar flow, even though turbulent Taylor vortex flow was observed.  In

the particle size distribution function graphs (Figures 8 and 9), where only data from the

present study are included, RPM values are used in place of mean G estimations in order

to avoid this ambiguity.

Shear due to rotation vs. shear due to aeration

Shear in the annular gap reactor is developed in two ways: by rotation of the inner

cylinder wall and by aeration.  The reactor was designed so that the dominant shear force

would be supplied by the rotation of the inner cylinder.  Aeration was meant to be a minor

contributor to total shear.

Shear due to aeration was estimated using a variety of empirical equations

developed for bubble column and airlift bioreactors.  In 1977, Nishikawa [45] estimated

mean shear in a bubble column as equal to the superficial gas upflow velocity (in m/s)

multiplied by an empirical constant, c (5000m-1).  This relationship has been widely used

in the literature for both bubble column and airlift reactors.  Other researchers have

developed empirical models for mean shear in airlift reactors.  Shi et al. in 1990 [46]

developed a more sophisticated empirical equation for mean shear as a function of

superficial gas velocity.  Al-Masry in 1999 [47] published another version of this

equation, based on new empirical measurements.  Mean shear can also be theoretically

estimated as the square root of the volumetric power dissipation rate divided by the

dynamic viscosity of the liquid [48].

sgav cv=γ Eqn. 6
Nishikawa, 1977.
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The value for superficial gas velocity in the present study was based on a

measured airflow of about 250mL/min from each of three pumps and diffusers.  When all

three pumps and diffusers operated without obstruction, the combined flowrate was about

750mL/min.  Averaged over the area of the annular gap, this resulted in a superficial air

velocity of 0.25cm/s or 0.0025m/s.  This is very low compared to the typical values in a

bubble column or airlift reactor, which commonly fall between 0.01 and 0.05m/s [47].

Of the three equations mentioned above, the estimated mean shear for the annular

gap bioreactor is 2.5s-1 (Shi), 12.5s-1 (Nishikawa), and 15s-1 (Al Masry).  Assuming a

26.3351800,14 2 +−= sgsgav vvγ

9.141.11392,24 2 ++= sgsgav vvγ

Eqn. 7
Shi et al., 1990.

Eqn. 8
Al-Masry, 1999.
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Tchobanoglous, 1999.
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dynamic viscosity of 1000N-s/m2, the power dissipation rate equation from Metcalf and

Eddy yields a theoretical mean shear of only 0.15s-1.  These shear values are near the low

limit of the useful range of the empirical equations.  Although these equations were

developed for bubble column and airlift reactors, rather than annular gap reactors, the very

low shear values they predict help support the conclusion that shear in the annular gap

reactor was due primarily to inner cylinder rotation.  For comparison, the shear due to

rotation of the inner cylinder was estimated as 47s-1 at 45RPM, 125s-1 at 120RPM, 156s-1

at 150RPM, and 250s-1 at 240RPM.  At the lowest rotational speed used (45RPM), shear

due to rotation was at least three times the magnitude of the highest estimated shear due to

aeration.

Possible advantages to Taylor vortex flow

Although Taylor vortex flow makes velocity gradient calculation difficult, it may

offer an advantage to aerobic sludge cultivation in an annular gap bioreactor.  Just as the

annular gap between two concentric cylinders approximates the space between two

infinitely extending parallel planes, a toroidal Taylor vortex approximates the rotation of

an infinitely extending cylinder of fluid.  It has been shown that a rotating velocity field

provides a means of suspending small particles, such as flocs [49].  In a vertically-oriented

Couette bioreactor experiencing laminar flow, particles more dense than the bulk fluid

would experience a gravitational force tending to pull them off their streamlines and

sediment them at the bottom of the vessel.  Researchers have described exactly that

phenomenon [29].
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In an aerated, vertically oriented Couette bioreactor, the upward motion of air

bubbles helps keep particles in suspension.  However, during any unaerated periods this

bubble motion would be absent.  In that case a flow pattern that enhances particle

suspension would be beneficial.  In a fully anaerobic Couette bioreactor, air would never

need to be supplied, but sedimentation would have to be avoided somehow.  It may be that

a Couette-Taylor bioreactor is more useful in practice than just a Couette bioreactor.

Summary and Recommendations

The particle size experiments described above are evidence that the annular gap

bioreactor can control for floc size by varying RPM.  Functionally, the bioreactor behaved

as it was intended.  However, the difficulty of calculating turbulent mean velocity

gradients made the pursuit of particle size data over a wide range of G values less

important.  It was decided to leave more detailed particle size versus G experiments for a

future time, when they could be carried out with a true laminar flow Couette device,

constructed with a rotating outer cylinder.

Future experiments should also consider the effect of aeration.  Bubbles disrupt the

flow regime, but do they make a difference to the particle size distribution or to the mean

particle size?  Various bubble sizes and air flow rates could be introduced to test this

effect.

Although the Couette bioreactor was designed to produce a laminar Couette flow

field in the annular gap, the fixed outer cylinder resulted in a non-laminar flow field.

Fluid in the annular gap displayed a Taylor vortex flow pattern at all RPM values tested.
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The turbulent nature of the Taylor vortices prevented the easy calculation of reactor mean

shear from reactor RPM.

Despite the turbulent Taylor vortex flow pattern, the bioreactor behaves more like

a plug-flow vessel when unaerated.  Aeration enhances mixing vertically within the

annular gap, causing the reactor to approximate a CSTR.

Activated sludge biofloc particle size control is possible in the bioreactor, with a

larger mean particle size developed at low RPM and smaller mean particle size at high

RPM.  The mean particle sizes developed over a range of RPM values for two different

activated sludge samples are similar, with the more filamentous sludge exhibiting

somewhat larger mean particles sizes at each RPM tested.

The next stage of the research will proceed along two avenues.  The bioreactor will

be operated in a series of medium-term runs as a sequencing batch reactor (SBR) with

seed sludge from the North Cary Wastewater Reclamation Facility.  The purpose of the

SBR runs will be to characterize the behavior of activated sludge in this annular gap

bioreactor in terms of morphology, solids separation, nutrient removal, and microbial

community structure.  The bioreactor will be operated under conditions likely to cultivate

aerobic sludge granules.  This work will constitute the second half of the present study.

A second annular gap bioreactor will be constructed with a rotating outer cylinder.

This bioreactor should exhibit laminar Couette flow.  Once constructed, the two

bioreactors can be compared in terms of particle size control over a range of RPM values,

the ability to hold particles in suspension without additional aeration mixing, sludge

behavior during medium- and long-term runs, and the ability to cultivate aerobic granules.

These tasks are left for a future investigator.
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Chapter Two – Initial Studies on Applying the Annular Gap

Bioreactor to Aerobic Granulation of Activated Sludge

Introduction

The preceding chapter described the development and characterization of an

annular gap bioreactor with respect to hydraulic properties such as plug-flow behavior,

floc size control, and shear gradient.  This chapter extends the investigation of the

bioreactor into the biological realm.  Medium-term continuous run experiments were

conducted to determine how the microbiological community of activated sludge behaves

in the unique hydraulic conditions of the annular gap bioreactor.  In particular, the

experiments described in this chapter are focused around a central question: Can an

annular gap bioreactor be operated to yield aerobic sludge granules?

Aerobic granulation is a recently discovered phenomenon in which initially

flocculant activated sludge develops over time into large, dense, roughly spherical

particles, or granules.  Ammonia- and nitrite-oxidizing microorganisms are found

predominantly in the outer layer of the granule, where nitrogen and oxygen concentrations

are highest.  BOD-removing heterotrophs are found both near the surface of the granule

and deeper within, depending on their ability to compete for oxygen and nutrients that

diffuse into the granule from the bulk liquid [50, 51].  The center of the granule may be

anoxic, providing habitat for nitrate-reducing bacteria and microaerophilic heterotrophs.

Aerobic granular sludge has been shown to perform simultaneous nitrification and

denitrification (SND), but the mechanism of SND in granules is poorly understood [52].
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Granules are therefore a promising new research topic in biological wastewater treatment,

and appropriate to the larger theme of this study: investigation of the floc

microenvironment.

During the design phase of the bioreactor, it was hypothesized that the uniform

shear environment created by an annular gap device would be advantageous to the

formation of activated sludge granules.  The importance of shear in determining granule

size has been shown [53], and the decreased biofloc breakage rate hypothesized in a

constant shear environment should allow for structurally stable bioflocs to grow and

eventually develop the dense, layered morphology typical of aerobic granules.  This

chapter describes the state-of-the-art with respect to aerobic granulation, then documents

the present study’s experiments with aerobic granulation in an annular gap bioreactor.

Background

Literature review of aerobic granulation

This section describes foundational work in the field of aerobic granulation of

activated sludge, and outlines the main findings of researchers whose work informs the

present study.  Each of the most important early papers related to aerobic granulation is

outlined and discussed separately.  The main findings of more recent work are then

summarized, with special attention given to the points of consensus that have emerged

between research groups.  Finally, a list of yet-to-be-answered questions related to aerobic

granulation is presented, with a discussion of how the present study approached some of

those questions.
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Before beginning a detailed summary of the literature on aerobic granulation, it

would be helpful to briefly describe what is meant by the term “granular sludge.”  First,

granules are larger than flocs.  While a typical activated sludge floc diameter is between

50 and 500 microns [1], granules typically start at about 300 microns and grow as large as

5000 microns [54].  Second, granules settle faster than flocs.  While flocculant biomass

has a maximum settling rate of about 10 meters per hour, granules have been observed to

settle at a rate of between 10 and 50 meters per hour [55, 56].  Third, granules are more

cohesive than flocs.  Rather than being broken apart and re-aggregating as in the

population-balance model of particle size, granules increase and decrease in diameter via

growth and erosion on their surfaces [57].  Finally, granules are composed of distinct

layers of biomass, with diffusion gradients for dissolved species affecting the composition

of biomass within the granule.  Species that compete well for oxygen appear near the

granule surface, while anoxic microorganisms appear near the granule center [50, 51].

These four characteristics are the clearest “bright-line” demarcations between

granular sludge and non-granular sludge.  Granules also tend to be resistant to shock

loads, are able to remove COD and nitrogen at higher loading rates than non-granular

activated sludge, and show evidence of simultaneous nitrification and denitrification.

However, these three additional characteristics are not unique identifiers of granular

sludge, since these traits are not shared by every granular sludge described in the

literature.

The first mention of aerobic granular sludge in the literature was in 1997, when a

joint study between German and Dutch researchers was published [58] describing the

successful cultivation of aerobic granules on a carbohydrate-based (molasses) substrate.
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The study utilized a column reactor operating in SBR mode with no settle time and a fast

draw.  Slowly settling flocs were wasted preferentially, selecting for dense, fast-settling

sludge.  Mixing was provided by air diffusers at the base of the reactor.  Organic loading

rates varied between 0.42 and 1.2 kg/cubic-meter-day, which is very low compared to

later granulation experiments.  Granules first appeared after about 40 days and were

dominant by 70 days.  The granules had a mean diameter of 2.35mm, but some were as

large as 7mm.

Two years later, in 1999, a French study [59] was published in which granules

were cultivated in a stirred tank reactor operated in SBR mode.  This study fed acetate as

sole carbon source, and did not use settling pressure to select for well-settling flocs and

granules.  The reactor was operated under low dissolved oxygen conditions (0.8 mg/L)

and had a relatively low organic loading rate of 1.5 kg/cubic-meter-day.  The granules in

this study had a diameter of only 0.3-0.5mm, possibly due to high shear forces developed

by paddle blade mixing plus aeration.  These researchers never published a follow-up

paper on the phenomenon of granulation they observed.  This was the only study ever to

report aerobic granule development in a paddle-mixed tank, or under low-DO conditions.

Researchers from the Delft University of Technology followed up their 1997 paper

with a more detailed discussion published two years later [60]. In this study ethanol was

used as sole carbon source but the organic loading rate was increased from 2.5 to 7.5

kgCOD/m3d during the course of the study.  An aerated column SBR was again used, with

settling selection during the settle and draw phases to wash out poor-settling flocs.

Figures in the paper show filamentous, “fluffy” granules with an exterior characterized by

thin feathery tendrils.  These tendrils appear be either fungal mycelia or filamentous



32

bacteria.  Cultivated at a pH between 6 and 7, the granules first appeared as fungal

“pellets” that then disintegrated prior to the development of mature granules.  The authors

concluded that the fungal growth had provided an attachment substrate upon which

bacterial colonies could grow.  After the fungus broke apart, the bacterial colonies were

large and dense enough to avoid washout and went on to form granules.

The Delft group published a subsequent granule study conducted by many of the

same authors as the 1999 study [61].  In this paper the authors used a sequencing batch

airlift reactor (SBAR) with very fine bubbles, as opposed to the coarse bubble column

used previously.  A constant acetate influent loading of 2.3 kgCOD/m3d was used rather

than the ethanol loading ramp-up from 2.5 to 7.5 kgCOD/m3d over the course of the

previous study.  The reactor was pH-controlled at 7 by strong base/acid addition.  They

found that under these conditions smaller, smoother, more dense granules were formed.

They concluded that the higher shear created by fine bubble aeration determined the

morphology of the new granules.

A research group from the Munich Technical University published a study in

which they described two granule cultivation experiments in coarse-bubble column

reactors [55].  Using a loading rate of 3.6 kgCOD/m3d, the authors performed one run

with acetate and a second with a glucose-peptone mix.  In both cases granules with a mean

diameter of about 3mm were formed, but no images of the mature granules were provided

in the paper.  The authors report that light microscopy revealed filamentous bacteria and

fungi in the granules of the first run, with the acetate feed.  Fluorescence in-situ

hybridization (FISH) confirmed the presence of filamentous bacteria in the second run

(glucose-peptone feed), but the authors noted the apparent absence of fungi and ammonia-
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oxidizing bacteria in the second run.  The species of filamentous bacteria identified by

FISH was not given in the paper.  The nearly complete removal of ammonia, and lack of

nitrite or nitrate in the effluent, was hypothesized to be an effect of heterotrophic

nitrification and denitrification.

Also in 2001, Dr. Joo-Hwa Tay et al. of the Nanyang Technological University in

Singapore published their first paper on aerobic granulation.  The authors used a glucose-

peptone-meat extract influent in their first granule cultivation experiment, and acetate in

the second.  The organic loading rate was 6 kgCOD/m3d. The paper was mainly

concerned with the morphological evolution from seed sludge to mature granules.

Smooth, small granules were developed in the acetate feed, while “fluffy” filamentous

granules dominated the glucose-fed reactor.  This was consistent with the findings of

earlier studies.  The authors documented an increase in cell surface hydrophobicity as

granules developed.  Increased hydrophobicity is a property of immobilized and

aggregated cells.  The authors also found that under lower shear conditions (decreased

aeration rate, but still keeping a high DO) granules failed to form, and loose filamentous

aggregates were instead observed.  The importance of the periodic feast-and-famine cycle

typical of an SBR was discussed, with the hypothesis that periodic starvation conditions

lead to the production of extracellular polymeric substances.  Such substances enhance

cell aggregation and granulation, and prevent unattached cell washout [56].

Since 2001, the Singapore group has been at the forefront in the field of aerobic

granulation.  They have published at least 17 papers investigating various aspects of

granulation.  The Delft group has published three more papers on aerobic granules, the

Munich group has published two more papers, and there has been one paper each from
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Chinese and South Korean research groups.  A Japanese group published two papers on

fully autotrophic, nitrifying aerobic granules.  The papers described above provide the

foundation for all the later research on granulation.  Rather than continue to describe the

literature on a paper-by-paper basis, only a summary of the main findings is presented

here.

