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ABSTRACT

Impact of Protozoan Grazing on Nitrillcation and the Ammonia- and Nitrite- 
Oxidizing Bacterial Communities in Activated Sludge

By: Amy Jean Pogue 

Environmental Applied Science and Management 

Masters of Applied Science 2004, Ryerson University

The effect o f  protozoan grazing on nitrification rates under different conditions was 

examined. The spatial distribution o f  amm onia- and nitrite-oxidizing bacteria (AOB and 

NOB) in activated sludge w as also examined using FISH/CSLM . Batch reactors were 

monitored for am m onia, nitrite, nitrate, and total nitrogen concentrations and bacterial 

numbers in the presence and absence o f  cyclohexim ide, a protozoan inhibitor. In the 

absence o f  protozoan gi'azing, rates o f nitrification were low er than in batches with 

protozoa. Spatially, both AOB and NOB were found clustered w ithin the floc and neither 

inhibiting the protozoa or inhibiting am m onia oxidation appeared to lower the am ount o f 

AOB and NOB present or their position. These results suggest that a reduction in 

protozoan gi'azing pressure allowed the heterotrophic bacteria to proliferate which caused 

a coiTcsponding decrease in the rate o f nitrification. These results suggest that AO B and 

NOB are less active in the absence o f  protozoa and indicates the role o f  protozoa in the 

cycling o f  nitrogen.
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1.0 INTRODUCTION AND PURPOSE

The w astew ater treatm ent process is used worldwide to treat both industrial and 

m unicipal sewage (W agner and Loy, 2002). The efficient and effective treatm ent o f 

w astew ater is essential in order to ensure that our w ater resources are m anaged in the 

m ost environm entally and econom ically sustainable ways possible. In the past several 

decades, m uch research has focused on the role o f  nitriiy ing bacteria in the sewage 

treatm ent process. N itrifying bacteria play a crucial role in the activated sludge phase o f  

the sewage treatm ent process by  rem oving nitrogen from the waste, thus preventing the 

discharge o f  am m onium  salt into receiving waters (V iessm an and H am m er, 1998). The 

discharge o f  am m onium  salts into receiving waters leads to oxygen consum ption, algal 

blooms, and  fish k ills via acute toxicity.

The accum ulation and diversity o f  a nitrifying m icrobial com m unity in the activated 

sludge plays a crucial role in the perfoim ance o f  nitrification in w astew ater treatm ent.

One im portant factor affecting the productivity o f  nitrifying bacteria is the presence or 

absence o f  protozoans. P rotozoa are com m on predators o f  bacteria and thus have been 

shown to effect nitrogen transform ation by increasing the m ineralization o f  nitrogen 

im m obilized in the bacterial biom ass in soil and other system s such as suspended growth 

reactors (C larholm , 1985; V erhagen and Laanbroek, 1992; Ratsak et. al., 1996; Strauss 

and Dodds, 1997). G razing protozoa also ensure that there are ample nutrients available 

for slow grow ing nitrif)dng bacteria by grazing prim arily on fast grow ing heterotrophic 

bacteria in activated sludge floc (Verhagen and Laanbroek, 1992). Thus, when a healthy 

population o f  protozoans are present, efficient nitrogen cycling occurs. In order to ensure 

that the efficiency o f  nitrification (and thus the rem oval o f  am m onium  salts) from 

w astew ater is being m axim ized, factors that affect the nitrifying com m unity in activated 

sludge are  being studied.

The overall goal o f  this study was to exam ine the effect o f  protozoan grazing on 

nitrification rates. The specific objectives were to m onitor the concentrations o f 

am m onia, nitrite, and nitrate under various conditions in the presence and in the absence 

o f  protozoa and to exam ine the spatial distribution o f  am m onia- and nitrite- oxidizing 

bacteria using fluo rescen t/«  situ  hybridisation (FISH) and confocal scanning laser

1
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m icroscopy (CSLM ). To date, very few studies have been conducted that exam ine the 

link between the protozoan com m unity and effective nitrogen cycling in activated sludge 

system s specifically. In  order to achieve these objectives, bioreactors containing 

activated sludge from  a m unicipal w astew ater treatm ent plant (M W TP) w ere set up in the 

lab. In order to assure the batch reactors were operating w ithin param enter ranges 

approxim ating those o f  the activated sludge process, pH, tem perature, dissolved oxygen, 

and chemical oxygen dem and w ere m easured. To assess nitrification efficiency, ammonia 

nitrogen, nitrite, nitrate, and total nitrogen concentrations w ere m easured. To test for the 

effect o f protozoan interactions cyclohexim ide, a protozoan inhibitor, was added to the 

reactors. To test for the effect o f the inhibition o f  nitrification, allylthiourea, an inhibitor 

o f  ammonia oxidation, was added. To test for the effect o f  deflocculation, a problem atic 

phenom enon in activated sludge treatm ent plants, ethylenediam inetetraacetic acid 

(EDTA) was added. Each set o f conditions was established in the presence and absence 

o f protozoans. The change in the position and quantity o f nitrifying bacteria  in the sludge 

was also established under each set o f  conditions by using a confocal scanning laser 

m icroscope (CSLM ) com bined w ith fluorescent in-sitii hybridization (FISH), a technique 

used to identify specific bacterial species. By m easuring the physical and chemical 

param eters described above and using the CSLM  com bined with FISH, we will be able to 

determine how  each set o f  conditions affects the perform ance o f  nitrification, and the 

nitrifying bacteria com m unity composition.

It is hoped that the outcom e o f  this research will em phasize the im portance o f  

m aintaining healthy protozoan-bacterial interactions in sustaining the effectiveness o f 

bacterial nitrification. The relationship betw een protozoan grazing and bacterial 

nitrification i. f lecially applicable in system s such as activated sludge w here both 

protozoan and bacterial com m unities are present and the rem oval o f am m onia nitrogen is 

o f the upm ost concern. Since nitrification is an essential step in the sew age treatm ent 

process, ensuring that it occurs w ith optim al effectiveness is in the best interest o f  the 

environm ent, industry, and society as a whole.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.0 LITERATURE REVIEW

2.1 Wastewater Treatment

The treatm ent o f  w astew ater is one o f  the m ost essential biotechnological processes and 

is used w orldw ide to treat both industrial and m unicipal sew age. The purpose o f  

municipal w astew ater treatm ent is to prevent pollution o f  the receiving w aterw ays and 

the subsequent problem s that arise from  this pollution.

Conventional w astew ater treatm ent consists o f  prelim inary processes (pum ping, 

screening, and grit rem oval), p rim aiy  settling to rem ove heavy solids and floatable 

materials, and secondary biological aeration to m etabolize and flocculate colloidal and 

dissolved organics. C om bined prelim inaiy and prim ary treatm ent processes rem ove 

approxim ately 30-50%  o f  the suspended solids in raw  m unicipial w astew ater (Viessm an 

and Ham mer, 1998). The rem aining organic m atter is extracted in biological secondary 

treatm ent to the allow able effluent residual using activated sludge processes, trickling 

filters, or biological towers (V iessm an and Ham m er, 1998). O f  these three biological 

treatm ent processes, the activated sludge process has proven to be the m ost effective and 

econom ical, and is thus the m ost frequently used biological treatm ent process in the 

western w orld (V iessm an and Ham m er, 1998).

The following sections will focus on w astew ater treatm ent at A shbridges Bay W aste 

W ater Treatm ent Plant (W W TP) and the activated sludge process for the secondary 

biological treatm ent o f  wastew ater.

2.1.1 Ashbridges Bay Treatment Plant: The Wastewater Treatment Process

The Ashbridges Bay T reatm ent Plant (ABTP), located in T oronto’s East end at the foot 

o f  Leslie Street, is one o f  four sewage treatm ent facilities located w ithin the borders of 

M etropolitan Toronto. The plant serves the City o f  Toronto, The Borough o f East York, 

and parts o f  the cities o f  N orth Y ork and Scarborough. It is operated by  the W ater 

Pollution Control subdivision o f  the W ater and W astew ater Services departm ent o f  the 

City o f Toronto W orks and Em ergency Services (C ity o f  Toronto, 2004).

The A BTP is C anada’s largest w astew ater treatm ent facility and covers an area o f  40.5 

hectares (C ity o f  Toronto, 2004). The plant has a design capacity  o f  818, 000 cubic
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m etres o f w astew ater per day and has 1 2  prim ary and four secondary digesters to digest 

raw  and w aste activated sludge (C ity o f Toronto, 2004). The plant processes w astew ater 

for an estim ated population o f  1, 250,000 people.

The ABTP provides com plete w astew ater treatm ent including the rem oval o f  suspended 

and biological solids, phosphorous rem oval, and disinfection. W astew ater is carried to 

the ABTP by  a netw ork o f  pipes and sewers m aintained by the City o f  Toronto W orks 

and Em ergency Services departm ent (City o f Toronto, 2004). P relim inary treatm ent 

occurs via a com bination o f an aerated grit tank, which slows down w astew ater flow and 

allows the settling o f  sand, gravel, and other heavy m aterials to the bottom  o f  the tank, 

and m echanical bar screens, w hich rem ove large solids contam inants such as sticks and 

rags (Viessm an and Ham m er, 1998). All m aterials rem oved by the grit tanks and the bar 

screens are washed and then transported to a sanitary landfill for disposal (C ity o f  

Toronto, 2004).

After prelim inary treatm ent, the screened w astew ater flows into a prim ary settling tank 

where it is held for several hours to allow solid particles to settle to the bottom  o f  the tank 

and oils and greases to  float to the top. This stage o f  treatm ent is know n as prim ary 

treatment and its m ain function is to allow for the physical separation o f  solids and 

greases from  the w astew ater. The oils and greases are skim m ed o ff the top o f  the water 

and collected. This is known as prim ary or raw  sludge, and is pum ped to large digestion 

tanks for further treatm ent (City o f  Toronto, 2004).

Following prim ary treatm ent the partially treated w astew ater from  the settling tank flows 

by gravity to covered aeration tanks where it is m ixed with solids that contain 

m icroorganism s (activated sludge) that use oxygen to consum e the rem aining organic 

m atter in the w astew ater as their food supply. The aeration tank  uses air bubbles to 

provide the m ixing and oxygen that are needed for the m icroorganism s to m ultiply (City 

o f Toronto, 2004). The w astew ater, air, and activated sludge are m ixed in the aeration 

tanks for four to six hours. The activated sludge phase o f the w astew ater treatm ent 

process is known as secondary w astew ater treatment. A fter secondary treatm ent the 

aerated m ixture o f  w astew ater and activated sludge is sent to the final clarifier. Here the 

solids settle out to the bottom  where some o f  the m aterial is sent to the solids handling
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process and som e is recycled back  (returned sludge) to replenish the population o f  

m icroorganism s in the aeration tank to treat incom ing w astew ater (C ity o f  Toronto,

2004).

The w astew ater that rem ains is disinfected via chlorination to kill harm ful 

m icroorganism s before being released into receiving waters.

The prim ary solids from  the prim ary sedim entation tanks and solids collected from  the 

final clarifier are sent to digestion tanks containing m icroorganism s. D uring this process, 

the m icroorganism s use the organic m aterial present in the solids as a food source and 

convert it to by-products such as m ethane gas and water. D igestion results in a 90%  

reduction in pathogens and the production o f  a w et soil-like m aterial called  biosolids that 

contain 95-97%  water. The rem aining biosolids are de-w atered using m echanical 

equipm ent such as filter presses or centrifuges to reduce the volum e prior to being  sent to 

landfill, incinerated or beneficially  used as a fertilizer or soil am endm ent.

2.1.2 Biological Treatment: The Activated Sludge Process

Activated sludge processes are used for both secondary biological treatm ent and 

complete aerobic treatm ent w ithout prim ary sedim entation (V iessm an and Ham m er,

1998). In activated sludge treatm ent, effluent from prim ary treatm ent is pum ped into a 

tank and m ixed with a bacteria-rich slurry known as activated sludge (M aier et al., 1999). 

The mixture o f  activated sludge, w a s te w a ie r  and suspended solids present in the aeration 

tank is often referrred to as “m ixed liquor suspended solids” , or sim ply “m ixed liquor” . 