Granules have been observed to form under organic loading rates between 1.2 and

15 kgCOD/m3d.  Carbon sources used to cultivate granules include carbohydrates

(typically glucose), ethanol, phenol, and acetate [56, 60, 62-66]. Microscopic observations

indicate that carbohydrate-fed granules tend to have a “fluffy” filamentous exterior,

whereas acetate-fed granules are smooth [63, 67, 68].  In some cases filaments and fungi

are implicated in the structure of granules, especially carbohydrate-fed granules, but in

other cases the granules – especially smooth granules – appear to be dominated by rod-

shaped bacteria [56, 63, 68].  Carbohydrate-fed granules can become more smooth and

dense when subjected to organic loading rates in excess of 10 kgCOD/m3d [62].  Acetate-

fed granules appear smooth under a wide range of loading rates, but disintegrate at organic

loading rates over 10 kgCOD/m3d [62].

Granules have only been observed in reactors operated as SBRs, typically with

mixing only by aeration, and settle + draw times of less than 20 minutes [69].  The larger

the height-to-diameter ratio of a reactor, the more effective it is at selecting for granules

and washing out flocs.  The shear created in a reactor is critical to granule formation.

Higher shear leads to smoother, denser granules, but the extremely high shear produced

near the blade of a paddle mixer may prevent granulation by breaking apart flocs [69-71].
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The polysaccharide-to-protein ratio of granules is significantly higher than that of

seed sludge.  This indicates that granules exhibit elevated concentrations of extracellular

polymeric substances [69, 72].  The strength of granules is controlled by several factors,

including shear intensity in the reactor, growth substrate, and ratio of COD to ammonia-N

in the influent.  Higher N-to-COD ratios favor stronger, denser, more nodular granules

[57, 73].

Aerobic granules consist of layers.  The outermost layer is living cells, and may be

dominated by autotrophic ammonia-oxidizers in the case of high-N loading.  Deeper in the

granule are heterotrophs.  The core of a granule may be anoxic or anaerobic, and it may

consist of heterotrophic denitrifiers or dead cells, depending on the size and porosity of

the granule [51, 69, 71].

Granules are good at removing COD, but can also simultaneously remove

ammonium without the appearance of nitrate or nitrite.  Some of the ammonium removal

is due to growth requirements for nitrogen, but the rest is apparently SND.  Ammonia

oxidizers in the outer layer of granules convert ammonium to nitrite and nitrate, while

heterotrophic denitrifiers in the anoxic inner layers reduce those species to gaseous

nitrogen compounds [65].  Microelectrode work has shown the core of aerobic granules to

be anoxic, with disappearance of nitrate via denitrification [74].  By control of bulk liquid

dissolved oxygen concentration at low levels (~0.8 mg/L), complete SND can be achieved

with aerobic granules [52].

Granules can fail to form or become unstable and disintegrate for a variety of

reasons.  High organic loading rates can lead to disintegration, possibly due to anaerobic

gas and acid evolution near the granule core [51].  Free ammonia concentrations above
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approximately 30mg/L can inhibit granule formation, as in the case of a high-N influent

with an elevated pH.  This may be due to the inhibition of metabolic activity of ammonia

oxidizers by free ammonia [75].  Too low or too high an HRT can prevent granule

formation due to washout or extended starvation periods [76].  An optimum HRT appears

to fall between 2 and 12 hours for granule formation.  While some researchers report that

granules become unstable and disintegrate after only a few months, other groups have

been able to maintain their granules for a year or longer [69].  Autotrophic, nitrifying

granules seem to be most stable for long time periods.  Granules kept in cold storage for

up to 7 weeks can regain their original activity levels in under a week [77].

Questions Remaining

While some important questions regarding the development and characteristics of

mature granules have been answered, much remains to be learned.  Microscopic

techniques have been employed to identify microorganisms present during granule

development, but morphological identification alone is unreliable.  Molecular techniques,

for the most part, have not been brought to bear on aerobic granules.  Aside from a few

uses of the FISH technique and one limited DGGE experiment, past studies have relied on

light microscopy, ionic nitrogen species data, COD removal data, and protein-

polysaccharide determinations to characterize granules.  The population dynamics of the

Bacterial and Eukaryal community structure over the course of granulation, from seed

sludge to mature granule, have not been investigated.  The present study uses molecular

techniques including DGGE and DNA sequence analysis to track Bacterial and Eukaryal
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population changes in activated sludge during granule cultivation.  Dominant Bacterial

and Eukaryal species as indicated by DGGE are identified by DNA sequence analysis.

This study also advances the current state of knowledge in aerobic granulation by

cultivating granules in a novel type of bioreactor. Granular sludge has primarily been

cultivated in coarse- or fine-bubble column bioreactors or airlift reactors, and only once in

a paddle-stirred SBR.  Researchers have hypothesized that the particular shear

characteristics of bubble column reactors encourage granulation, and that shear is a

critically important variable in granule formation.  However, in a bubble column

bioreactor the variables of shear and aeration rate are coupled: shear can only be increased

by increasing the airflow, and thereby increasing the oxygen saturation.  As mentioned in

the previous chapter, an annular gap bioreactor can control for shear in the bulk liquid

independently from the aeration rate, allowing the variables of shear and aeration to be

largely decoupled.  Besides answering the question of whether aerobic granules can be

cultivated in a non-bubble column bioreactor, the annular gap bioreactor allows for new

investigations into the effects of shear on granule size and shape.

Purposes and Hypotheses

• To induce granulation in activated sludge.  It was hypothesized that the uniform

shear caused by the unique flow field of an annular gap bioreactor would be

advantageous to the cultivation of granules by minimizing shear-induced floc

breakage.  Although the rotating inner cylinder bioreactor used in this study displays

turbulent Taylor vortex flow, it was further hypothesized that the vortex turbulence

would be of a low enough intensity that it would not prevent granulation.  Even if this
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annular gap bioreactor is unable to cultivate aerobic granules, the morphological and

ecological development of the sludge would still be of interest due to the uniqueness

of the reactor design.  Lessons learned during this series of experiments will be useful

to future investigations employing an optimized Couette bioreactor.

• To track changes in the microbiological community structure of the cultivated

sludge over time.  The development of the Bacterial and Eukayal community

structure during the cultivation of aerobic granular sludge is an unexamined question.

It was hypothesized that filamentous Bacteria or Eukarya might appear dominant early

in the development of granules, providing the backbone upon which granule-forming

microorganisms could attach.  It was hypothesized that the microbial community

structure in carbohydrate-fed granules might differ substantially from the community

structure in acetate-fed granules.

• To monitor the nutrient removal behavior of the granules to identify and

characterize simultaneous nitrification-denitrification.  Other researchers have

reported simultaneous nitrogen and carbon removal in aerobic granular sludge.

Effluent nitrogen species will be monitored to identify aerobic nitrogen removal

activity.  It was hypothesized that the dominant mechanism of simultaneous

nitrification-denitrification would be anoxic denitrification in the central layers of the

granules.  Therefore, SND would not be expected prior to the development of granular

sludge.  It was further hypothesized that SND observed prior to granule development

might be traceable to known aerobic denitrifiers via molecular techniques.

• To determine whether biofloc particle or granule size can be controlled over time

by shear.  Short-term experiments have shown that biofloc particle size can be
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controlled by changing the annular gap bioreactor’s rotational speed.  Whether the

particle size remains constant over time is unknown.  It was hypothesized that particle

size for flocculant biomass could be controlled by the annular gap bioreactor, but that

mature granular sludge would exhibit larger mean particle sizes and would be less

affected by shear.

Materials and Methods

Specifications for the construction of the bioreactor were given in Chapter One.

The bioreactor was not substantially altered for the continuous operation experiments

described in this chapter.  The three sampling ports located 1cm above the reactor base

were used for aeration, with one aquarium pump feeding each port.  Limewood plugs

were fitted to the inner diameter of the ports to provide fine bubble aeration.  When

replaced at regular intervals the limewood plugs proved feasible for continuous aeration.

The port located approximately 10 centimeters above the reactor base was used for

effluent withdrawal.  The volume remaining in the reactor after effluent withdrawal was

just over 500mL, or about one third of the total working volume of approximately 1.6

liters.  Influent was supplied from tubing entering the annular gap from the top of the

reactor, rather than through a port.  Reactor cycle timing was performed with a

Chrontroller model XT.  Liquid pumping was accomplished with Cole-Parmer Masterflex

L/S peristaltic pumps using size 25 Norprene tubing.  Reactor rotation was powered with a

Cole-Parmer Stir-Pak mixer model 4554-10.  Aeration was provided by three RenaAir 200

air pumps with check-valves to prevent fouling when the pumps cycled off.  The aeration

rate was approximately 750mL/min (each pump contributed ~250mL/min).
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Physico-chemical techniques

• DNA extractions– Mixed liquor samples were placed in 2mL centrifuge tubes and

spun for 3 minutes at 5000x g.  Supernatant was discarded, leaving about 250uL of

compressed, wet sludge.  The sludge was stored at –20ºC for up to one month prior to

analysis.  See Appendix 2 for the DNA extraction protocol.

• Proteins and Polysaccharides – Samples were collected identically as in the case of

DNA.  However, the sludge was resuspended and rinsed once with deionized water

after the initial supernatant decant.  This step was intended to help remove dissolved

proteins and polysaccharides not associated with the cellular matter.  The sludge was

spun down again and decanted prior to storage at –20ºC for up to a month prior to

analysis. See Appendices 3, 4, and 5 for protein and polysaccharide extraction and

measurement protocols.  Protocols are modeled on the work of Dubois et al. [78] and

Zhang et al [79].

• Ammonium – Five milliliters of 0.45um filtered sample were collected in a sterile

15mL centrifuge tube.  The samples were stored at –20 C for up to a month before

analysis.  An Orion ammonia gas-sensing electrode (catalog #1329996) was used to

quantify ammonium concentration.  A drop of 10M NaOH added to the sample at

room temperature raised the sample pH to above 12, forcing ammonium ions into the

ammonia gas form.  The millivolt electrode output was compared with a calibration

curve.  Dual calibration curves were performed using known concentrations of

ammonium chloride and ammonium sulfate.
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• Nitrate and Nitrite – Four milliliters of 0.45um filtered sample were added to a clean

5mL ion chromatography vial and capped with an IC filter cap.  The samples were

then stored at –20 C for up to a month prior to analysis.  Ion chromatography was

performed on a Dionex IC unit using an IonPac AS4A-SC 4mm column.

• Sludge Volume Index (SVI) – Sludge volume index was determined according to

Standard Methods, test number 2710D [80].  Sludge settling was carried out in a

1000mL graduated cylinder for 30 minutes.

• Mixed liquor suspended solids (MLSS) – Solids were determined according to

Standard Methods, test number 2540D.  10mL of mixed liquor was typically required

to provide sufficient biomass for the determination.  Samples were analyzed in

duplicate.

• Particle size distribution (PSD) – Particles were embedded in agarose gel and

imaged with a camera attached to a stereomicroscope.  The MetaMorph™ image

analysis program was used to collect particle size data.  A detailed description of the

procedure is found in Appendix 1.  The procedure was adapted from Droppo et al.

[81]. The general technique for image capture in MetaMorph™ is described in

Appendix 6.

Molecular techniques: PCR amplifications

About 10ng of extracted DNA was used as the template for a PCR in which

Bacterial 16S or Eukaryal 18S ribosomal DNA (rDNA)-specific primers were used.  Two

sets of primers were used for both Bacterial and Eukaryal amplifications in a “nested”

PCR.  The sequences of all primers used in this study are listed in Table 1.  In the
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Bacterial case, primers BACT-11f and BACT-1492r [82] were used in the first

amplification, yielding a product approximately 1480 bases long.  Template for the second

step of the nested PCR was transferred in a 0.5uL aliquot from the first reaction tube to

the second.  In the second amplification, primers 341f-GC and 926r [83] were used,

yielding a GC-clamped product approximately 610 bases long (including GC-clamp).  In

the case of Eukaryal amplifications, primers EukA and EukB [84] were used in the first

step of nested PCR, yielding a product approximately 1795 bases long.  The second nested

PCR step used primers Euk1A and Euk516r-GC [84], yielding a clamped product

approximately 590 bases long (including GC-clamp).

In all PCR reactions, a volume of 50uL was used.  FailSafe™ PCR enzyme

mixture and 2X reaction buffer E (EPICENTRE, Madison, WI) were found through trial-

and-error to provide the most reliable amplification for these samples.  The dNTP, MgCl 2,

and enzyme concentrations for this mixture are proprietary.  About 10ng of template was

used in the first step of nested PCR, and 0.5uL of that reaction product was used in the

second step.  Primers were added to a concentration of 0.3uM.

The PCR program for the first step of nested PCR included an initial denaturation

at 94ºC for 5 minutes followed by 28 cycles of denaturation at 94ºC for 1 minute,

annealing at 56ºC for 1 minute, and elongation at 72ºC for 105s.  A final elongation step

at 72ºC for 30 minutes was added to avoid incomplete products.  The 105s elongation step

was longer than usual to allow for the complete elongation of products 1480 and 1795

bases long, respectively.

The PCR program for the second step of nested PCR included an initial

denaturation at 94ºC for 5 minutes followed by 28 cycles of denaturation at 94ºC for 1
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minute, annealing at 56ºC for 1 minute, and elongation at 72ºC for 1 minute.  A final

elongation step at 72ºC for 30 minutes was added to avoid incomplete products that yield

“double bands” when visualized by DGGE [85].  All PCR values were determined by

initially running samples at a variety of conditions and selecting the cycle that gave the

best amplification, as measured by product concentration and DGGE band strength.

Molecular techniques: Denaturing gradient gel electrophoresis (DGGE)

Denaturing gradient gel electrophoresis was performed using the Bio-Rad DCode

Universal Mutation Detection System (Bio-Rad Laboratories, Hercules, CA).

Electrophoresis was performed with 1.0mm-thick 8% polyacrylamide gels in which the

ratio of acrylamide to bis-acrylamide was 37.5:1.  Gels were submerged in 1X TAE run

buffer (40mM Tris, 40mM acetic acid, 1mM EDTA; pH 7.4).  Approximately 500-800ng

of GC-clamped DNA from the second step of nested PCR was added to each well.

Bacterial samples were run in a gradient of 35% to 60% denaturing conditions (100%

denaturing condition was defined as 7M urea and 40% deionized formamide).  Eukaryal

samples were run in a gradient of 20% to 50% denaturing conditions.  Electrophoresis was

performed at 60V for 17 hours at 60ºC.

The gels were stained for up to an hour in 50mL of 1X TAE with SybrGold

nucleic acid stain (Molecular Probes, Eugene, OR) and visualized with a Dark Reader

(Clare Chemical Research, Dolores, CO).  The Dark Reader uses visible-spectrum

wavelengths rather than UV energy to excite the SybrGold stain, thereby minimizing

“nicking” damage to the DNA.  Gel images were captured with a Canon PowerShot A40

digital camera mounted on a ringstand.  Gels were transferred to a glass plate and covered
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with PVC plastic film prior to visualization.  This prevented fogging of the Dark Reader

and drying of the gel, and provided a safe working surface for post-visualization DNA

band excision.

Molecular techniques: Band isolation and DNA sequencing

To obtain a PCR product sufficiently pure for DNA sequence analysis, individual

bands from the DGGE gel were carefully excised and re-amplified.  After examining the

gel image and deciding which bands seemed interesting (e.g. increasing or decreasing in

intensity over time, or comprising a dominant fraction of the total band intensity, or

appearing in multiple reactor runs), those bands were removed from the gel.  Sterile 18-

gauge needles were used for each band excised.  A volume of gel approximately 1mm by

1mm by 2mm was removed from each band, near the center of the band.  The band was

transferred to a clean 200uL PCR tube.  All band excisions were performed on the Dark

Reader.  The glass plate between the gel and the light source protected the Dark Reader

from scratches.

The gel chunks in the PCR tubes were treated as an aliquot of template.  PCR was

performed as described previously.  The presence of the small mass of gel did not appear

to affect the PCR.  Following re-amplification of the band, a portion of the re-amplified

product was run on a DGGE gel with an identical denaturing gradient as the original gel.

When possible, a lane of the original mixed product was run as a reference lane.

Typically a first purification showed some residual contamination by other bands,

especially if the target band was weak in the original sample.  A second band excision and

re-amplification was generally sufficient to obtain a PCR product ready for sequencing.
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See Figure 12 for an illustration of PCR product bands sufficiently cleaned and isolated

that sequencing is possible.

DNA sequencing was performed at the Duke University DNA Sequencing

Facility, using an Applied Biosystems 3100 Capillary Electrophoresis DNA Sequencer.

BigDye™ terminator sequencing chemistry was used (Applied Biosystems, Foster City,

CA).  Samples were prepared for sequencing by adding 5ng per 100 bases of the PCR

product (i.e. for a 600bp product, add 30ng) to 4.8pmol (~30ng) primer in 12uL water.

Forward and reverse primers, both clamped and unclamped, were used successfully for

sequencing.  The most common problem for DNA sequencing was excessive template

addition, yielding a too-strong initial signal and subsequent signal fading.  Once this

problem was resolved, all ~600 bases gave strong signal.  Contamination by other

sequences occasionally caused indeterminate base identification, but most problems were

resolved by visual inspection of the chromatogram.

Bioreactor Operation: Run 1

The first run was an opportunity to see how the bioreactor behaved under

continuous operation as a sequencing batch reactor.  Seed sludge was collected from the

mixed liquor basin of the North Cary Wastewater Reclamation Facility on March 02 2004,

the morning the first run was started.  The bioreactor was filled with the seed sludge to a

working volume of 1.6 liters.  The rotational speed of the inner cylinder was set at

45RPM.  Under the assumption of laminar flow, this rotational speed would result in a

mean shear value of 47s-1.  This is low compared to the typical shear in a WWTP, which

may approach 125s-1 in aeration-diffused basins and may exceed that in mechanically-
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mixed basins, especially close to the mixer device [1].  However, due to the turbulent

nature of flow in this annular gap bioreactor, and the additional shear due to aeration, this

was deemed a good starting point for the experiment.  Figure 13 shows the bioreactor at

start-up during run 1.

The reactor was operated as a SBR on a 6 hour cycle, with 7 minutes for fill, 4

hours of aerated react, 1 hour and 45 minutes of settle and 15 minutes of draw.  The very

long settle period prevented excessive biomass loss during startup.  Over the first week,

the settle period was gradually reduced to 30 minutes (day 3), 5 minutes (day 4), and

finally 1 minute (day 7).  The cycle for the rest of the experimental run remained 7

minutes to fill, 5 hours and 44 minutes of aerated react (including fill), one minute of

settle, and 15 minutes of draw.  Fill time is included in the aerated react time interval.

One liter of effluent was withdrawn and replaced with fresh synthetic wastewater

per cycle.  The wastewater had a COD:N ratio of 630:50, or about 125:10.  The organic

loading rate was 1.6 kgCOD/m3d.  Both of these numbers are on the low end of the

literature values that have been reported for successful aerobic granulation.  It was thought

that a low OLR would be a good starting point, in that it would be unlikely to drive

oxygen demand past what could be delivered via the air diffusers.  The composition of the

synthetic wastewater used in run 1 is given in Table 2.  Trace elements were provided by

dosing the synthetic wastewater with Vishniac and Santer trace element solution, the

composition of which is listed in Table 3.

The recipe for synthetic wastewater selected for this run was taken from a previous

study that described a successful granulation episode in an SBR [74].  The only deviation

in the synthetic wastewater composition from the paper was the addition of sodium
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nitrate.  Nitrate was added to ensure it would be present during carbon-rich “feast” period

during and just after the filling of the reactor at the beginning of each cycle.  It was

hypothesized that the simultaneous presence of nitrate, carbon, and oxygen might select

for nitrate-reducing aerobes.

Synthetic wastewater stock was prepared by mixing the dry reagents and

aliquoting the mixture by weight into dry doses.  A single dose made 4 liters of

wastewater – one day’s influent – at the desired chemical concentrations.  This way, fresh

wastewater could be made every day and wastewater stock would not need to be kept

aseptic.  A drawback was the need to completely mix the dry constituents before dividing

the mix into doses.  Because of non-homogeneous mixing, each day’s wastewater

composition could be slightly different.

Bioreactor Operation: Run 2

The reactor was again prepared just as in run 1, but with 1680mg/L glucose

(1800mg/L as COD) and 970mg/L sodium acetate (660mg/L as COD).  That is six times

as much glucose and twice as much acetate COD as in run 1.  This gives an OLR of about

6 kgCOD/m3d, which is more in line with the range of OLRs for which granulation had

been observed.  Nitrogen was again supplied in the form of both ammonium and nitrate

(see Table 4).  Synthetic wastewater was mixed as a powder, then divided into dry

aliquots.  Fresh influent was mixed each day.  The reactor was again operated as a SBR: 6

minute fill; 5 hour 35 minute aerated react; 15 minute settle; 7 minute draw.  Rotational

speed was set at 45rpm.  The synthetic wastewater composition for the first half of run 2 is

given in Table 4.
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Halfway through run 2, the influent composition was altered to an all-acetate feed

with an OLR of 3 kgCOD/m3d (see Table 5).  Ammonia concentrations were increased to

address nitrogen limitations, and nitrate in the influent was discontinued.  A 23mM

phosphate buffer was necessary to keep the pH from climbing.  The bioreactor rotational

speed was increased from 45 to 150RPM, and the number of cycles per day was increased

from 4 to 6.  The rationale for these changes, and the effects these changes brought, are

detailed in the Results and Discussion section.

Bioreactor Operation: Run 3

In run 3 it was decided to investigate the behavior of sludge in an all-acetate feed.

This was partly due to a desire to avoid fermentative conditions, as had been observed in

run 2.  Other studies had reported successful granule cultivation with acetate as sole

carbon source [56, 65, 75, 86].  The synthetic wastewater composition from the second

phase of run 2 was continued into run 3, but run 3 began with fresh seed sludge from the

North Cary Wastewater Reclamation Facility.

The organic loading rate was set at 3 kgCOD/m3d.  The COD:N:P ratio was

100:5:120.  The high phosphorus levels were contributed by the high phosphate buffer

concentration necessary to provide pH control.  The bioreactor rotational speed was set at

45rpm.  To maintain a high loading rate and minimize buffer concentrations, the number

of SBR cycles per day was switched from 4 to 6.  The synthetic wastewater composition

for run 3 is listed in Table 6.
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Results and Discussion

Run 1: Physico-chemical analysis

The seed sludge of run 1 displayed bulking characteristics, as shown in Figure 14,

with an SVI of over 300 mL/g.  To avoid wasting most of the sludge in the first few

bioreactor cycles, the initial settle period was 1 hour 45 minutes long.  On day 3 the settle

period was reduced to 30 minutes.  By day 7 the target settle period of one minute was

reached, and the SVI had dropped to below 100 mL/g.  The MLSS decreased during this

period, indicating that poorly settling sludge was washed out (see Figure 15).  Operation

as an SBR with periods of feast and famine in each cycle tends to favor floc-formers,

which also would have helped alleviate bulking.  The strategy of slowly decreasing the

settle period during startup has been used before to induce granulation [56].  The alternate

strategy, of imposing a very short settle period immediately, has also been used

successfully [55, 57, 64, 87].

In the second week of operation the SVI and MLSS climbed to about 175 mL/g

and 2000mg/L, respectively.  This return to bulking corresponded to an appearance of

filamentous growth in the biomass (see Figure 16).  Sludge wasting kept the biomass

concentration down, but the bulking conditions continued to worsen until about day 21.

On day 21 smooth, round, translucent spheres of diameter 0.5-3mm became prevalent in

the sludge, and are depicted in both Figures 17 and 18.  Figure 17 also depicts a number of

dark-colored “false granules” that persisted in run 1, but did not contribute significantly to

the total biomass.  Some of the translucent spheres seemed to be growing on the

filamentous clumps, while others were detached.  Microscopic examination revealed a

monoculture of gram-negative coccoids, occurring singly or in pairs.  They were initially
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hypothesized to be ammonia or nitrite-oxidizing bacteria, but FISH results for AOB and

NOB were negative.  Subsequent molecular analysis identified these objects as Zoogloea

ramigera colonies.

Between day 21 and the end of the run the MLSS edged up from about 1500 to

about 2500 mL/g.  This was due to the appearance of the spherical colonies – these dense,

well-settling objects were able to avoid wasting.  This increase in biomass density pushed

the SVI back below the bulking threshold, but poor-settling filamentous clumps were still

dominant in the sludge.  By day 30, it was evident that the sludge had become overgrown

by two dominant morphologies: filaments and Zoogloea spheres.  The likelihood of

granulation occurring under these conditions seemed low, and the run was terminated.

Nitrogen removal during run 1 fluctuated between about 70 and 90%, as shown in

Figure 19.  Dips in the removal rate were in some cases attributable to aeration

interruptions (day 8 and 15) or to mechanical malfunction of the bioreactor (rotation

failure, day 4).  Nitrogen was supplied in the form of ammonium (30mg/L as N) and

nitrate (20mg/L as N) at a total N loading rate of 0.128kg/m3d.   Nitrogen in the effluent

was primarily in the form of nitrate.  The N removal seen in run 1 does not suggest the

biomass exhibited simultaneous autotrophic nitrification and heterotrophic denitrification.

At the applied N loading rate, 410 mg/L of wasted biomass in the effluent would account

for 100% N-removal from growth-related N-assimilation (assuming a biomass elemental

composition of C5H7O2N).  Although effluent suspend solids data was not collected,

visual observation of the effluent leads to the conclusion that during the first and last

weeks of run 1, biomass in the effluent could easily have accounted for the observed

nitrogen loss.  During the second and third weeks of the run the effluent quality was
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higher, with a lower solids concentration.  Nitrogen loss during this period could have

been due to biomass growth – the MLSS increased from 1000 to 2000mg/L during week 2

– or to traditional nitrification and denitrification.  Interestingly, a species of Z. ramigera

has been identified as an aerobic denitrifier [88].  It is possible that the appearance of

Zoogloea colonies contributed to nitrogen removal via aerobic respiration of nitrate.

The particle size distribution data shown in Figure 20 indicate a movement toward

larger particle sizes during the course of run 1.  This figure shows that the maximum

measured particle radius jumped from about 200 microns on day 0 to about 400 microns

on day 28.  By expressing the particle size distribution as equivalent sphere volume

percentages, the figure shows that a majority of the biomass existed as large particles,

especially by day 10 of the run.  Unfortunately, these particles could not be described as

aerobic granules.  Most were clumps of filamentous microorganisms or Z. ramigera

spheres.

Sludge buildup on the reactor walls was a problem during the experiment.

Bursting air bubbles deposited sludge above the waterline, where it thickened.

Occasionally chunks of this biomass would break off and fall back into the bulk liquid.

These were initially mistaken for granules, until their source was identified.  Some of

these “false granules” persisted in the bulk liquid for the entire course of the experiment.

They were darker in color, denser, and larger than any other bioflocs, but there were only

a few dozen that persisted (see Figure 17).  The reactor was cleaned every day to remove

wall-attached biomass, but there was no way to prevent some attached growth from

sloughing off into the bioreactor.  It is not known what role this sloughing might have

played in other granulation experiments in the literature.  Some researchers have reported
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the appearance of granules only a few days into a run [55, 57, 66], and in those cases wall

growth either was not mentioned, or the reactor walls were cleaned only every few weeks

[66].  It is possible that poor cleaning of attached growth might be the wellspring of

granular biomass.

Run 1 lessons:

• Limewood air bubblers foul easily.  Clean bubblers daily and replace at first sign of

impeded airflow.  Future bioreactor designs should use a simpler, more reliable

method of oxygen transfer.

• The bioreactor must be cleaned daily to prevent wall growth.  Biomass that splatters

on the wall above waterline may slough off and appear as “false granules.”   Remove

splattered biomass as frequently as possible, and remove false granules from bulk

liquid, as they will persist in the bulk liquid for weeks unless removed.  Seed sludge

seems more likely to stick to the wall than mature sludge.  Future bioreactor designs

should incorporate an automatic scraper that removes splatter with every rotation.

• The bioreactor can recover quickly from a drop in biomass concentration.  It may be

preferable to waste biomass early in the granule cultivation process with a short settle

period.   A low initial biomass concentration will select for fast-growing floc-forming

bacteria and select against filaments.

• A higher COD loading rate is probably necessary to induce granulation.  The

1.6kgCOD/m3d OLR is near the lowest reported for successful granulation

experiments.  The eventual dominance of filamentous bacteria in run 1 suggests that

the reactor substrate concentration was too low.
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• Daily sampling is an unnecessary expense.  Changes in biomass behavior do not occur

fast enough to justify daily sampling.  Every-other-day sampling with half the

sampling tasks on alternating days is more appropriate.

• Daily washing of the influent tank and daily replenishment of the influent is not

enough to prevent influent tank growth.  The easily degradable substrate encourages

overnight growth in the influent tank, which lowers the organic loading rate to the

reactor and increases disperse growth/pinpoint flocs.  Run sodium hypochlorite

through the influent lines as part of daily cleaning.

Run 2: Physico-chemical analysis

The second bioreactor run began with a better settling sludge than the first, but

also a higher MLSS of 4500 mg/L (see Figure 21).  A more aggressive sludge washout

strategy was pursued during this run.  An initial 15 minute settle period washed out about

half of the seed sludge, but thereafter the biomass settled well.  The short settle period

dropped the MLSS to about 2000 mg/L by day 7, and the sludge dipped under the bulking

threshold to an SVI of about 100 mL/g.  Wall splatter and biomass sloughing were a

problem in the first few days of the run, but any false granules that appeared were

manually separated from the bulk liquid and eliminated.

Two low-DO episodes (days 3 and 5) led to fermentative conditions.  Fermentation

was diagnosed based on a sweet organic acid odor in the sludge.  The pH of the mixed

liquor dropped to about 5 during both of the fermentative episodes, but returned to near 7

with sufficient aeration and fresh influent.  Filamentous fungal growth began to appear in

the biomass.  By day 8 the SVI had ballooned to 450 mL/g and the MLSS was below
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1500 mg/L.  In response, the rotational speed of the bioreactor was increased from 45rpm

to 150 rpm on day 9.  This strategy was used to see whether the higher shear might lead to

a denser, less bulking biomass.  On day 10, 24 hours after the bioreactor rotational speed

was increased, the filamentous fungi appeared to have accreted into pellets (see Figure

22).

As described in the Materials and Methods section, day 10 was also when the

influent was switched to an acetate feed with an OLR of 3 kgCOD/m3d and the COD:N

ratio was corrected to 100:5.  Also, on day 10 the SBR cycle length was switched to 4

hours, to allow for lower peak loading and avoid low-DO episodes.  With this fresh feed

and new reactor cycle, and by keeping the rotational speed at 150RPM, the MLSS shot up

to above 6000 mg/L by day 14.  At this point the fungal pellets were large, round, and the

dominant form of biomass in the bioreactor (see Figure 23).  It was thought that these

pellets were true aerobic granules.  However, the MLSS declined precipitously after day

15 as the pellets disintegrated.  The fragmented fungal pellets continued to settle well,

keeping the SVI low as the MLSS dropped, but the cast-off detritus from the pellets

washed out of the bioreactor.  A time-course series of representative images from the

biomass is presented in Figure 24.

Switching to a pure acetate carbon source resulted in a pH increase during each

reactor cycle from about 7.5 during the feeding period to about 8.5 by the draw period.

This was a result of the aerobic oxidation of acetate, which produces one mole of

alkalinity per mole of acetate utilized.  By contrast, the aerobic oxidation of carbohydrates

or ethanol neither produces nor consumes alkalinity.  The rise in pH was noticed a few

days after switching the feed to pure acetate.  To compensate for the pH rise, the



55

phosphate buffer was increased from an initial concentration of 1.22mM to a final

concentration of 23mM.  This increased the ionic strength of the wastewater from about

0.01 to about 0.04.  Although this ionic strength is in the acceptable range for flocculation

(0.005 – 0.05), it is near the high end.  The MLSS drop in the second half of run 2

coincides with the introduction of the high-strength phosphate buffer.  Therefore, three

factors were working against the fungal pellets in the second half of run 2.  First, high pH

tends to select against fungi [1], and the reactor was consistently between a pH of 7 and

8.5 in the second half of the run.  Second, the ionic strength was near the top of the

acceptable range for good flocculation.  Third, as will be discussed in the Eukaryal DNA

sequence analysis section, the filamentous fungi identified in run 2 were strong ethanol

assimilators.  With the removal of carbohydrates in the feed, their source of ethanol (via

fermentation) was removed.  All three of these factors may have contributed to the

breakup of fungal pellets after day 16 of run 2.