A ir or pure oxygen is pum ped through the m ixture and prom otes bacterial grow th and 

decom position o f the organic m aterial (M aier et al. 1999). The m ixture then goes to a 

secondary settling tank  where w ater is siphoned o ff  the top o f  the tank and sludge is 

rem oved from  the bottom  (M aier et a l ,  1999). Some o f the sludge is used as an inoculum  

for the incom ing prim ary effluent, w hile the rem ainder is rem oved. O ne im portant 

feature o f  activated sludge is the recycling o f  a large proportion o f  the biom ass. This 

results in a large num ber o f  m icroorganism s that oxidize organic m atter in a relatively 

short period o f  time (M aier et ah, 1999). The prim ary feeders in acti vated sludge are 

bacteria and the secondar>' feeders are protozoans. A ctivated sludge rem oves the 

biodegradable organics as well as the unsettleable suspended solids from  the w astew ater.
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The activated sludge process has been prim arily aim ed at the effective rem oval o f  carbon, 

nitrogen, and phosphorous from  the wastew ater. Since its conception early  in the last 

century, the activated sludge process has undergone various m odifications (K eller et al., 

2002). Som e o f  these m odifications include changes to the size, num ber, and 

configuration o f  the reactors, changes to both the recycled and influent flow , and changes 

to the position and type o f  aeration devices (Viessm an and H am m er, 1998). Despite 

these m odifications, to day ’s system s are still surprisingly sim ilar to these early ones, and 

the three m ain  fiinctions o f  the activated sludge process rem ain the same: the rem oval o f  

soluble b iodegradable organic com pounds from  w astew ater by a flocculant slurry of 

m icroorganism s through sedim entation, the recycling o f a small am ount o f  return sludge 

from the clarifier underflow  to the reactor, and the dependence o f  the system s’ high 

performance on the mean cell residence time o f  microorganisms (G rady and Lim, 1980).

The use o f  activated sludge for secondary wastew ater treatm ent has proven to be both 

econom ical and an effective m ethod for the removal o f organic com pounds from  

w astew ater (G rady and Lim , 1980). The activated sludge process has been renow ned for 

producing an effluent o f  high quality at a reasonable cost. The activated sludge process 

has been know n to rem ove certain  pollutants with an efficiency o f  90%  or m ore 

(Viessm an and H am m er, 1998).

2.J.3 Parameters Affecting the Activated Sludge Process

The activated sludge process is a treatm ent process relying largely on m icroorganism s 

and as such is sensitive to all o f  the factors that affect the m icrobial com m unity. 

Environm ental param eters that adversely affect the desired m icrobial grow th in an 

. activated sludge aeration tank  can cause production o f sludge w ith poor settling 

characteristics (V iessm an and Ham m er, 1998). This can cause problem s such as 

insufficient rem oval o f  organic m aterial from wastew ater, excessive presence o f  activated 

sludge floc in the final clarifier effluent, and the excessive growth o f  filam entous bacteria 

and algae (V iessm an and H am m er, 1998). This section provides an overview  o f  the m ost 

important factors affecting the activated sludge process in sew age treatm ent.
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2.1.3.1 Oxidation, Temperature, and pH

A ctivated sludge is a com pletely aerobic treatm ent process since the biological floes are 

suspended in  a liquid m edium  containing dissolved oxygen. It is essential that aerobic 

conditions be m ain tained  in the aeration tank; however, in the final clarifier the dissolved 

oxygen concentration  can becom e extrem ely low. D issolved oxygen (DO) extracted 

from  the m ixed liquor is replenished by  air supplied to the aeration tank  (V iessm an and 

Ham mer, 1998). The activated sludge process depends on the physio logy  o f  

heterotrophic organism s that, in the presence o f  oxygen, u tilize the organic substances 

present in the w astew ater as a carbon source for cell synthesis and as a source o f  energy.

The biochem ical oxygen dem and (BO D ) o f dom estic and industrial w astew aters is the 

amount o f  m olecular oxygen consum ed by m icroorganism s during the biochem ical 

oxidation o f  organic (carbonaceous BO D ) and inorganic (am m onia) m atter (M aier et al.,

1999). B O D  is exerted  by  three classes o f  m atter: carbonaceous m aterial, oxidizable 

nitrogen, and certain  chem ical reducing com pounds. The chem ical oxygen dem and is the 

amount o f  oxygen necessary  to oxidize all o f  the organic carbon com pletely  to CO 2 and 

H 2O. CO D represents the concentration o f both biodegradeable and nonbiodegradeable 

organics in w astew ater (M aier et al., 1999). The chem ical oxygen dem and (COD) is a 

m ore com m only m easured  param eter in w astew ater treatm ent p lan ts because m easuring 

COD is m uch easier and less tim e consum ing than the traditional 5-day BO D 

m easurem ent. In w astew ater treatm ent, the general biological reaction  that takes place is:

MICROORGANISMS

w aste organics +  D O -----------------> C O 2 +  new  cell grow th (Equation 2.1)

(V iessm an and H am m er, 1998)

In activated sludge, both B O D  and CO D  are present in the form  o f  w aste organic 

material. W hen w astew ater m ixes w ith the organism s o f  activated  sludge in the presence 

o f  dissolved oxygen, tw o phenom ena responsible for the initial rem oval o f  BO D /CO D  

take place. The suspended and colloidal solids and som e o f  the soluble organic 

substances in the w astew ater are absorbed onto the surface o f  the activated  sludge floc.

A t the sam e tim e, w aste organics are being converted to carbon dioxide and energy stored
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within the m icrobial cells th rough intense biological activity. F u rther w astew ater organic 

m atter is subsequen tly  rem oved by continued aeration. F igure 2.1 p rovides a sum m ary o f  

the generalized b io logical process reactions in the activated sludge process.

Figure 2.1 Generalized biological process reactions in the activated sludge process

(Viessman and Hammer, 1998. pp 254).
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Sufficient aeration  and  the m ain tenance o f  a com pletely aerobic environm ent is essential 

for the effective rem oval o f  B O D /C O D  from  w astew ater during the activated sludge 

treatm ent process.