As mentioned in the literature review, one of the first studies on aerobic

granulation [60] experienced filamentous fungal growth early in the run, only later to

develop bacterial granules after the fungal pellets deteriorated.  That study used an

ethanol-based influent, so the fungi that appeared in that study could well have been

similar to the ethanol-assimilating species identified in this study.  The authors of the 1999

study hypothesized that their fungal pellets provided an attachment substrate for the

development of compact bacterial colonies.  According to this hypothesis, after the fungal

pellet deteriorated due to nutrient limitations in its core, the bacterial colonies were

sufficiently dense to avoid washout and then grew into bacterial granules.



56

The development and deterioration of fungal pellets in run 2 seems parallel to the

observations of Beun et al. in their 1997 paper.  But in the present study, no bacterial

colonies were observed during the fungal deterioration.  Rather than the natural

deterioration of the fungal pellets hypothesized by the Delft group, our fungal pellets were

shocked out of their growth trajectory by the abrupt switch of influent.  Perhaps, had we

used an ethanol-based influent rather than an acetate-based one, the fungal development

would have continued and eventually lead to pellet deterioration accompanied by bacterial

granule formation.  But a second factor worked against bacterial growth in this case: the

limiting nitrogen loading rate.  Since the wastewater was not balanced, there was probably

not a healthy bacterial population developing on the fungal backbone, unlike in the case of

the Delft group’s work.  So when the fungal pellets deteriorated, there was no fungal-

attached bacterial population ready to grow up into granules.  This hypothesis is supported

by the DGGE results from run 2: very low signal and low species diversity was observed

in the Bacterial gel (see Bacterial sequence analysis, below).

As previously discussed, nitrogen was a limiting nutrient during the first ten days

of run 2.  As shown in Figure 25, nitrogen removal between day 0 and day 10 was nearly

100%.  During this period nitrogen was supplied as ammonium (30 mg/L as N) and nitrate

(20 mg/L as N) for a total N loading rate of 0.128kg/m3d, just as in run 1.  However, the

organic loading rate (OLR) had been increased from 1.6 kgCOD/m3d in run 1 to 6

kgCOD/m3d in the first half of run 2.  This resulted in a COD:N ratio of 150:1, while N-

limited conditions (assuming a biomass growth yield of ~0.3) exist at about 100:3 [1].

This nutrient limitation was corrected on day 10 by lowering the OLR to 3 kgCOD/m3d

(acetate) and increasing the nitrogen loading rate to 0.150 kg/m3d (ammonium).  This
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gave a COD:N ratio of 100:5.  The bioreactor was also switched from a 6-hour to a 4-hour

cycle, to allow for lower peak loading during feast periods.  This explains why the

nitrogen concentration in the influent drops to about 40 mg/L in Figure 25, although the

total nitrogen loading rate increased during the second half of the run.

After switching the influent, the nitrogen removal rate dropped to about 70%, then

climbed to near 90% by the end of the run.  Between day 10 and 15 the sludge

experienced a jump in MLSS, so most of the N removal during this period is probably

attributable to growth assimilation.  During the second half of run 2 all residual nitrogen

was in the form of ammonium, suggesting that no ammonia-oxidizing bacterial population

was present.  No ammonia or nitrite-oxidizers were identified by DGGE or sequence

analysis in either run 1 or 2.  Therefore, nitrogen removal was almost certainly due to

biomass growth and washout.  In the second half of run 2 complete nitrogen removal via

growth assimilation would have required an effluent suspended solids concentration of

just 322 mg/L.  Observation of the effluent suggests it was considerably higher than that,

which could account for both the MLSS drop in the bioreactor and the nitrogen

disappearance.

Figure 26 shows how the particle size distribution in run 2 had shifted toward

larger particle sizes by day 6, when fungal growth first started to appear.  By day 10 the

shift is even more apparent, with the majority of the biomass contained in particles with

radii between 200 and 450 microns.  By day 20, after some of the largest particles had

deteriorated, the remaining fungal pellets still had a size distribution predominantly

between 325 and 550 microns.  The maximum particle size seen in run 2 is about 1.5

times as large as the maximum of run 1.  As mentioned previously, it was initially thought



58

that the granular morphology of run 2 indicated the development of true aerobic granules.

However, the dominance of filamentous fungi and the particle deterioration observed after

balancing the COD:N ratio showed that that hope was unfounded.

Run 2 lessons:

• Even with cleaning and replacement, the air diffusers will occasionally clog.  When

the OLR is high, an aeration failure is critical because the reactor will become

fermentative.  A combination of low pH, nitrogen limitation, and the presence of

ethanol provide growth conditions conducive to fungi.

• The stoichiometry of aerobic acetate metabolism produces alkalinity and raises pH.  If

a sole carbon source whose oxidation results in alkalinity production or consumption

is used, the wastewater must either be well-buffered or there must be a mechanical

method of pH control (strong acid/base addition) to prevent pH shocks.  A strong

buffer may be inappropriate due to ionic strength concerns and charge reversal, which

can prevent flocculation.

• Increasing the bioreactor rotational speed can cause a bulking, fungal sludge to

become granular in appearance and behavior.  High shear may encourage granule

formation, or this phenomenon may simply be an artifact limited to situations of

fungal overgrowth.

Run 3: Physico-chemical analysis

This third and final bioreactor run continued the influent from the second half of

run 2, but with new seed sludge.  This change of influents aimed to avoid the fermentative
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conditions seen with the carbohydrate-based influent.  It was hoped that an acetate feed

would grow a smoother, denser, heterotrophic granule compared to the fluffy, filamentous

fungal pellets seen in run 2.  Unfortunately, this run also used a strong potassium

phosphate buffer for pH control, since ionic strength and the monovalent-to-divalent

cation ratio had not yet been identified as a possible cause of deflocculation in run 2.

The seed sludge for run 3 started off with an MLSS of about 3250 mg/L and a

bulking SVI of about 300 mL/g, as shown in Figure 27.  The aggressive settling pressure

applied by the bioreactor resulted in sludge wastage down to an MLSS of less than 1000

mg/L by day 2, but the SVI dropped down to about 100 mL/g, beneath the bulking

threshold.  The pH of the bulk liquid initially climbed to about 8, but stabilized around 7.5

after four days.  Microscopic examinations showed little or no filamentous fungal growth.

A visual biomass time-course is shown in Figure 28.

The biomass recovered briefly to about 2000 mg/L by day 6, but an inability to

form well-settling flocs caused the SVI to increase steadily after day 4.  The pinpoint

sludge bulking was never overcome, and the SVI continued to climb, causing a steady

washout of biomass and an eventual MLSS drop to less than 1000 mg/L.

Poor floc formation in this run was probably due to the increased monovalent

cation concentration of the wastewater.  As opposed to run 1 and the first half of run 2, the

synthetic wastewater of run 3 was identical to that in the second half of run 2, and had an

elevated concentration of sodium and potassium ions due to sodium acetate (carbon

source) and potassium phosphate (buffer) addition.  This problem was not understood

until after run 3 had concluded.  As previously discussed, the increased buffer strength

was necessary to counteract the pH-raising effects of acetate oxidation.  Other studies
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have used incremental strong acid or base addition coupled with a pH feedback loop to

control pH.  Lacking such a device, a strong phosphate salt buffer was used in this study.

Previous studies have shown the importance of a monovalent :divalent (M:D) cation ratio

of no more than 2:1 for optimum flocculation [89].  When the monovalent cation

concentration is increased without a corresponding increase in the divalent cation

concentration, poor flocculation is observed.  The synthetic wastewater used in run 1 and

the first half of run 2 had a M:D cation ratio of about 20, which is very high.  After

switching to an all-acetate feed and increasing the buffer strength, the M:D ratio climbed

to nearly 40.

Nitrogen removal during run 3 started out low, around 70%, but climbed steadily,

as shown in Figure 29.  Nitrogen was supplied as ammonium, at the same loading rate as

in the second half of run 2.  The high sludge washout rates observed after about day 6 in

run 3, combined with the observation that all residual nitrogen was in the form of

ammonium, lead to the conclusion that the biomass probably did not contain a large

population of ammonia or nitrite-oxidizing autotrophs.  Rather, the observed nitrogen

removal is almost certainly due to assimilation via growth and sludge washout.

Due to the extremely poor performance of run 3 and its failure to flocculate, no

particle size distribution data were collected for this run.  Run 3 demonstrated that pH

control for the bioreactor must be accomplished in a way that eliminates the need for a

high strength buffer.  A carbon source should be selected for its ability to neither use nor

produce large amounts of alkalinity during aerobic metabolism, or a pH control system

using strong acid and base should be created.
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Other research groups have successfully cultivated aerobic granules with an all-

acetate feed with an OLR between 2 and 10kg/m3d [69].  In general, these studies either

used an on-line feedback control system with strong base and acid addition to control pH

at 7, or did not comment on the effects of pH increase and ionic strength.  One study did

explicitly describe the pH rise attributable to acetate addition and concluded that the

resulting increase in free ammonia (NH3) in solution contributed to the resulting failure of

granulation [75].  Whatever the mechanism by which high pH prevents granule formation,

the lesson is clear: pH needs to be controlled close to 7 when granules are cultivated.  The

buffer method of pH control used in the present study, for a relatively low OLR, did not

result in granulation.  Whether this was solely due to unbalanced monovalent cation

concentrations is unknown, but an acid/base titration pH control system is worth

considering when feeding acetate.

Run 3 lessons:

• Pay attention to monovalent cation concentrations.  The high concentration of sodium

and potassium in this synthetic wastewater probably contributed to the inability of the

sludge to flocculate or granulate.  By solving the buffer problem, a new problem was

created.  A better solution would have been to use a carbon source that does not

consume or produce alkalinity when aerobically oxidized, such as ethanol.  Use of an

online pH probe and concentrated base solution to provide alkalinity would also limit

the ionic strength.

• Aggressive sludge wasting early in the run may lead to a quick reduction in SVI, but

the resulting sludge may be more difficult to handle.  This sludge experienced more of
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a tendency to splatter and stick to the wall above the waterline, and more “false”

granules were observed early in this run than in previous runs.  The wasting strategy

of run 2, in which the settle period is decreased from 30 minutes to 1 minute over the

course of a week, seems preferable to the extremely aggressive 1 minute settle from-

day-zero-onward used in run 3.

Run 1 – 3: Protein-to-polysaccharide ratio analysis

The ratio of polysaccharides to proteins in a cellular extraction from aerobic granules has

been observed to correlate well with granule cohesiveness and strength [76, 87].

Polysaccharides include the ECPs secreted by cells to hold together in a floc, and ECP

production was selected for by aggressive settling pressure in the bioreactor.  The PS:PN

ratio for mature granules has been shown to fall between 2 and 7.  Non-granular sludge

typically has a PS:PN ratio of less than 2.  The methods for PS and PN extraction and

quantitative determination are given in Appendices 3, 4, and 5.

Figure 30 shows the PS:PN data for all three bioreactor runs.  In runs 1 and 3, the

PS:PN ratios are between 0.5 and 2, except for day zero of run 3, which is an anomaly.

However, during run 2 on days 6 and 10, the PS:PN ratios are 6.3 and 4.6, respectively.

These elevated ratios correspond to the days on which granular sludge morphology was

beginning to develop.  The biomass was washed prior to the protein and polysaccharide

extraction, so the elevated PS numbers are most likely not due to leftover glucose from the

influent.

It is possible that the presence of Zoogloea resiniphilia during that period of run 2

is responsible for the elevated PS numbers.  Zoogloea is a well-known producer of ECPs,
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and this species of Zoogloea was present (see Results and Discussion: Bacterial sequence

analysis) between days 4 and 12 of run 2.  A second possibility is that the high

polysaccharide concentration of filamentous biomass might be responsible.  Fungi

produce a cell wall high in polysaccharides [1], and if any of this was solubilized during

the extraction procedure it may have contributed to the result.  However, a high PS

number would be expected for day 21, too.  Although the fungi had all but deteriorated by

that point, there was plenty of fungal biomass left in the fragmented pellets, as seen in

Figure 24.  Unless the fungal cell composition had changed by that time, which is

possible, an elevated PS value should also have been observed on day 21.  By this

reasoning, the growth of Z. resiniphilia is the likely cause of the high PS:PN ratio for run

2, days 6 and 10.

Run 1: Eukaryal sequence analysis

The Eukaryal DGGE for run 1, shown in Figure 31, shows a diverse community in

the seed sludge on day zero.  The lane containing the amplification from day six is blank;

additional attempts to re-amplify template from day 6 also failed.  The reason for these

failures is unknown, but fortunately the successive lanes in run 1 tell a fairly clear story.

Band E1, although barely visible in the seed sludge, was dominant in the Eukaryal

population by day 13.  E1 remained strong until the end of the run, but a second band, E2,

grew in strength beginning on day 21 and was dominant by day 30.

The complete DNA sequences retrieved in this study are listed in Appendix 7, and

DGGE band identities and percent similarities (% matching nucleotides) to known

organisms are summarized in Table 7.  Band E1 was identified as a cercozoan: a motile
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protist with filose pseudopodal morphology.  The band was most closely related to an

uncultured cercozoan clone sequence; the closest identified relative was Lecythium sp.  In

other words, band E1 represents a grazing eukaryote that feeds on bacterial cells and

detritus.  Band E2 was identified as a member of the genus Epistylis, a non-motile stalked

ciliate similar to Vorticella, which is commonly found in activated sludge.  Unlike

Vorticella, members of the Epistylis genus lack a contracting myoneme on their stalks,

preventing them from contracting their stalks in response to stimuli.

In summary, both of the dominant Eukaryal bands in run 1 were identified as

grazers.  One is motile, while the other is attached.  The absence of a filamentous

Eukaryote in this run is evidence that the filamentous, mucilaginous masses observed in

the second half of run 1 were Bacterial in nature.  The translucent spherical objects that

became dominant near the end of run 1 are not explained by the Eukaryal data, either.

They must also be Bacterial in origin.

Run 2: Eukaryal sequence analysis

The second experimental run showed a greater population diversity of Eukarya, as

evidenced by a greater number of DGGE bands.  The community structure of the seed

sludge for run 2 appears very different from that of run 1.  This is not necessarily a

surprise: although both seed sludges were collected from the same WWTP, they were

collected over a month apart.  There is no reason to expect that the Eukaryal community

structure in a WWTP is static.

Band E3 was selected for sequencing as a check against an assumption of the

DGGE method.  Because bands E1 and E3 ran to the same position on the gel, it is a
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reasonable assumption that they are the same sequence.  In this case, band E3 was indeed

identical to band E1: an uncultured cercozoan grazer whose closest identified relative is

Lecythium sp.  It must be remembered, however, that identical band position may be

coincidental, and only by sequencing both bands can identities be known for sure.  In this

case the cercozoan had a dominant presence in the seed sludge but was nearly gone by day

four, and does not reappear.  It is likely that the acidic, fermentative conditions that run 2

experienced by day 4 selected against this organism.

Next consider band E6.  This band appeared first on day 4, as a dominant member

of the Eukaryal community, and gradually faded until day 21.  Band E6 was identified as

Williopsis saturnus, an ascomycetous yeast of the family Saccharomycetes.  Members of

this family are well known for their ability to ferment carbohydrates like glucose, which

was included in the reactor influent, into ethanol.  The identification of an ethanol

producing yeast as a major part of the population agrees with the observation of a sweet,

organic acid odor following the low-DO periods at the beginning of run 2.  A second,

unidentified band also appeared just below band E6 on day 4 and slowly faded away as

the run continues.  This may be another fermentative yeast.

Bands E4 and E11 were sequenced because they appeared around day 8, when the

sludge appeared to move toward a granular morphology.  Band E4 was identified as a

member of the genus Powellomyces: a morphologically simple fungi of the phylum

Chytridiomycota.  The so-called “chytrids” are known as lower fungi.  They are chitin and

keratin degraders and could not contribute meaningfully to granule structure.  Band E11 is

another kind of yeast, known as Candida intermedia.  This is a common fermentative

yeast that grows well on simple organic acids and is typically found in low-pH sugary
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environments, like unpasteurized orange juice [90].  Its presence, and eventual

disappearance, gives more evidence that fermentative conditions existed early in the run,

but were overcome as the run went on.

Band E10 made an abrupt appearance on day 12, was dominant on day 16, and

disappeared by day 21.  The band was identified as a member of the genus

Poterioochromonas: a tiny, flagellated golden algae.  This genus is mixotrophic, able to

fix carbon from carbon dioxide in the presence of light energy, or to assimilate carbon

from dissolved organic sources.  The reactor was kept in the dark except during

maintenance, so this organism must have been living on DOC.  On day 10 of run 2 the

influent was switched from a glucose-acetate mix to an all-acetate feed.  The higher

concentration of simple DOC may have given Poterioochromonas a competitive

advantage.  However, the complete disappearance of band E10 on day 21 is harder to

explain.  This was after the period of bioreactor pH fluctuation up to about 8.5, but around

the time that the phosphate buffer strength was increased to lower the pH.  The increased

ionic strength of the wastewater may have selected against this species.

Finally, consider bands E5, E7, E8, and E9 as a group.  All four of these bands

were identified as members of the genus Geotrichum.  The sequences of E7, E8, and E9

were almost identical, and their closest match is Geotrichum fragans.  Band E7 appeared

first on day 4, while bands E8 and E9 are only faintly visible on day 4.  Whether the

multiple bands are an artifact of the PCR amplification (base substitution) or whether they

are three different strains of the same species is unknown.  An examination of the

sequence data from the three bands shows only a few base differences.  Whether these are



67

true differences or sequencing artifacts is unknown.  The bands all point to a dominant

presence of Geotrichum fragans.

Band E5 was identified as a related, but phylogentically distinct member of the

same Genus, Geotrichum klebahnii.  This species is a member of the Group 1 clade of the

Dipodascus genus (Geotrichum is an anamorph of Dipodascus), while Geotrichum

fragans is a member of the Group 2 clade.  Phylogenetic analysis suggests that a number

of deletions occurred in the 18S rRNA of the Group 2 common ancestor, as compared to

Group 1 [91].  In summary, while it is likely that bands E7, E8, and E9 represent the same

species, it is clear that band E5, although a closely related Geotrichum, is a distinct

species.

The Geotrichum species represented here are aerobic, ethanol assimilating

filamentous ascomycetes with mucilaginous sheaths.  They are almost certainly the

filamentous fungi that provided the structural backbone of the granular morphology

observed in run 2.  Their appearance on day 4 correlates with the fermentative conditions

that would have provided ethanol for their growth.  Their peak band strength around day

12 corresponds to the dominant granule morphology observed in the sludge at that time.

The fading band strength in day 16 and near-disappearance by day 21 also agrees with the

deterioration and washout of granules that was observed after switching to an all-acetate

feed.  Increased aeration and the disappearance of the ethanol-generating yeasts C.

intermedia and W. saturnus would have eliminated Geotrichum’s preferred carbon source,

too.
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Run 3: Eukaryal sequence analysis

Because run 3 failed to move toward a granular sludge morphology, sequence

analysis efforts were directed at run 1 and run 2.  No bands specific to run 3 were purified

for sequencing, but some analysis of the band patterns in run 3 can be made.  The seed

sludge for run 3 appears not to be diverse in Eukarya, but rather dominated by a single

band.  This band appears roughly in the same position as E2, but the positions are not

close enough to infer that they are the same species.  The dominant band in day 4 is in the

same position as band E10, the Poterioochromonas identified above.  This would seem to

make sense, as the influent for run 3 was an all-acetate feed identical to that used in the

second half of run 2, when Poterioochromonas became briefly dominant.  However, day 8

in run 3 shows an almost complete absence of any band at the position of E10, and the

appearance of a band near the position of E1 and E3.  This may be the cercozoan grazer

identified previously, or it may not be.  By day 10 the dominant band had shifted to an

entirely new location, and day 12 yielded a very poor amplification.

Few conclusions can be drawn from the band patterns of run 3.  Although the band

locations jump wildly from day to day, in each case the Eukaryal population is nearly

monophyletic, or dominated by one ribotype.  This probably does not indicate a healthy,

balanced microbial community, and therefore agrees with the sludge deterioration,

bulking, and washout observed in run 3.

Run 1: Bacterial sequence analysis

The DGGE band patterns for the Bacterial amplifications shown in Figure 32 are

somewhat less sharp than for the Eukaryal amplifications.  In particular, strong bands left
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a dark trail in their wake, possibly obscuring some weaker bands.  Still, eight bands were

identified as interesting and purified for sequence analysis.

In run 1, the weak signal of the seed sludge (day zero) amplification is seen in lane

1.  In both run 1 and run 2 the seed sludge amplification appears faint.  This may be due to

the presence of PCR inhibitors, such as humic acids, in the mixed liquor.  As the runs

progressed, humic acids would have been washed out; subsequent amplifications yielded

more DNA product.  Lane 2 of run 1, as in the Eukaryal gel, yielded no product at all.

This is probably due to a problem with the template DNA, such as contamination with

DNAse, a DNA-destroying enzyme.  Day zero of run 3 appears stronger than the other

seed sludges.  This is probably due to refinement of the DNA extraction technique based

on experience with run 1 and run 2 amplifications.  All the accumulated tips and tricks

gained by experience with DNA extraction are included in Appendix 2.

 Over the course of run 1, two bands became dominant: B1 and B2.  B1 was

identified as Eikelboom Type 0411, a close relative to Runella slithyformis.  Type 0411 is

a filamentous microorganism that grows well in low substrate conditions.  The filament

first appeared around day 13 and grew in relative abundance until the end of the run.

Morphologically, Type 0411 is a spiral-shaped filament.  Microscopic examinations of the

sludge did not show spirals to be the dominant morphology.  Another filament was present

in much greater abundance than Type 0411.

This other filament was band B2, which was identified as Sphaerotilus natans.

Sphaerotilus is a well-known filament commonly associated with activated sludge

bulking.  Previous research had identified S. natans as a causative microorganism in

sludge bulking from the North Cary Wastewater Reclamation Facility [92].  It is almost
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certain that the large filamentous, mucilaginous biomass clumps observed in the latter half

of run 1 were primarily S. natans.  This filament grows well under low substrate

conditions.  The abundance of S. natans is more evidence that an insufficient OLR was

used in run 1.

Other bands sequenced in run 1 were B4 and B8.  B4 could not be identified due to

contamination in the sample sent for sequencing.  B8 was identified as a member of the

genus Propionibacterium.  This genus is capable of fermenting glucose to propionic acid.

However, Propionibacterium’s weak band and appearance in only one lane of the run

suggests it was not a major contributor to biomass behavior.  No aeration problems were

observed during that phase of the experiment, so the appearance of an anaerobe is

surprising.  Propionibacterium are common on human skin and some species are known

to cause acne infections [93].  It is possible that this band is due to sample contamination

after DNA extraction.

Although the band is very faint in Figure 32, there was another important species

in run 1.  At the same location as band B3, a faint band can be seen on day 13 and day 21.

A separate gel was evaluated with run 1 day 30 product side-by-side with product from

template extracted from one of the numerous translucent spheres present in the second

half of run 1.  This band was identified as Zoogloea ramigera, a common floc-forming

sludge bacteria.  Zoogloea is known for its production of glue-like extracellular polymeric

substances and its ability to bind flocs together.  The observed growth of presumably

individual Zoogloea colonies into spheres up to 4mm in diameter is unusual.  It is

encouraging because it indicates that the shear conditions in the bioreactor do not destroy

granule-like particles.
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Run 2: Bacterial sequence analysis

The seed sludge for run 2 also yielded a faint band pattern.  But, like in run 1, the

number of bands seen in the seed sludge was high, indicating good bacterial diversity.

Band B6 was identified as a member of the Flectobacillus genus.  This facultative

filament-former was present in the seed sludge but then disappeared until late in the run.

A band at this same position is also seen near the end of run 3.  The formation of filaments

by Flectobacillus is stimulated by grazing [94].  It is possible that the large Eukaryal

grazing population seen late in run 2 and tentatively identified late in run 3 contributed a

competitive advantage to Flectobacillus.

Band B7 was not identified, due to contamination in the sequencing reaction.  It

appeared dominant at the end of run 2, after the influent was switched to an all-acetate

feed, and therefore may be a species that competes well for acetate.

Two bands near the bottom of the gel, B3 and B5, were each identified as

Zoogloea species.  These two Zoogloea sequences were more closely related to Zoogloea

resiniphilia than to Zoogloea ramigera.  A comparison of the two sequences shows

numerous mismatches and substitutions.  Therefore, it is likely that these were two

different ribotypes and appeared correctly as two separate bands on the gel.  The Z.

resiniphilia species is known for its tolerance of the harsh conditions in pulp and paper

mill waste, which contains a high concentration of wood-derived resin acids.  Under the

fermentative, acidic conditions early in run 2, these acid-tolerant Zoogloea strains may

have had an advantage over the Z. ramigera seen in run 1.
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Run 3: Bacterial sequence analysis

Again, as in the Eukaryal case, all the sequences selected for analysis came from

run 1 or run 2.  As mentioned previously, a band does appear on days 8 and 10 of run 3 in

the same position as the Flectobacillus from the start of run 2.  A consistent band is seen

at or near the Zoogloea position near the bottom of the gel during all of run 3.  It is also

worth noting that, in contrast to the erratic community structure jumps seen in the

Eukaryal gel during run 3, the Bacterial community structure changes appear to occur

more gradually.  Note that day 12 of run 3 is not included in the figure because no

amplification products were observed in that lane.

Interestingly, no ammonia or nitrite-oxidizing autotrophs were identified from

sequence analysis in any of the three bioreactor runs.  While it is possible that other,

unsequenced bands represent these species, it is more likely that reactor conditions

selected against them.  First, although SRT was not measured, sludge washout rates were

high, especially near the beginning and end of runs 2 and 3.  Low SRTs associated with

washout events select against slow growing autotrophs.  Second, past experience with

nitrifying biomass showed that ammonia and nitrite-oxidizer bands typically appear very

near the bottom of the DGGE gel.  Faint bands in these lower positions can be seen in

each of the seed sludge lanes, but disappear after that.  It is likely that the nitrogen

removal observed was due almost entirely to assimilation of ammonia and nitrate through

biomass growth.
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Summary and Recommendations

The three bioreactor runs described in this study illustrate some of the difficulties

of cultivating aerobic granular sludge.  By evaluating the performance of all three runs a

variety of problems were identified, and these must be overcome in future work.  These

problems include air delivery, influent composition, pH control, and shear in the bulk

liquid.

In the first run, filamentous bacterial overgrowth was observed, along with the

development of translucent spherical Zoogloea colonies.  It had been expected that

granules developed at a low loading rate with a glucose-acetate feed would have a loose

structure with a filamentous exterior, and a core populated by a mixture of COD-removing

heterotrophs and ammonia-oxidizing autotrophs.  Instead, bulky filamentous masses

dominated the biomass.  Zoogloea was seen growing attached to the filaments, and the

colonies detached when they reached about 1mm in diameter and then grew in suspension.

The failure of granulation in run 1 is most likely a result of three factors: insufficient

OLR, high COD:N ratio, and low shear.  The low OLR favored filament-forming bacteria

over floc-formers.  The relatively low COD:N ratio did not encourage the growth of

ammonia-oxidizers, whose presence has been shown to stabilize and strengthen

developing granules [73].  The relatively low shear created by the bioreactor rotational

speed of 45RPM was insufficient to fragment and wash out the filamentous bacterial

masses.

Increasing the OLR for run 2 was meant to avoid the filamentous Bacterial

dominance seen in run 1.  Instead, the second run resulted in the development, and

eventual fragmentation, of filamentous fungal pellets that were morphologically similar to
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aerobic granules.  Despite this similarity, the biomass was actually dominated by fungi

and there was no appearance of bacterial granules after the fungal pellet deterioration, in

contrast to what had been observed in a previous study [60].  The failure of granulation in

run 2 was probably due to three factors: poor aeration control, a nitrogen limitation in the

synthetic wastewater for the first ten days of the run, and an elevated monovalent cation

concentration in the second half of the run.  The increased organic loading rate of run 2

made the bioreactor more sensitive to aeration failures, and increased biomass growth

clogged the air diffusers several times.  The resulting fermentative conditions generated

ethanol which, combined with the N-limited influent, favored the growth of fungi once

aeration was restored.  Although increasing the shear resulted in dense, granule-like

fungal pellets, the pellets did not lead to bacterial granules.  The health of the bacterial

population was hurt by the nitrogen deficiency and by acidic conditions during the

fermentative episodes.  Transitioning to an all-acetate influent resulted in a pH increase

that necessitated a nearly twenty-fold buffer strength increase.  The biomass deteriorated

thereafter, due to monovalent cation-induced deflocculation, and to removal of the fungi’s

preferred carbon substrate.

Run 3 never showed any sign of granular sludge development and quickly began

to bulk, resulting in a low MLSS.  Because the same synthetic wastewater was used in the

second half of run 2 and in run 3, it is likely that run 3 never had a chance to flocculate,

much less granulate.  The poor flocculation observed in run 3 suggests that the

monovalent:divalent cation ratio of the wastewater was too high.  Even when operated

under low shear conditions at 45RPM, poor flocculation behavior caused the sludge of run

3 to settle very poorly.
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Despite the mistakes and problems detailed above, there were several important

accomplishments that emerged from this study.  First, the annular gap reactor was

developed as a tool for activated sludge research.  This first iteration of the annular gap

reactor design suffered from a turbulent flow regime as a result of its rotating inner

cylinder and fixed outer cylinder.  Still, it was shown that even under turbulent conditions,

biofloc particle size could be controlled via bioreactor rotational speed.  A second annular

gap bioreactor is under development.  This new reactor has a fixed inner cylinder and

rotating outer cylinder, and it addresses many of the design issues discussed in the

bulleted items below.

Second, the molecular technique of denaturing gradient gel electrophoresis

(DGGE) was added to our lab’s toolkit through the work of this study.  A variety of

methods associated with DGGE, including DNA template extraction and purification,

nested and clamped PCR, gel staining, imaging, and band extraction and purification were

all associated with this project.  As a result of the trial-and-error molecular work in this

study, the procedure of DNA extraction-fingerprinting-sequencing is now in common use

in our laboratory.  At least four different research projects within our lab group have used

the technique, and we have provided training to individuals from partner research groups.

Third, as part of the investigation of aerobic granulation with partner research

groups, new techniques including cryoslicing and granule fluorescence in-situ

hybridization (FISH), have been added to our laboratory toolbox.  These protocols were

developed for work done in collaboration with the department of Biological and

Agricultural Engineering.  Although cryoslicing and granule FISH were not used on the
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biomass in the present study, these techniques will be valuable to future investigators who

continue to work on aerobic granulation.

Fourth, the technique of particle size distribution measurement via particle

immobilization in agarose was developed.  While labor-intensive, this protocol (see

Appendix 1) is inexpensive and flexible.  Particle size distributions are generally hard to

measure and can require expensive equipment.  The ability to generate particle size data

with equipment available in our lab will be useful to document bioreactor particle size

control and aerobic granule development.

In summary, this project has laid the necessary groundwork for a continuing

investigation of aerobic granulation.  However, the overarching goal for this project was

not simply to identify critical issues of design, operation, and analysis associated with

growing aerobic granules in an annular gap bioreactor – rather, the central goal was to

grow some aerobic granules.  At this goal, the study was not successful.  However, by

heeding the lessons described in the Results and Discussion section and the points

summarized below, there is good reason to be confident that subsequent work will be

successful.