B acteria are  c lassified  at psychrophilic , therm ophilic, or m esophilic depending on their 

optim um  tem peratu re  range fo r grow th. The vast m ajority  o f  b io logical-treatm ent 

system s operate in the  m esophilic  tem perature range o f  20-40°C . The activated  sludge 

process operates a t the  tem perature  o f  the w astew ater as m odified by that o f  the air. 

G enerally , this falls w ith in  the  range o f  15-25°C. As a general rule, bio logical activity 

doubles fo r every  10-15°C tem perature rise w ithin the range 5-35°C  (V iessm an and 

H am m er, 1998). T em peratu re  also has an effect on nitrification rates. A t a pH  o f  8.5, a 

n itrification  rate o f  100%  occurred  at 30°C, with this rate decreasing by one-half for 

every 10-12°C tem pera tu re  drop above 10°C.

A nother im portan t fac to r in ensuring  that organic m atter is being rem oved from  

w astew ater at op tim al rates is the m aintenance o f  pH  w ithin acceptable lim its. The 

hydrogen-ion  concen tra tion  o f  the culture m edium  has a direct influence on m icrobial 

growth. M ost b io log ical treatm ent system s operate best in a pH  neutral environm ent.

The general range fo r operation  o f  activated sludge system s is betw een pH  6.5 and 8.5 

(C lark e t al, 1977; G rady and  Lim , 1980). A t pH  9 and above, m icrobial activity is 

inhibited. B elow  p H  6.5 fungi are favoured over bacteria in com petition  for food. It is 

also im portant to no te  that the optim al pH  for nitrification, an extrem ely im portant 

process fo r the rem oval o f  am m onia n itrogen  in w astew ater, is 8 .2-8.6 , w ith  90%  o f  the 

m axim um  occurring  betw een  pH  7.8 and  8.9, and less than 50%  o f  the optim um  below

7.0 and above 9.8 (V iessm an and H am m er, 1998).

2.1.3.2 Nutrient Levels

Carbon, n itrogen , and phosphorous are the m ost im portant nutrients in the activated 

sludge process. S ince organ ic  carbon is often present in abundance in w astew ater and 

readily used  by m icroorgan ism s, it rare ly  causes problem s by being  lim iting or in excess. 

The levels o f  n itrogen  and phosphorous are both very  im portant param eters for two 

reasons.
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1 ) An activated  sludge system  that is lacking in nitrogen and phosphorous has a 

significant effect on the grow th o f  sludge m icroorganism s, and can also resu lt in the 

proliferation o f  undesirable filam entous m icroorganism s.

2) W astew ater effluents contain ing high concentrations o f  nitrogen and phosphorous 

contribute to the eutrophication o f  receiving waters.

Phosphorous occurs in nature in the form  o f  inorganic and organic phosphates. 

Phosphorous is required  by the cell prim arily  for the synthesis o f  nucleic  acids and 

phospholipids (M adigan et al., 2000).

N itrogen is a m ajor elem ent in proteins, nucleic acids, and several o ther cell constituents 

(M adigan et al., 2000). N itrogen is found in nature in both organic and inorganic forms, 

w ith the bulk being in inorganic form , either as am m onia (N H 3), n itra te  (N O 3')  or Nz.

The prim ary sources o f  nitrogen in dom estic w aste are feces, urine, and food-processing 

discharges. A bout 40%  o f  the n itrogen in w astew ater is in the form  o f  am m onia, and the 

rem aining 60%  is bound in organic m atter (V iessm an and H am m er, 1998).

O ther m ineral nu trien ts such as sulfur (S) potassium  (K), m agnesium  (M g), calcium  (Ca), 

sodium  (N a), iron (Fe), copper (Cu), and cobalt (Co), are needed in sm aller am ounts for 

various cellu lar functions (M adigan et al., 2000).

2.1.3.3 Flocculation

An im portant characteristic  o f  the bacteria present in the activated  sludge o f  the 

secondary w astew ater treatm ent process is their tendency to aggregate  into structures 

known as floes. A ctivated  sludge floes are com plex consortia o f  various m icroorganism s 

(W agner et al., 1994). In  addition to m icroorganism s, sludge floes also consist o f  extra 

polym eric substances (EPS), organic particles (e.g. detritus, ex tracellu lar polym ers, and 

cellular debris), inorganic particles (e.g. clays and silts), and in terfloe spaces w hich allow  

for the reten tion  or flow  through o f  w ater (D avey & O ’Toole, 2000; D roppo, 2001).

M any factors, such as pH , tem perature, nutrient availability , and oxygen levels, can effect 

the floe com position, structure, and function. Through their physical, chem ical, and 

biological activities, activated  sludge floes not only regulate their ow n environm ent, but 

also have the ability  to effect the surrounding w ater quality  through their physical.
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chem ical, and b io log ical activ ity  (M obarry  et al., 1996; D roppo, 1996). T he flocculating  

nature o f  bacteria  in the activated  sludge system  is essential because the un ique  structure 

o f  the floe allow s fo r the creation  o f  “m icro-ecosystem s” , w ith  a species com position 

and interaction, and physica l chem ical, and biological activ ities tha t w ould  not be 

possible w ithout the  aggregation o f  bacteria  into floes.

Good flocculant grow th is necessary  for the successful operation o f  the ac tivated  sludge 

process because suspended , colloidal, and ionic particles in  the w astew ater are rem oved 

by adsorption and agg lom eration  in the aeration tank. A  flocculated  particle  is in 

continuous in teraction w ith its surroundings, as the m edium  in w hich  the floe is 

transported provides the floe with energy, nutrients and chem icals fo r b io logical grow th, 

chem ical reactions, and m orphological developm ent (D roppo, 1996). T he fonnation  o f  

floes is a lso  extrem ely  im portan t in the final clarifier stage o f  w astew ater trea tm ent in 

order to ensure optim al se ttling  and the efficient separation o f  the sludge b iom ass from  

the treated  w astew ater. T he capability  o f  a floe to adsorb m aterial depends on the  surface 

area o f  the  floe and the num ber o f  available cell surfaces. O nce all o f  the adsorp tion  sites 

on a floe are occupied, the floe has only a very lim ited ability  to adsorb  fu rther m aterial 

until all o f  the curren tly  adsorbed  m aterials have been m etabolized . The activated  sludge 

process depends on the re-inoculation  o f  the aeration tanks w ith recycled , settled  sludge. 