• The reactor influent feedstock must be carefully considered.  The influent should yield

an OLR between about 4 and 8 kgCOD/m3d.  The COD:N ratio should be at most

100:5, and a better value is probably 100:10 or even 100:15.  All nitrogen should be

supplied as ammonium.  This will allow for the development of an autotrophic

bacterial population, which aids granule stability [73].  To minimize the need for pH

control and buffering, a carbon source that neither generates nor consumes alkalinity

should be used, such as glucose or ethanol.  Avoid acetate-based influent unless a pH
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feedback loop controller is available.  See Table 7 for a suggested synthetic

wastewater composition for future experiments.

• The SBR reactor cycle choice is important.  As compared to a six-hour cycle, a four-

hour cycle allows for more opportunities per day to select against poor-settling floc,

and also allows for a lower influent COD and N concentration.  Four hours should

provide ample time for COD removal and N conversion at the MLSS concentrations

typical for granular sludge.  The feed period should be as short as possible – a “dump”

feed – and there should be a brief anaerobic feast period prior to the longer aerated

react period.  Glycogen and phosphate-accumulating bacteria have been shown to

contribute to granule strength and development [57], and a 20-minute anaerobic feast

period would favor these microorganisms.  See Table 7 for a suggested SBR cycle.

• Apply aggressive settling pressure early on in the reactor run, even if the sludge settles

poorly.  Do not be afraid to let the biomass MLSS drop to below 1000mg/L early in

the run.  Once the sludge improves its settling characteristics, it may be advantageous

to add more seed WWTP sludge, to ensure that the run begins with a healthy mixed

culture.  If a washout event is experienced later in the run, adding some nitrifying

sludge may help boost the autotrophic populations, which are slower to recover than

the heterotrophs.

• An annular gap bioreactor with a rotating inner cylinder experiences turbulent Taylor

vortex flow rather than Couette flow.  Therefore, for better shear control a rotating

outer cylinder design is preferable, but will require considerable ingenuity with respect

to influent, effluent, and air port placement.  When constructing a new bioreactor, a

larger height-to-diameter ratio should be used.  This will allow for increased settling
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pressure during the draw period, which is a critical design feature for reactors that

generate aerobic granules.

• A superior method of aeration is needed.  The wooden air diffusers employed in this

research are too unreliable to be used in a future bioreactor.  Ideally, the aeration

device would deliver fine bubbles evenly at the base of the annular gap.  A flexible

neoprene bubble wall may be an acceptable solution – it will have to be evaluated for

clogging over time, and it will have to be narrow enough to fit in the annular gap.

Consideration should be given to the degree to which aeration disrupts Couette flow,

or adds to the total shear experienced by particles in the reactor.

• Splattered sludge that thickens on the wall of the reactor only to fall back in and

appear as false granules must be minimized.  As was shown in this study, even daily

cleaning is not enough to prevent this problem.  False granules should be removed

manually.

• Have patience.  While some studies report granule formation in a matter of days,

others ran their reactors for a month or more prior to granulation.  As long as there is

sufficient shear, settle pressure, and a balanced influent, eventual granulation should

be expected.

• Finally, if granulation remains elusive, the use of a nucleation medium like sand or

iron oxide may be considered.  Elevated iron concentrations in the influent may help

contribute to iron precipitate formation in the reactor, providing sites for particle

attachment and growth.  Addition of fine sand or GAC are other options.
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Table 1: List of DNA probes used for PCR, DGGE, and rDNA sequencing.

Probe Sequence (5’ – 3’)
Euk1A CTG GTT GAT CCT GCC AG
Euk516r ACC AGA CTT GCC CTC C
Euk 1209f CAG GTC TGT GAT GCC C
EukA AAC CTG GTT GAT CCT GCC AGT
EukB TGA TCC TTC TGC AGG TTC ACC TAC
Euk516r-GC CGC CCG GGG CGC GCC CCG GGC GGG GCG

GGG GCA CGG GGA CCA GAC TTG CCC TCC
Euk1209f-GC CGC GCG CCG CGC CCC GCG CCC GTC CCG

CCG CCC CCG CCC GCA GGT CTG TGA TGC CC
926r CCG TCA ATT CCT TTG AGT TT
341f-GC CGC CCG CCG CGC CCC GCG CCC GTC CCG

CCG CCC CCG CCC GCC TAC GGG AGG CAG
CAG

341f CCT ACG GGA GGC AGC AG
534r ATT ACC GCG GCT GCT GG
518f CCA GCA GCC GCG GTA AT
518f-GC CGC CCG CCG CGC CCC GCG CCC GTC CCG

CCG CCC CCG CCC GCC AGC AGC CGC GGT
AAT

BACT-11f GTT TGA TCC TGG CTC AG
BACT-1492r TAC CTT GTT ACG ACT T
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Table 2: Synthetic wastewater for bioreactor run 1.

Concentration Equivalent to
Glucose 280 mg/L 300 mg/L as COD
Sodium acetate 485 mg/L 330 mg/L as COD
Ammonium sulfate 140 mg/L 30 mg/L as N
Sodium nitrate 120 mg/L 20 mg/L as N
Potassium phosphate (dibasic) 45 mg/L 14 as P
Potassium phosphate
(monobasic)

44 mg/L 10 as P

Calcium chloride (dihydrate) 30 mg/L
Magnesium sulfate
(heptahydrate)

25 mg/L

Iron sulfate (heptahydrate) 20 mg/L
Sodium carbonate 66 mg/L 60 mg/L as calcium

carbonate
Sodium bicarbonate 50 mg/L 60 mg/L as calcium

carbonate
Vishniac and Santer trace
element solution

1mL/L

Table 3: Vishniac and Santer trace element solution composition.

Compound Quantity
EDTA 50.0 g
Zinc sulfate 22.0 g
Calcium chloride (dihydrate) 5.54 g
Manganese chloride (quadrahydrate) 5.06 g
Iron(II) sulfate (heptahydrate) 4.99 g
Ammonium molybnate (quadrahydrate) 1.10 g
Cupric sulfate (pentahydrate) 1.57 g
Cobalt chloride (hexahydrate) 1.61 g
Distilled water 1.00 L
(adjust to pH=6 with KOH)
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Table 4: Synthetic wastewater composition for first phase of bioreactor run 2.

Concentration Equivalent to
Glucose 1680 mg/L 1800 mg/L as COD
Sodium acetate 970 mg/L 660 mg/L as COD
Ammonium sulfate 140 mg/L 30 mg/L as N
Sodium nitrate 120 mg/L 20 mg/L as N
Potassium phosphate dibasic 45 mg/L 14 mg/L as P
Potassium phosphate
monobasic

44 mg/L 10 mg/L as P

Calcium chloride (dihydrate) 30 mg/L
Magnesium sulfate
(heptahydrate)

25 mg/L

Iron sulfate (heptahydrate) 20 mg/L
Sodium carbonate 66 mg/L 60 mg/L as calcium

carbonate
Sodium bicarbonate 50 mg/L 60 mg/L as calcium

carbonate
Vishniac and Santer trace
element solution

1 mL/L

Table 5: Synthetic wastewater composition for second phase of bioreactor run 2.

Concentration Equivalent to
Sodium acetate 1175 mg/L 800mg/L as COD
Ammonium chloride 153 mg/L 40 mg/L as N
Potassium phosphate dibasic 870 mg/L 275 mg/L as P
Potassium phosphate
monobasic

680 mg/L 154 mg/L as P

Calcium chloride (dihydrate) 50 mg/L
Magnesium sulfate
(heptahydrate)

50 mg/L

Iron sulfate (heptahydrate) 50 mg/L
Sodium carbonate 210 mg/L 120 mg/L as calcium

carbonate
Vishniac and Santer trace
element solution

1 mL/L
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Table : Synthetic wastewater composition for bioreactor run 3.

Concentration Equivalent to
Sodium acetate 1175 mg/L 800mg/L as COD
Ammonium chloride 153 mg/L 40 mg/L as N
Potassium phosphate dibasic 870 mg/L 275 as P; 887 as

calcium carbonate
Potassium phosphate
monobasic

680 mg/L 154 as P; 494 as
calcium carbonate

Calcium chloride (dihydrate) 50 mg/L
Magnesium sulfate
(heptahydrate)

50 mg/L

Iron sulfate (heptahydrate) 50 mg/L
Sodium bicarbonate 210 mg/L 120 mg/L as calcium

carbonate
Vishniac and Santer trace
element solution

1 mL/L

Table 6: Phylogenetic identity of DGGE-isolated bands determined by rDNA
sequence analysis.  The complete sequence for each band is provided in
Appendix 7.

Sequence
Number

Microorganism Identity Percent
Similarity

B1 Eikelboom Type 0411 97
B2 Sphaerotilus natans 99
B3 Zoogloea resiniphilia 97
B4 (undecipherable sequence – contaminated)
B5 Zoogloea resiniphilia 98
B6 Flectobacillus 96
B7 (undecipherable sequence – contaminated)
B8 Propionibacterium 95

E1 Uncultured cercozoan (Lecythium sp. 98%) 99
E2 Epistylis 96
E3 Uncultured cercozoan (Lecythium sp. 98%) 100
E4 Powellomyces 95
E5 Geotrichum klebahnii 98
E6 Williopsis saturnus 96
E7 Geotrichum fragans 94
E8 Geotrichum fragans 98
E9 Geotrichum fragans 97
E10 Poterioochromonas 95
E11 Candida intermedia 100

Table 7: Suggested wastewater composition for future work.

Concentration Equivalent to
Ethanol 797 mg/L 1667 mg/L as COD
Ammonium chloride 637 mg/L 167 mg/L as N
Potassium phosphate monobasic 194 mg/L 50 mg/L as P
Calcium chloride (dihydrate) 184 mg/L 2.5 meq Ca2+/L
Magnesium sulfate (heptahydrate) 308 mg/L 2.5 meq Mg2+/L
Iron sulfate (heptahydrate)   50 mg/L
Sodium bicarbonate 100 mg/L 120 mg/L as calcium

carbonate
Vishniac and Santer trace element
solution

1 mL/L

Adjust infuent pH to 7 with strong acid (HCl) or base (NaOH)
NOTE: This wastewater composition assumes a reactor working volume of 2L, with 6
cycles per day, or 4 hours per cycle.  Each cycle should remove 50% of the reactor volume,
or 1L.  The OLR is 5kgCOD/m3d and the COD:N:P ratio is 100:10:3.  Calcium and
magnesium concentrations should be appropriate for enhanced flocculation, as the
monovalent-to-divalent cation concentration ratio for this wastewater is about 1 (excluding
ammonium, which will be consumed).  The wastewater is not strongly buffered, so pH
should be monitored.  If ammonium is removed and ethanol oxidized, little pH change
should be seen.  The recommended reactor cycle is: dump fill (1-5 min), anaerobic react
(20min), aerated react (210 min), settle (2 min), draw (2-10min).  The anaerobic react step
is based on the recommendations of de Kreuk and van Loosdrecht [57].
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Figure 1: Three types of mixers.  A is an example of a rotating paddle blade impeller; B is a
grid device that is designed oscillate up and down; C is an annular gap mixer of the type used
in this study.

Figure 2: Velocity gradient profiles.  A=Velocity gradient in a thin
gap between two flat plates, with lower plate moving right.
B=Velocity gradient in a thin gap between two concentric cylinders,
with inner cylinder rotating clockwise.
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Figure 3: Detail of the annular gap mixer used in this study. A=mixer shaft; B=aluminum spacer top
plate; C=drain hole in inner cylinder top plate; D=inner cylinder wall; E=outer cylinder wall;
F=annular gap; G=mixer shaft “keyed” wire for torque transfer from shaft to inner cylinder;
H=hardened urethane resin fixing mixer shaft and key to inner cylinder; I=PTFE disc separating inner
and outer cylinder base plates.
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Figure 4: f(t) vs. T/tau.  Discrete residence time distribution of tracer test for the
bioreactor under aerated and unaerated conditions.

Figure 5: F(t) vs. T/tau.  Cumulative residence time distribution function for the
bioreactor under aerated and unaerated conditions.
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Figure 6: W(t) vs. T/tau.  Washout function graph for the bioreactor under aerated and
unaerated conditions.

Figure 7: Floc size vs RPM – visual evidence.  Example images of bioflocs from lab-scale
intermittently aerated swine waste reactors (A,B,C) and from North Cary Wastewater Reclamation
Facility (D,E,F).  Flocs in images A&D were mixed in the bioreactor at 240RPM, flocs in images B&E
were mixed at 120RPM, and flocs in images C&F were mixed at 45RPM.
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Figure 8: IA particle size distributions.  Size distributions of floc particles from
the intermittently aerated reactor sludge.  Sludge was mixed at 45, 120, or 240
RPM in the annular gap bioreactor.  Equivalent sphere percent-by-volume
distribution shown.

Figure 9: WWTP particle size distributions.  Size distributions of floc particles
from the N. Cary WWTP sludge.  Sludge was mixed at 45, 120, or 240 RPM in the
annular gap bioreactor.  Equivalent sphere percent-by-volume distribution shown.
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Figure 10: Floc size versus shear for 3 studies.  Comparison of mean activated sludge floc
size developed at various mean G values in three studies.  Biggs and Lant used a paddle
mixer with turbulent flow, Liu and Evans used an annular gap bioreactor with turbulent
flow, but estimated G values based on laminar flow.  The present study also used a turbulent
flow annular gap bioreactor; data are presented with laminar G calculations, for sake of
comparison.

Figure 11: Fluid motion in the annular gap.  A=Annular gap mixer with rotating
outer cylinder.  Laminar streamlines flow into or out of the page, with no z-
component.  B=Annular gap mixer with rotating inner cylinder.  Turbulent Taylor
vortex motion observed.
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Figure 12: Purified DGGE band example. Each lane is an
Eukaryal band that was excised and reamplified for sequence
analysis.  Only band E3 shows much sign of contamination, but
the target sequence concentration sufficiently overwhelmed the
contaminating sequences to allow for successful analysis.

Figure 13: Bioreactor during run 1 startup.  Seed sludge appears dark brown.
Wall splatter is visible above water line.  Aeration pumps, influent and
effluent pumps visible.
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Figure 14:  SVI and MLSS in run 1.

Figure 15: Biomass during run 1, day 6.  Biomass has become light brown,
and is present as small, dense flocs.  Settling behavior has improved
markedly from seed sludge.
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Figure 16: Biomass during run 1, day 10.  The dense flocculant
morphology seen on day 6 is giving way to mucilaginous filaments.
Some flocs seem to be maintaining a dense, granular morphology, but
more filaments have appeared.

Figure 17: Biomass morphologies on day 30 of run 1.  On the left are the translucent “pure culture”
spherical objects later identified as Zoogloea ramigera  colonies.  In the center are dense, smooth,
heterogeneous objects that formed from thickened wall-attached sludge that fell back into the
bioreactor, early in the experiment.  These are the so-called “false granules.”  On the right are examples
of the filamentous masses that came to eventually overwhelm the biomass.  The dominant filaments in
these masses were identified as Type 0411 and Sphaerotilus natans.
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Figure 18: Visual time-course of biomass development in run 1.
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Figure 19: Nitrogen removal behavior of run 1.

Figure 20: Particle size distribution changes during run 1.
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Figure 21: SVI and MLSS in run 2.

Figure 22: Biomass development in run 2.  On the right is a biomass sample from day 8, while on
the right is a sample from day 12.   The granular morphology observed here is very similar to that
of the carbohydrate-grown granules from other research groups.
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Figure 23: Fungal pellets on day 14 of run 2.  These fluffy, spherical
fungal particles dominated the reactor.  They settled exceptionally well
and tended to accumulate near the base of the reactor, even with
aeration and reactor rotation.
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Figure 24: Visual time-course of biomass development in run 2.
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Figure 25: Nitrogen removal behavior in run 2.

Figure 26: Particle size distribution changes during run 2.
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Figure 27: SVI and MLSS during run 3.
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Figure 28: Visual time-course of biomass development during
run 3.
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Figure 29: Nitrogen removal behavior during run 3.