This m ethod ensures that sludge entering the tanks is com posed  on ly  o f  floc-form ing  

organism s that se ttle  rap id ly  in the final clarifier. Thus, the p rocess is m icrob ially  self

regulating with the requ ired  selected  floes re-inoculated  into the system .

2.2 Microbial Populations in Activated Sludge System

The activated  sludge process relies very m uch on the p rincip le  o f  “ every th ing  is 

everyw here, the environm ent selects” (C loete and Theron, 2003). T his has resu lted  in the 

selection o f  a com plex  and enriched culture com prising  a m ixture o f  generalists and 

specialist m icroorganism s. T he m icrobial com m unity o f  activated  sludge consists o f  

bacteria, protozoa, fungi, algae, and filam entous organism s. O f  these o rganism s, it is the 

bacteria, protozoa, and filam entous organism s that the actively  partic ipa te  in the 

biological treatm ent o f  w astew ater in  the activated sludge system  (V iessm an and 

H am m er, 1998). A ctivated  sludge m icroorganism s can be divided into tw o m ajor groups:
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decom poser: consum ers. D ecom posers are  responsible for the b iochem ical

degradation oi po llu ting  substances and cycling o f  nutrients in w astew aters. This group 

is m ainly com posed  o f  bacteria , fungi, and cyanophyta (C loete and M uyim a, 1997). 

C onsum ers are o rganism s th a t utilize bacterial and o ther m icrobial cells for energy. This 

group is know n as activated  sludge m icro fauna and consists o f  bo th  phagotrophic 

protozoa and m icroscopic m etazoa (C loete and M uyim a, 1997).

A lthough the m acroenv ironm ent o f  activated sludge has been w ell researched  and 

described, an incom plete  understanding  o f  the activated  sludge floe m icroenvironm ent 

exists. In  order to con tinually  im prove on the activated  sludge process and the 

accom panying technology , a com plete understanding o f  the m icroorganism s and their 

physiology in the  activated  sludge habita t is necessary. In addition, it is im possible to 

adequately assess the function  o f  m icroorganism s in the activated  sludge habitat w ithout 

a com plete know ledge o f  all o f  the interacting populations in that h ab ita t or in the 

m icroenvironm ents crea ted  w ith in  it (C loete and Theron, 2003). A  detailed  know ledge o f 

the bacteria l and p ro tozoan  com m unities, and the interactions betw een  these 

com m unities, can  provide data  on population changes over space and tim e. This 

know ledge could  resu lt in  the  construction o f  m uch needed accurate m odels to:

1) P red ict popu lation  responses to environm ental d isturbances in the activated  sludge 

system , such as the im pact o f  h igher than  norm al phosphorous or n itrogen  loadings

2) M ore accurately  define the food w ebs present in the activated  sludge system  and 

therefore b e tte r  define energy input and utilization w ith in  the system

3) H ave a m uch m ore thorough know ledge o f  b iogeochem ical cycling

4) D escribe new  organism s w ith unique physiological properties

5) E stim ate m icrobial behav iour as defined by  diffusion lim itations, and, hence, the 

estab lishm ent o f  grad ien ts and m icrohabitats w ithin the activated  sludge ecosystem .

(Cloete and T heron , 2003)

Currently, m any techn iques are being used in order to assess the com plex  bacterial 

com m unity o f  the  activated  sludge system . Som e o f  these techn iques include culture- 

dependant techniques, nucle ic  acid hybrid ization  techniques, fluo rescen t antibody

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



techniques, and w hole  cell in situ  hybridization using oligonucleo tide probes (C loete and 

Theron, 2003). T echniques for assessing protozoan com m unities in activated  sludge are 

less com plex and re ly  on m ore traditional m icroscopic observation m ethods. The 

follow ing sections p rov ide  an overview  o f the bacterial and pro tozoan  com m unities 

present in activated  sludge and the know n interactions betw een these com m unities to 

date.

2.2.1 Bacterial Populations in Activated Sludge

C om m unities o f  p rokaryotic  organism s present in activated sludge reactors are 

responsible for m ost o f  the carbon and nutrient rem oval from  sew age and thus represent 

the core com ponent o f  b io logical w astew ater treatm ent. T raditional cu lture-dependant 

and light m icroscope m ethods have revealed a variety o f  m icrobial isolates and indicated 

that activated  sludge sam ples contain a whole array o f  different bacterial species (Cloete 

and Theron, 2003; W agner and Loy, 2002). D uring the past decade, a variety  o f  

m olecular approaches have been developed and used to study bacterial com m unity 

diversity in  activated  sludge in a cultivation-independent m anner (W agner and Loy, 

2002).

Based on 16S ribosom al ribonucleic acid (rRNA) gene library analyses, several general 

m icrobial d iversity  surveys o f  activated sludge system s have been perform ed since 1995. 

In these studies, sequences affiliated  with the Beta-, Alpha-, and Gammaproteobacteria, 

as well as the Bactei'oidetes and the Actinobacteria  w ere consisten tly  the m ost frequently 

retrieved (W agner and  Loy, 2002). These findings are consistent w ith previous 

fluorescent in situ hybrid ization  (FISH ) studies o f activated sludge system s conducted 

using species specific  oligonucleotide probes (W agner et ah, 1993; Snaidr et ah, 1997).

A  sum m ary o f  the 16S rR N A  based diversity surveys for a fu ll-scale W W TP is show n in 

table 2 . 1 .
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T ab le  2.1 S u m m ary  o f 16S rR N A -based  d iversity  su rveys o f  a h igh -load  a e ra tio n  

basin  o f a full-scale m u n ic ip a l w aste  w a te r  t re a tm e n t p lan t

(m odified  from  W ag n er an d  L oy, 2002).