Figure 30: Polysaccharide – protein ratio for runs 1, 2, and 3.
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Figure 31: Eukaryal DGGE with sequenced bands marked.  Day 6 of run 1 failed to amplify,
and day 12 of run 3 is very weak.
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Figure 32: Bacterial DGGE with sequenced bands marked.  Note that day 6 of run 1
failed to amplify, as did the last day of run 3 (day 12), which is excluded from this figure.
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 Appendix 1: Particle size distribution protocol

1. Make up a 1.5% (w/v) solution of low-melting-point agarose gel by hydrating 0.75g of LMP agarose in

50mL deionized water and heating.

2. Add approximately 5mL of the liquid agarose to each of three 50mm diameter transparent plastic petri

dishes per sample, coating the bottom of the dish to a depth of about 4mm.

3. While the gel is warm and still liquid, but not hot, use a wide-mouth Pasteur pipet to transfer several

drops of well-mixed biomass to the agarose gel in each petri dish.  The exact amount transferred will be

subjective and depended on particle size.  For sludge with small particles, only one or two drops will be

necessary.  For more granular sludge, several drops may be needed.  Ideally, as many particles as

possible should be added to the petri dish without physically overlapping each other.

4. Swirl the petri dishes gently by hand to distribute the particles across the plate evenly.  Allow gel to

cool to room temperature uncapped.

5. After cooling, cap the petri dishes, invert them to prevent condensation from dripping on the gel, and

store them at 4ºC for up to a week prior to analysis.  Analysis may be done immediately, or they may

stay in storage for a week or as long as seems prudent for the particular sample.

6. To capture images of the embedded floc or granule particles, place the petri dish, cap off, atop a light

box (Gepi, G2001) and use the image capture CCD camera on the Nikon SMZ-2T stereomicroscope.

Refer to Appendix 6: “Image acquisition protocol” for detailed image capture instructions.

7. Adjust magnification as appropriate depending on average particle size, and calibrate the pixel-to-

micron ratio at each magnification used with the stage micrometer.  The appropriate number of particles

to capture for analysis may vary depending on the sample, but between 500 and 1500 particles were

imaged for each of the particle size distributions in this paper.

8. Capture particle size data by manually thresholding the images to include the desired particles and

exclude empty space.  Use the integrated morphometry analysis tool in MetaMorph to measure total

area, equivalent sphere radius, and shape factor of the thresholded objects, and log the data to a text file.

See the MetaMorph help guide for instructions on how to do this.  (Total area and pixel area are
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identical.  Equivalent sphere radius can be calculated from total area, and vice versa, but sometimes it is

nice to just get both values directly from MetaMorph.)

9. Open the text file in Excel.  Some of the data will be usable, while other objects that MetaMorph counts

are artifacts of the thresholding procedure.  Set up a series of data filters in Excel to eliminate bad data.

(See data filters under Data…Filter…Autofilter).  Filter the “Shape Factor” column to be greater than

0.1 and not equal to 1.  This eliminates perfectly rectangular objects and extremely irregular objects that

are usually shading artifacts around the edges of the image.  Filter the “Object #” column to not be

equal to 1.  This eliminates the first measured object from every image, which is the sum of all

thresholded objects that touch the image boundary.  Finally, filter the “Total Area” column to be greater

than 25.  This is somewhat arbitrary, but we have found that objects smaller than 25 pixels tend to be

thresholding artifacts.  The boundary value for your sample might be different, so give it some attention

and see what is appropriate.

10. Generate a particle size distribution on the basis of equivalent sphere volume, or whatever distribution

you feel is appropriate for your data.



120

Appendix 2: DNA extraction protocol

(Mo Bio Laboratories UltraClean Soil DNA Isolation Kit – modified from kit instructions).

1. Wash sludge or soil sample in deionized water or buffered deionized water, then spin down to re-pellet

sample.  Repeating this step a few times may wash off some impurities such as humic acids that tend to

be carried through the extraction, and can inhibit DNA polymerase in PCR.

2. Add between 0.25 and 1 gram soil or sludge sample to the bead tube.  Activated sludge is high in

bacterial denisty, so tend toward the lower end of this range.

3. Add 60uL solution S1.

4. Add 200uL IRS (inhibitor removal solution).

5. Seal tube and vortex to mix.  Place tube in heating block at 70 degrees C for 5 minutes.  This activates

the process of enzymatic cell lysis.

6. Place tube in bead beater and beat on low speed (about 25% of max setting) for one minute.  This will

provide some mechanical lysis, but hopefully not shear the DNA too much.

7. Place tube back in heating block for 5 more minutes at 70 degrees C to complete enzymatic lysis.

8. Place tube on ice for 2-5 minutes.

9. Centrifuge tube 2 minutes at 4000x g.

10. Transfer supernatant (appx. 450uL) to clean tube (provided).

11. Add 250uL solution S2 and vortex well.  Place on ice for 10 minutes.  The longer on ice the better.  At

this step, samples can be stored at 4 degrees C overnight if you don’t have time to complete the

procedure in one day.

12. Centrifuge tubes for 3 minutes at 13,000x g.  The protein contaminants will be pooled in a pellet at the

bottom of the tube.

13. Transfer all of supernatant (avoid pellet) to clean tube (provided).

14. Add two volumes (i.e. twice the supernatant volume) of solution S3 and vortex well.  If you see milky

threads now, you may still have protein contamination.

15. Transfer 700uL of mixture onto spin filter and centrifuge at 10,000x g for one minute.  Discard flow-

through.
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16. Add the rest of the mixture to the spin filter and centrifuge at 10,000x g for one minute.  Discard flow-

through.

17. Add 300uL solution S4 to spin filter.  Centrifuge 30 seconds at 10,000x g.  Discard flow-through.  This

step washes away impurities from the DNA bound to the spin filter.  The solution is just 70% ethanol,

so you can easily make more if it runs out.  This washing step is the most important thing you can do to

avoid PCR inhibition of your template by contaminants.  Repeat this step up to four or five times,

especially if your spin filter is brownish or yellow from contaminants.

18. Centrifuge the tube without any solutions added to it for one minute at 10,000x g.  This eliminates any

last trace of ethanol and spins ethanol off the sides of the tube, where it may be carried into the final

eluted volume.

19. Transfer spin tube carefully to new centrifuge tube.

20. Add 50uL of solution S5 to spin filter, dropwise, making sure each drop hits the center of the filter.  It

may help to warm this solution slightly to enhance DNA recovery.  Also, allow the spin filter to rest for

a minute with the solution on it, to allow the DNA to go into solution.

21. Centrifuge the filter and tube for 30 seconds at 10,000x g.  The DNA is now in the eluted liquid.

Hopefully it is PCR-ready, but you may wish to use some of the eluent to obtain UV spec absorbances

at 230, 260, and 280nm to assess DNA concentration and purity.  If maximum yield is a concern, you

can elute DNA from the filter twice, with another 25-50uL of eluent.  This will enhance total yield but

decrease DNA concentration in the eluent.

NOTES:  We have found that 0.25 grams of sludge treated as above will amplify well in PCR when 0.5uL

of the eluted template is used.  We typically obtain 1-2ug of DNA per tube with this method.  If you spec

out your eluent, we’ve found that the closer the A260/A230 ratio is to 2, the better the DNA will amplify.  A

value of 2 indicates pure DNA with no humic contamination, but we have had successful amplification with

values around 1.  If your sample is contaminated by humics, do PCR in a larger volume (say, 50uL) and use

a small template volume (say, 0.5 uL).  The dilution should help.  For especially humic soils and sludges,

MoBio has a new kit that seems to work well, but may be more expensive.  It is worth checking with

companies to see what their newest products for extraction are, since they seem to be getting better.
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Appendix 3: Protein/polysaccharide extraction protocol

1. Make 200mL of a stock solution containing 8.5% (w/v) NaCl and 0.22% formaldehyde.  This is equal

to 17g of NaCl and 0.44mL of formaldehyde.

2. Chill the stock solution on ice or at 4ºC.

3. Add 10mL of cold stock solution to a clean 50mL centrifuge tube.  Add to the tube the pellet of sludge

biomass from which protein and polysaccharides will be extracted.  This should be a gram or two of

biomass.  The exact amount is not important because it is the ratio of polysaccharides to proteins that

will be measured.

4. Sonicate the biomass and stock mixture at 50W for 3 minutes.  Set up the sonicator so that the

centrifuge tube is held in an ice bath during sonication.  Sonication raises the water temperature, and it

needs to stay cold.

5. Transfer 5mL of the sonicated mixture into two 2.5mL centrifuge tubes.  Spin the tubes at max speed

(16000 x g) for 30 minutes at 4ºC.

6. Carefully decant supernatant to clean new centrifuge tubes for storage.  Can be stored at –20ºC until

analysis.



123

Appendix 4: Protein determination protocol

Bio Rad RC DC Protein Assay Kit: Microfuge Tube Assay Protocol (1.5 ml)

1. Add 5 ul of DC Reagent S to each 250 ul of DC Reagent A that will be needed for the run.  This

solution is referred to as Reagent A’.  Each standard or sample assayed will require 127 ul of Reagent

A'.  (Reagent A’ is stable for one week even though precipitate will form after one day.  If precipitate

forms, warm the solution and vortex.  Do not pipet the undissolved precipitate as this will likely plug

the tip of the pipet and alter the volume of Reagent A' added to the sample.)

2. Prepare 3-5 dilutions of a protein standard from 0.2 mg/ml to 1.5 mg/ml protein.  A standard curve

should be prepared each time the assay is preformed.  (For best results, the standards should always be

prepared in the same buffer as the sample.)

3. Pipet 25 ul of standards and samples into clean, dry microfuge tubes.

4. Add 125 ul RC Reagent I into each tube, vortex. Incubate the tubes for 1 minute at room temperature.

5. Add 125 ul RC Reagent II into each tube, vortex. Centrifuge the tubes at 15,000 x g for 3-5 minutes.

6. Discard the supernatant by inverting the tubes on clean, absorbent tissue paper.  Allow the liquid to

drain completely from the tubes.

7. Add 127 ul Reagent A' to each microfuge tube, vortex. Incubate tubes at room temperature for 5

minutes, or until precipitate is completely dissolved.  Vortex before proceeding to the next step.

8. Add 1 ml of DC Reagent B to each tube and vortex immediately.  Incubate at room temperature for 15

minutes.

9. After the 15 minutes incubation, absorbencies can be read at 750nm. The absorbencies will be stable for

at least 1 hour.
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Appendix 5: Polysaccharide determination protocol

1. Choose a reference sugar upon which to base a standard curve.  In this case, d-glucose was selected as a

standard sugar.

2. Make a standard stock by adding 1.000g of d-glucose to 100mL deionized water.  This yields a sugar

stock of 10ug per uL.

3. Use micropipetor to add 1.0, 2.5, 5.0, and 10.0uL of the sugar stock to four centrifuge tubes containing

2000uL of deionized water.  These will be your standard curve.  Make another set of duplicates.  Also

keep two tubes with no sugar added, for blanks.

4. For each standard curve sample and real sample, add 2mL of sample volume to a clean borosilicate

glass test tube.  The tube must be borosilicate to allow for heating.  The tube should be of a size that

will fit into your spectrophotometer.

5.  Add 50uL of an 80% phenol-water solution to each tube.

6. Add 5mL of concentrated sulfuric acid to each tube.  This should be performed carefully, in a fume

hood.  Add the acid as quickly as possible in such a way as to promote mixing in the tube.  The tube

will become very hot.  If the acid did not mix well, it may be necessary to carefully swirl or vortex the

tube.  Gloves will be needed to hold the hot tube.

7. Let the tubes sit for 30 minutes for the reaction to proceed and for color to develop.

8. Measure the absorbence of the tubes at 490nm.
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 Appendix 6:  Image acquisition protocol

Our FISH camera is a black-and-white 12-bit Sensys 1401E air-cooled CCD produced by Roper Scientific.

It has 1317 x 1035 pixels in its CCD array.  Because it is a black-and-white camera, its only job is to detect

signal intensity on each of its pixels, not to interpret color.  MetaMorph can add color later.

A 12-bit camera can output a number between zero and 212 for the intensity of each of its pixels.  In other

words, each pixel can have an intensity value between zero and 4095.  Zero is the most black value (least

signal intensity), and 4095 is the most white value.

The goal is to acquire an image in which every pixel intensity value falls well within zero and 4095 (for

example, a good image might have values somewhere between 200 and 3800).  MetaMorph will help

achieve this.  Another goal is to maximize the range of intensity values for your image.  For example, an

image that has only ten pixel intensity values is not a good image.  An image should have at least a hundred

different intensity values to be considered acceptable.  Remember - the camera can detect 4096 pixel

intensity values.  That means it has about 40 times more range to play with than we need.

FIRST STEP: FOCUS

To acquire a high-quality image it must be in focus.  The microscope and camera are not exactly parfocal,

but they are close.  This means that what is seen through the eyepieces is not exactly what the camera sees.

Once an image is in focus with the eyepieces, go to the computer and do an “Acquire Live.”

Set the shutter speed to a value of about 100ms, and turn Autoscale ON.  The camera will take a series of

images.  Adjust the fine focus until the image is in focus.  Press F2 to STOP Acquire Live.

SECOND STEP: EXPOSURE TIME

Now work with MetaMorph to maximize the range of pixel values between zero and 4095.  As long as

AUTOSCALE is turned ON, no matter how the shutter speed is set, the image will look pretty good on the
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screen.  But this does not mean it is the best possible image, in terms of the number of pixel intensity values

it has.  (NOTE:  If you are capturing images for a particle size distribution, see the detailed note at the end of

this protocol.)

To automatically set the shutter speed to maximize the range of pixel intensity values, use “Autoexpose.”

Leave Autoscale ON and click Autoexpose.  The camera will try several different shutter speeds until it

finds one that is most appropriate for the image.  Sometimes Autoexpose does not get the right value, and

you will have to correct it manually.  The key is to maximize the area between the two triangles on the

black-white gradient in the Acquire control panel.  This means you have maximized the pixel intensity range

for this image.  About 10% of the gradient bar is plenty.

THIRD STEP: ACQUIRE THE IMAGE

Click “Acquire.”  An image will appear.  It might not look perfect, but try turning Autoscale off and sliding

the triangles on the gradient bar out a little.  All the information necessary for a good publication-quality

image should be there… it’s just that Autoexpose doesn’t present it very well, sometimes.

FOURTH STEP: MANIPULATE THE IMAGE

Close the image and save it as something unique that will be recognizable later.

Open Photoshop.

Open the image.  It will probably be solid black.  Don’t worry.

Go to Image … Adjust … Levels.

You will see a histogram with three triangles under it.  Drag the two outermost triangles to bracket the dark

part of the histogram, which may only be a tiny sliver near one end of the range.  Leave the center triangle

alone; it will move as you move the outer triangles.

If the dark part of the histogram looks like a tiny slice, don’t worry.  This is because the image only used a

few hundred of the camera’s 4096 pixel intensity values.  That’s fine – a few hundred values is more than

enough for a great image.

Click OK.  The image will get better, but probably still not great.  Go to Image … Adjust … Levels again.
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The histogram will look very different.  It has been stretched to include only the values between where you

moved the triangles.  All your information is still there.  Move the two outer triangles again until they just

touch the dark edges of the histogram.  You should see the image get much better.  Save your image as a

new file.  You now have two saved images: your original image, acquired in MetaMorph, that you can

always go back to if you need to.  You now also have your Photoshopped image that looks good after its

histogram stretch.

Now, move the inner arrow around.  This is called ‘gamma,’ and is very useful.  It looks like a

brightness/contrast adjustment, but actually it is far superior.  Brightness and contrast destroy information,

but gamma does not.  NEVER USE BRIGHTNESS AND CONTRAST.  Use gamma.

Most images need quite a bit of brightening with gamma to make the dark regions brighter.  You will have

to play with this until you get an idea of how much gamma looks good for your image.  Different gammas

are required to make an image look good for different applications: for inkjet printers, for laserjet printers,

for publications, for on-screen-presentations….