High-load aeration tank o f full- 
scale m unicipal W W TP

No. Clones 62

No. OTUs 25

No eOTUs 32

Coverage (%) 77

Proteobacteria
a 3(1)

= S  t  Ë P 52(9)

|:l =  I f y 18(7)
£ -5 H 5

s 15(1)

Finnicutes 10(5)

^ Verrucomicrobia 2(1)
Choroflexi 2(1)

** OTU denotes operational taxonomic unit. The number o f  total expected OTUs (eOTUs) was calculated 

according to the formula: eOTUs = (number o f  OTUs X 100%) X coverage.

Bacteria m ay be classified as heterotrophs or autotrophs depending on their nutrient 

requirem ents. Heterotrophic bacteria use organic com pounds as an energy and carbon 

source for synthesis (M adigan et al., 2000). It is generally agreed that m ost o f  the bacteria 

present in activated sludge system s are aerobic respiring chem oheterotrophs (Saviour, 

1999). Chem oheterotrophs are responsible for the degradation and utilization o f  the 

com plex and diverse array o f  organic m aterials present in the activated sludge m ixed 

liquor, which are in turn converted to carbon dioxide and cell biom ass. A utotrophic 

bacteria use carbon dioxide as a carbon source and oxidize inorganic com pounds for 

energy. T he proper operation o f  the activated sludge bacterial com m unity depends o f the 

presence o f  both heterotrophic and autotrophic organisms.

The three groups o f  bacteria that are the m ost essential to the activated sludge process are 

the filamentous bacteria, the autotrophic bacteria responsible for nitrogen rem oval, and 

the bacteria cateiyzing phosphorous removal. W hile m any o f  the key species from  each 

group have been identified using traditional culture-dependant and light m icroscope
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2.2.2 Protozoan Populations in Activated Sludge

Protozoans are single-celled organism s that reproduce by binary fission. They have 

complex digestive system s, and use solid organic m atter as an energy and carbon source 

(V iessm an and H am m er, 1998). Protozoans are a vital link in  the aquatic chain o f  the 

activated sludge treatm ent process because they ingest bacteria and algae, and also 

contribute to the flocculating characteristics o f  activated sludge. Protozoa are plentiful in 

activated sludge plants, and it is comm on to find populations o f  these organism s in the 

order o f 50,000 cells/m L in the m ixed liquor o f activated sludge plants (Curds, 1982).

sli : 

in I

m ethods, there are m any uncultured bacterial species that have recently been identified as ba I

key players in the activated sludge process. As the developm ent o f  m olecular techniques I

for in situ analyses o f  the function o f  uncultured m icroorganism s continues, more will be '

discovered about the ecology and physiology o f these im portant organism s. Increased 

research and developm ent o f a variety o f  m olecular and environm ental genomic 

techniques w ill allow  for a more com plete understanding o f  the relationship betw een F' '

m icrobial com m unity com position, function, and process stability, and also allow  access '

to the genom e and transciptom e o f  uncultured, but functionally im portant W W TP '

bacteria (W agner and Loy, 2002). S' .

tl :

(' i

n I

P 

0

P 

Ii

g I

C I

The protozoans o f  significance in activated sludge treatm ent system s are strict aerobic p ,

organisms (V iessm an and Ham m er, 1978). Protozoan species in activated sludge from  ^

W W TPs generally belong to three main groups, namely: ciliates, flagellates, and amoeba _ g |

(A l-Shahw ani and H oran, 1991). Other higher sludge organism s such as nem atodes and 

rotifers m ay also be present, but to a m uch lesser degree (Curds, 1982). O f these groups, 

the ciliates are the m ost num erous, com prising approxim ately 70%  o f  the protozoan

com m unity in activated sludge (Curds, 1975). I ;

Ciliates m ay be categorized as free swimm ing and stalked. Free sw im m ing form s move 

rapidly in the  water, ingesting organic m atter at a very high rate (V iessm an and Ham mer,

1998). The stalked form s attach by  a stalk to particles o f m atter and use cilia to propel 

their head about and bring in food. Table 2.2 lists species o f  protozoa identified in !

biological sew age treatm ent program s especially activated sludge system s (A l-Shahw ani *

and Horan, 1991). For a single reproduction a ciliated protozoan consum es thousands o f
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bacteria, w ith two m ajor beneficial effects on the activated sludge ecosystem . Rem oval 

o f  the bacteria stim ulates further bacterial growth, resulting in accelerated extraction o f 

organic m aterial from  the m ixed-liquor. Second, the flocculating properties o f activated 

sludge are im proved by reducing the num ber o f free bacteria in solution, and this results 

in a biological floe w ith im proved settling characteristics (V iessm an and Ham m er, 1998). 

Free swimm ing ciliates are present in higher num bers when the surrounding solution 

contains a high num ber o f dispersed bacterial populations (V iessm an and Ham m er,

1998). W lien dispersed bacteria becom e scarce, stalked protozoans increase in numbers. 

Stalked protozoans do not require as m uch energy as free-sw im m ing protozoans, and 

therefore they com pete m ore effectively in a system  with low bacterial concentrations 

(Viessman and Ham m er, 1998). Thus, in well-flocculating activated sludge with lim ited 

numbers o f  dispersed bacteria, attached ciliates are the m ost biologically im portant 

protozoa (Curds, 1982; V iessm an and Ham mer, 1998). A ttached ciliates can grow alone 

or in large colonies. Figure 2.2 shows several species o f attached ciliates com m only 

present in activated sludge samples (UCLA, 2003).

In all o f  the publications on the role or protozoa in the purification o f sewage, it is 

generally agreed that the prim ary role o f  protozoa in the activated sludge process is the 

clarification o f  the effluent (Curds, 1982). The exact extent and m eans by  which 

protozoa clarify the effluent is still not com pletely understood. The significant drop in 

both the num bers o f  bacteria and the am ount o f  nonsettleable suspended solids in 

effluents could be the result o f  two factors: predation or flocculation. A  considerable 

amount o f  evidence in literature shows that protozoa in pure culture are able to flocculate 

suspended particulate m atter and bacteria, which aids in both the clarification o f  effluent 

and in the form ation o f  sludge (Curds, 1982; Curds and Haw kes, 1982; V iessm an and 

Hammer, 1998). Som e earlier studies postulated that protozoan-induced flocculation was 

brought about directly by the secretion o f  a m ucous-like substance from  the peristom e 

region o f  the protozoa (Curds, 1982). However, it is now generally agreed upon that the 

m ajor role o f  protozoa in activated sludge treatm ent processes is the rem oval o f  dispersed 

growths o f  bacteria by predation, and that increased flocculation is a resu lt o f  this activity 

(Curds, 1982; V iessm an and Ham m er, 1998).
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Table 2.2 The most predominant ciliated protozoa found at a domestic biological Fi| i

sewage treatment plant ranked on their percentage occurrence at > 1000/ml (̂ . '

(Al-Shahwani and Horani, 1991).