You’ll want to save your Photoshopped image BEFORE you do any gamma shifts, and then save your

gamma-shifted images as separate files (i.e image_gamma_1point5 … image_gamma_2point3 …

whatever).  You can’t go backwards from a gamma-shifted image to the original.  Always save gamma-

shifted images as a new file.  Once the gamma looks good, save a copy as a TIFF file.

Re-open your histogram-stretched, gamma-adjusted file in MetaMorph and do a color combine, or whatever

FISH manipulations you need to do.

NOTE:  For particle-size-distribution measurements, the PhotoShop step is not necessary.  The image as

displayed by Autoexpose should be fine for thresholding and Integrated Morphometry Analysis.  If you have

thresholding problems, then you do not have a wide enough dynamic range, and need an image with pixel

intensity values between the triangular sliders on the gradient bar, as described above.
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Appendix 7: DNA sequence analysis data

Sequences containing bases called as ‘N’ indicate that the signal at that position was ambiguous, and no
definite base could be assigned.  These sequences were manually corrected against their corresponding
chromatograms, allowing some originally indeterminate bases to be resolved.  A beginning or terminating
sequence of about 30 G and C bases is the DGGE clamp, and is not part of the sequence data.  These
sequences may be mixed 3’-5’ or 5’-3’ depending on whether a forward or reverse probe was used for
sequencing.  BLAST will distinguish the direction of a sequence.  Shorter sequences for some bands are a
result of sequence contamination.  Only high-quality sequence data is reported here.

Band B1:
GGGTATCCTAATCCTGTTTGANCCCCACACTTTCGTGCCTCAGTGTCAGAAAAAGTACAGCCA
GCTGCCTTCGCAATTGACGTTCTGGATGATATCTATGCATTTCACCGCTACACCATCCATTCC
ACCAGCCTCCACTTCTCTCAAGTCTAACAGTATCAATGGCAACTTGATTGTTGAGCAACCAGC
TTTCACCACTGACTTATTAAACCACCTACGCACCCTTTAAACCCAATAAATCCGGACAACGCTT
GCCACCTACGTATTACCGCGGCTGCTGGCACGTAGTTAGCCGTGGCTTATTCTTANGGTACC
GTCACAACACCTCGCAAGGTGTCTCTTCTTCCCCCAAAAAAGGAGTTTACAATCCAGAGGAC
CTTCTTCCTCCACGCGGCATGGCTGGGTCAGACTTGCATCCATTGCCCAATATTCCCTACTG
CTGCCTCCCGTANGCGGGCGGGGGCGGCGGGACGGGCGCGGGGCGCGGCGGGCG

Band B2:
CTCCCAACAACCAGTTGACATCGTTTAGGGCGTGGACTACCANGGTATCTAATCCTGTTTGCT
CCCCACGCTTTCGTGCATGAGCGTCAGTACAGGTCCAGGGGATTGCCTTCGCCATTGGTGTT
CCTCCGCATATCTACGCATTTCACTGCTACACGCGGAATTCCATCCCCCTCTACCGTACTCTA
GCTCCACAGTCACAAATGCAGTTCCCAGGTTGAGCCCGGGGATTTCACATCTGTCTTATGGA
ACCGCCTGCGCACGCTTTACGCCCAGTAATTCCGATTAACGCTTGCACCCTACGTATTACCG
CGGCTGCTGGCACGTAGTTAGCCGGTGCTTATTCTTCAGGTACCGTCATCCTCCCGAGGTAT
TAGCCCAGAAGATTTCTTCCCTGACAAAAGCGGTTTACAACCCGAAGGCCTTCTTCCCGCAC
GCGGTATGGCTGGATCAGGCTTTCGCCCATTGTCCAAAATTCCCCACTGCTGCCTCCCGTAN

Band B3:
TAGCTGCGTTACTCAATGAGTCTCCTCACCGAACAACTAGTTGACATCGTTTAGGGCGTGGA
CTACCAGGGTATCTAATCCTGTTTGCTCCCCACGCTTTCGTGCATGAGCGTCAGTACTGGCC
CAGGAGGCTGCCTTCGCCATCGGTGTTCCTCCGCATCTCTACGCATTTCACTGCTACACGCG
GAATTCCACCTCCCTCTGCCGTACTCTAGTTGTGCAGTCACAAACGCAGTTCCCAGGTTGAG
CCCGGGGATTTCACATCTGTCTTACACAACCGCCTGCGCACGCTTTACGCCCAGTAATTCCG
ATTAACGCTCGCACCCTACGTATTACCGCGGCTGCTGGCACGTAGTTAGCCGGTGCTTCTTC
TGATGGTACCGTCATCCTCCCAGGGTATTCACCCGGGAGATTTCTTTCCACCTGAAAGAGCTT
TACAACCCGAAGGCCTTCTTCACTCACGCGGCATGGCTGGATCAGGGTTGCCCCCATTGTCC
AAAATTCCCCACTGCTGCCTCCCGTAGGCGGGCGGGGGCGGCGGGACGGGCGCGGGGCG
CGCCGGGCGA

Band B5:
CGTTAGCTGCGTTACTCAATGAGTCTCCTGCACCGAACAACTAGTTGACATCGTTTAGGGCGT
GGACTACCAGGGTATCTAATCCTGTTTGCTCCCCACGCTTTCGTGCATGAGCGTCAGTACTG
GCCCAGGAGGCTGCCTTCGCCATCGGTGTTCCTCCGCATATCTACGCATTTCACTGCTACAC
GCGGAATTCCACCTCCCTCTGCCGTACTCTAGTGATGCAGTCACAAACGCAGTTCCCAGGTT
GAGCCCGGGGATTTCACATCTGTCTTACATCACCGCCTGCGCACGCTTTACGCCCAGTAATT
CCGATTAACGCTCGCACCCTACGTATTACCGCGGCTGCTGGCACGTAGTTAGCCGGTGCTTC
TTCTGATGGTACCGTCATCCACACAGGGTATTNACCNNTGCGTTTTCTTTCCAGCTGAAAGAG
CTTTACAACCCGAAGGCCTTCTTCACTCACGCGGCATGGCTGGATCAGGCTTGCGCCCATTG
TCCAAAATTCCCCACTGCTGCCTCCCGTA
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Band B6:
GCATCAGCGTCAGTATCGTATTAGGTAACGCTGCCTACGCAATTGGAGTTCTGGATAATATCT
ATGCATTTCACCGCTACACTATCNATTCCAGCTACCTCATACGAACTCAAGNCTACCAGTATC
AATGGCACTGCAATCGTTGAGCGACCGNNTTTCACCACTGACTTAANAAACCGCCTACGCAC
CCTTTAAACCCAATAAATCCGGANAACGCTNGCACCCTCCGTATTACCGCGGCTGCTGGCAC
GGAGTTAGCCGGTGCTTATTCTTANNGTACCGTCATNTNCCCTCNCGAGG

Band B8:
CACGCTTTCGCTTCTCAGCGTCAGGAAAAGTCCAGAGAACCGCCTTCGCCACCGGTGTTCCT
CCTGATATCTACGCATTCCACCGCTTCACCAGGAATTCCATTCTCCCCTACTTCCCTCAAGTC
AGCCCGTATCGAAAGCAAGCTCGGAGTTAAGCCCCGAGTTTTCACTCCCGACGTGACCAACC
GCCTACAAGCTCTTTACGCCCAATAAATCCGGACAACGCTCGCACCCTACGTATCACCGCGG
CTGCTGGCACGTAGTTAGCCGGTGCTTCTTCTCCCACTACCGTCAAACAAACTTCGTCATGG
GTGAAAGCGGTTTACAACCCGAAGGCCGTCATCCCGCACGCGGCGTTGCTGCATCAGGCTT
CCGCCCATTGTGCAATATTCCCCACTGCTGCCTCCCGTA

Band E1:
AAGCCCTGCaTGTCTAAGTATAAACAACTTTATACTGTAAAACTGCGAACGGCTCATTATATCA
GCAATAATTTATTTGATGATTTCTTACTACATGGATAACTGTAGTAATTCTAGAGCTAATACATG
CGCAAAGTCCTAACTCGCGAGGGGAGGGATGTATTTATTAGATACAAAACCAATGCGGGTTC
TGCCCGCCATTGTGTTGAATCATAGTAACTTATCGAACGCCATAGCCTTGTGCTGGGCGTAG
ATCATTCAAATTTCTGCCCTATCAGCTTTCGACGGTAGTGTAGTGGACTACCGTGGCGTTAAC
GGGTAACGGGGAATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCC
AAGGAAGGCAGCAGGCGCGCAAATTACCCAATCCTGACACAGGGAGGTAGTGACAAAAAAT
AACAATACCTGGCCTCAATAGGTCGGGTAATTGGAATGAGTACAATTTAAATCCCTTAACGAG
GATCAATTGGAGGGCAAGTCTGGT

Band E2:
CCCTGCTGTGTAAGTATAAGTATTGTACAGCGAAACTGCGAATGGCTCATTAAAACAGTTATA
GTTTATTTGATAATCGAAAGTTACATGGATAACCGTGACAAATTACAGCTAATACATGCATTAA
GACCCCTATGGGGTTGTAATTATTAGTACTAAACCAATTCCTTCGGGAATGTGATGAATCATA
GTAATCGAACGAATCGCAGGATTCTGCGATAAATCATTCAAGTTTCTGCCCTATCAGCTTTGG
ATGGTAGTGTATTGGACTACCATGGCAATCACGGGTAACGGAGAATTAGGGTTCGATTCCGG
AGAGGGAGCCTGAGAAATGGCTACCACATCTACGGAAGGCAGCAGGCGCGAAAATTGCCCA
ATCCCGATACGGGGAGGCAGTGACAAGAAATAACAACTCTC

Band E3:
TATTTGATGATTTCTTACTACATGGATAACTGTAGTAATTCTAGAGCTAATACATGTAGTGACA
AAAAATAACAATACCTGGCCTCAATAGGTCGGGTAATTGGAATGAGTACAATTTAAATCCCTTA
ACGAGGATCAATTGGAGGGCAA
GTCTGGT

Band E4:
ANGTTATCATTTATTCTGATATTANCTACTTACTTGGATATCCTGTGGTAATTCTAGAGCTAATA
CATGCTAAAAATCCCGACTTCTGGAAGGGATGTATTTATTAGATAAAAAACCAACCCGGGCAA
CCGGTTTTCTGGTGATTCATAATAACTTTTCGAATCGTATGGCTTTATGCCGGCGATGGTTCA
TTCAAATTTCTGCCCTATCAACTTTCGATGGTAGGATAGAGGCCTACCATGGTTTTAACGGGT
AACGGGGAATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGG
AAGGCAGCAGGCGCGCAAATTACCCAATCCTGACACAGGGAGGTAGTGACAANAAATAACAA
TACAGGGCNTTTTGAGTCTTGTNATTGGAATGANTACNATTTAAACCCCTTAACGANGAACAA
TTGGN

Band E5:
ATTAAATCAGTTATAGTTTATTTGAAGATAATACCATTAGGATAACCGTGGTAATTCTAGAGCT
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AATACTTGCTTTCTAGGCTTTATTAGATATGAATCACAATAACTTCAGATCGATTGACGCTTCA
TTCAAATTTCTGCCCTATCAGCTAGATGGCACGGTATTGGCGTACCATGGCAGTAACGGGTA
ACGGGGAATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGA
AGGCAGCAGGCGCGCAAATTACCCAATCCCAATTCGGGGAGGTAGTGACAATAAATAACGAT
GCGGGGCCATTGGTCTTGCNNTTGGAATGAGAACACGATAAATAGGTTAACGAGGAGCAACA
GGAGGGCGAGTCTGGTCCCCGTGCCCCCGCCCCGCCCGGGGCGCGCCCCGGGCGGGG

Band E6:
GCTCGATGGCACGGTATTGGCGTACCATGGCAGTAACGGGTAACGGGGAATTAGGGTTCGA
TTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGAAGGCAGCAGGCGCGCAAAT
TACCCAATCCNAATTCAGGGAGGTAGTGACAATAAATAACGATACAGGGCCCTTNTGNGTCTT
GTAATTGGAATGAGTACAATGTAAATACCTTAACGAGGAACAATTGGAGGGCAAGTCTGGT

Band E7:
TTGNCCTCCGGTCAAGATGTATTTATTAGATAAAAAACCAATGTCTTTTTGACTCGTTGGTGAT
TCATAATAACTTGTCGAATCGCATGGCCTTGCGCCGGCGATGGTTCATTCAAATTTCTGCCCT
ATCAACTTTCGATGGTAGGATAGAGGCCTACCATGGTTTCAACGGGTAACGGGGAATCAGGG
TTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGAAGGCAGCAGGCGCG
CAAATTACCCAATCCCGACACGGGGAGGTAGTGACAATAAATAACAATGCCGGGCNTTTAGT
CCNGCNATTGGAATGAGAACANTTTAAATCCCTTATCGAGGATCAATTGGAGGGCAAGTCTG
GT

Band E8:
CAGGATGTATTTATTANATAAAAAACCAATGTCTTTTGACTCCTTGGTGATTCATAATAACTTGT
CGAATCGCATGGCCTTGCGCCGGCGATGGTTCATTCAAATTTCTGCCCTATCAACTTTCGATG
GTAGGATAGAGGCCTACCATGGTTTCAACGGGTAACGGGGAATCAGGGTTCGATTCCGGAG
AGGGAGCCTGAGAAACGGCTACCACATCCAAGGAAGGCAGCAGGCGCGCAAATTACCCAAT
CCCGACNCGGGGAGGTAGTGACAATAAATAACGATGCNGGGCCCTTTGTNTT

Band E9:
CAGGATGTATTTATTANATAAAAAACCAATGTCTTTTGACTCCTTGGTGATTCATAATAACTTGT
CGAATCGCATGGCCTTGCGCCGGCGATGGTTCATTCAAATTTCTGCCCTATCAACTTTCGATG
GTAGGATAGAGGCCTACCATGGTTTCAACGGGTAACGGGGAATCAGGGTTCGATTCCGGAG
AGGGAGCCTGAGAAACGGCTACCACATCCAAGGAAGGCAGCAGGCGCGCAAATTACCCAAT
CCCGACNCGGGGAGGTAGTGACAATAAATAACGATGCNGGGCCCTTTGTNTT

Band E10:
GTCTAAGTATAAACAATTTTATACGTGAAACTGCGAATGGCTCATTATATCAGTTATAGTTTATT
TGATGGTCAACTGCTACTTGGATAACCGTAGTAATTCTAGAGCTAATACATGCAGCAATCCCC
GACTTCTGGAAGGGGTGTACTTATTAGATGGAAACCAATGCGGGGCAACCTGGATTTTGGTG
ATTCATAATAATTTTCGGAGCGAACGTTTGTTCGCTGCATCATTCAAGTTTCTGCCCTATCAGC
TTTGGATGGTAGGGTATTGGCCTACCATGGCATTCA
CGGGTAACGGAGAATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATC
CAAGGAAGGCAGCAGGCGCGTAAATTACCCAATCCTGACACAGGGAGGTAGTGACAATAAAT
AACAATGCCGGGCTTTTAGTCCGGCAATTGGAATGAGAACAATTTAAATCCCTTATCGAGGAT
CAATTGGAGGGCAAGTCTGGT

Band E11:
CCTCCGGAAGGGCTGTATTTATTAGATAAAAAATCAACATCCGTGATGATTCATAATAACTTTT
CGAATCGCAGGGCCTCGTGCCGGCGATGGTTCATTCAAATTTCTGCCCTATCAACTTTCGAT
GGTAGGATAGAGGCCTACCATGGTTTCAACGGGTAACGGGGAATTAGGGTTCGGTTCCGGA
GAGGGAGCCTGAGAAACGGCTACCACATCCAAGGAAGGCAGCAGGCGCGCAAATTACCCAA
TCCCGACACGGGGAGGTAGTGACAATAAATAACGATGCAGGGCCCTTT