Ciliated Protozoa Occurrence
(%)

Rank

Trachelophylliim piisillum 72 1
Aspidisca costata 70 2
Vorticella striata 62 3

Vorticella convallaria 58 4
Opercularia coarctata 56 5

Carchesiiim polypinum 52 6
Vorticella microstoma 50 7
Vorticella campanula 49 8
Vorticella fromentali 46 9
Litomitus fasciola 45 10

Tetrahymena pyriformis 37 11
Vorticella nebiilifera 36 12

Vorticella alba 30 13
Epistylis rotans 28 14

Chilondonella ciicullus 28 15
Vorticella communis 27 16
Vorticella aequilata 21 17
Epistylis plicatilis 21 18
Vorticella elongata 18 19

Litonutus caranatus 12 20
Podophyra fixa 8 21

Paramecium caudautum 8 22
Acineta grandis 7 23

Euplotes moebiusi 6 24
Colpidium colpoda 5 25
Aspidisca lynceus 2 26
Spirostomum teres 1 27
Blepharisma spp. 1 28

Hemiophrys fusidens 1 29
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F igure  2.2 T h re e  com m on c ilia ted  p ro to zo an  species found  in ac tiv a te d  sludge tan k s

(a) C arch esiu m  sp p ., (b) O p e rc u la r ia  spp., (c) V orticella  c o n v a la ria  (U C L A , 2003).

( a )

(b)

A
%

(c)
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In addition to the recognized role o f  protozoa as bacterial predators w hose activities ^

induce good effluent quality, there have also been attem pts to relate the physico-chem ical  ̂ '

param eters o f  activated sludge (i.e. food/m icroorganism  (F/M ) ratio, the effluent  ̂ '

biological oxygen dem and (BOD ), and the m ixed liquor suspended solids (M LSS) '

content) to the species o f  ciliated protozoa present (A l-Shahw ani and H oran, 1991; ; ,

Esteban et ah, 1991; M adony et ah, 1993). This research is based on the general

observation that the relative dom inance o f  different protozoan groups changes w ith

changes in plant perform ance, and that the num bers o f  m orphological species drop as

plant perform ance deteriorates. M adoni (1994) developed a concept o f  a sludge biotic

index (SBI) based on this idea. The general idea behind the use o f pro tozoa as ' indicator ^

species’ for the activated sludge process is that if  the protozoan population is ideal, then ^

the bacterial population will also be optim al, and the rem oval o f  w aster products will

occur in the m ost efficient way possible.

M ore recent research on the role o f protozoa in the activated sludge system  has focused

on the role o f  protozoa in enhancing nutrient cycling and carbon m ineralization. In i

literature there are three dom inant hypotheses to explain w hy protozoa m ay enhance the i

m ineralization o f  organic com pounds. One such hypothesis is that as a by-product o f i

their m etabolic activities, protozoa excrete mineral nutrients (phosphorous as phosphate, ,

nitrogen as am m onia or nitrate). This excretion results in increased substrate availability ^

(i.e. C iN ’.P ratio), w hich in turn causes an accelerated use o f  carbon-sources by bacteria ( ,

V arm a et al., 1975; Colem an et al., 1978; Clarholm, 1985). A nother hypothesis is that

protozoa excrete grow th stim ulating com pounds such as vitam ins, am ino acids, and

nucleotides w hich enhance bacterial activity (R atsak et ah, 1996). T he im pact o f  '

protozoan grazing on the selection o f  bacteria is another hypothesis u sed  to explain the

effect o f  protozoan grazing on nutrient m ineralization. G razing o f bacteria  leads to the

selection o f  species that can grow  fast and inefficiently and thus increase the use o f

carbon sources (R atsak et ah, 1996). Inefficient bacterial species m ust d issim ilate more

m aterials to form  the sam e am ount o f  biomass. Grazing o f  bacteria by protozoa in itself

also results in  a decrease in biom ass concentration. All this am ounts to a loss o f  energy

in the resulting activated sludge food chain (Ratsak et al., 1996).
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; U nderstanding the effect that protozoa have on bacteria through predation, and also the

! effect tha t p rotozoa have through the cycling o f  nutrients in the ecosystem  is an  im portant

factor in obtain ing a better understanding o f the activated sludge system  and thus 

) im proving the existing biological treatm ent process.

2.2.5 Interactions Involving Bacterial and Protozoan Populations

I A ctivated sludge consists o f  a com plex and diverse consortium  o f  bacterial, protozoan,

' and m etazoan populations. Indeed, an activated sludge tank  may be thought o f  as a

com plex ecosystem  created by hum ans. Like in any ecosystem  there is an interactive 

association betw een m icroorganism s called a consortium , that results in com bined 

m etabolic activities. These m icrobial populations interact w ithin the com m unity. The 

m icrobial com m unity is structured in such a way that each population contributes to its 

m aintenance. Som e m icrobial populations in a com m unity com pete for resources in such 

a way tha t they m ay adversely influence each other, som etim es resulting  in the exclusion 

o f a species from  the com m unity. O ther m icrobial populations have cooperative 

relationships w here the interactions betw een populations are beneficial, allow ing them  to 

live w ith in  close proxim ity  o f  each other. Y et another type o f  relationship is that 

exhibited betw een a predator and its prey.

A know ledge o f  the relationships, both cooperative and com petitive, and predatory, 

betw een various m icrobial populations in m ixed cultures is essential to understanding the 

activated sludge treatm ent process.

2.2.3.1 Microbial Competition in Activated Sludge

W hen organic m atter is m ade available to a m ixed population o f  m icroorganism s, 

com petition arises for this food betw een various species. Theoretically , the com petitive 

exclusion principle dictates that com petition will elim inate all bu t one o f  the populations 

com peting for the sam e substrates. In reality, m icroorganism s that com pete for the same 

substrates frequently co-exist because o f  spatially separated m icro-habitats w ithin an 

ecosystem  or because o f  differing affinities for substrates at varying concentrations that 

can lead  to population fluctuations (Seviour, 1999). Com petition for available substrates 

is the m ain  driving force that determ ines com m unity structure and the d iversity  o f  species 

that can  coexist. Prim ary feeders that are m ost com petitive becom e the dom inant

i 20

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



m icroorganism s. U nder norm al operating conditions, bacteria  are the dom inant prim ary 

feeders in activated sludge (V iessm an and Ham m er, 1998).

The species o f  dom inant prim ary bacteria present depends on the nature  o f  the organic 

w aste present and on the environm ental conditions in the activated  sludge aeration tanks. 

W hen environm ental conditions are adverse to bacterial grow th (i.e. low  pH , low 

dissolved oxygen, nu trien t shortages), the normal bacterial m icroflora m ay be 

outcom peted by  filam entous fungal species who proliferate under these conditions 

(Seviour, 1999). T his phenom enon is know n as activated sludge bulking, and is 

com m only a problem  in plants w ith low pH. W hen environm ental conditions are stable 

and ideal fo r bacterial grow th, a w ell-adapted bacterial population v/ill often becom e 

dom inant. A t the initial stage o f  sludge form ation, w hen the activated  sludge is still 

suspended and the ratio  o f  food (organic m aterials present in the w aste w ater) to 

m icroorganism s (F /M  ratio) is high, physically  large and fast-grow ing  r-strategist 

bacterium  species dom inate (R atsak et ah, 1996). This is true in sew age treatm ent 

facilities w here an abundance o f  available organic substrates favours the grow th o f  

rapidly dividing bacteria. W hen the F /M  ratio becom es low er due to  decom position o f 

organic m aterial by  both  bacteria  and protozoa, or by a reduction  in  organic influent 

loading rates, the fast-grow ing r-strategists are easily rep laced  by  a m ore diverse 

com m unity o f  slow  grow ing K -strategist bacterial species that have a high affinity for 

nutrients that are p resen t in low  concentrations (M aier et ah, 1999).

The presence o f  pro tozoa can have a significant effect on com petition  betw een bacterial 

species. For instance, protozoan grazing is generally believed to stim ulate the 

decom position rate, thus releasing nutrients such as N  and P into the surrounding 

environm ent. (Ekelund and Ronn, 1994). This in turn encourages the grow th o f  fast 

growing, heterotrophic bacterial species. A nother exam ple o f  the influence o f  protozoan 

presence on bacterial com petition can be found in a study by  V erhagen  and Laanbroek 

(1992) w ho exam ined the influence o f  grazing by the flagellate Adriamonas 

peritocrescens on com petition  betw een the nitrifying bacteria  Nitrosomonas europaea 

and Nitrobacter winogradski and the heterotrophic species Athrobacter globiformis. The 

num bers o f  both Nitrosom onas europaea and Nitrobacter winogradski decreased in the 

presence o f  the protozoa, presum ably due to selective grazing on the n itrify ing bacteria.
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The num bers o f  hetero troph ic  bacteria  concurrently  increased. Im portan tly , the rate o f  

n itrate production  d id  not d id  not decrease m ore in the presence o f  p ro tozoa  than  in  their 

absence. This resu lt is im portan t since it suggests that there  w as a h igher n itrify ing rate 

per cell in  the presence o f  protozoa, thus protozoan activ ity  influenced  both  the num ber 

and type o f  dom inant bacterial species and bacterial activity.

Prim ary bacteria  in  an activated  sludge system  are m ain tained  in the declin ing  or 

endogenous grow th phases. U nder these conditions, the prim ary  bacteria  die and lyse, 

releasing their cell contents back  into the solution. In this process, raw  organic m atter is 

synthesized and resyn thesized  by various bacterial groups (V iessm an and H am m er,

1998).

C om petition  betw een bacteria l species is a m ajor factor d ictating the  p rim ary  bacterial 

com m unity o f  activated  sludge and ultim ately the degradation  o f  organic m aterial in 

w astew ater. A lthough the full extent o f  bacterial in teractions is no t w ell understood, it is 

generally agreed that the dom inant species in treatm ent p lan ts are largely  a resu lt o f  

com petitive in teractions betw een species and this field w ill continue to be exam ined 

extensively  in the future.

2.2.S.2 Microbial Predation in Activated Sludge

M icrobial p redation  in activated  sludge, and all o f  the in teractions and influences 

involved in the p redato r-p rey  relationship, is one o f  the m ost com plex and  least 

understood topics in b iological w astew ater treatm ent. It is only w ith in  the p as t 25 years 

that pro tozoa have been recognized  as an im portant force shaping the b io logical 

com m unity and the u ltim ate goal o f  w astew ater treatm ent: the  m axim um  reduction  o f  

BOD w ith  a m inim al production o f  biological solids (R atsak  et ah , 1996).

It has been  discussed p reviously  in this paper (refer to sections 2.2 .2  and 2.2.3.1) the 

ways in w hich p ro tozoa influence bacterial grow th through the excre tion  o f  m ineral 

nutrients (phosphorous as phosphate, nitrogen as am m onia or n itrate) and th rough  the 

excretion o f  grow th stim ulating com pounds. Protozoans also affect the bacterial 

population through predation. Protozoans grow  in association  w ith activated  sludge 

bacteria in a p rey -p redato r relationship. That is the bacteria  synthesize organic m atter 

and protozoans consum e bacteria. A ctivated sludge consists o f  a  d iverse  array o f
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bacterial populations including species o f  Zoogloea, m em bers o f  the Flexibacter- 

Cytophaga-Bacteroides group, Pseudom onas, Bacillus, Citrobacter, Sphaerotilus natans, 

and E. coll. These bacteria  becom e prey to activated sludge p ro tozoa and other h igher 

organism s such  as ro tifers and nem atodes. C iliate protozoa dom inate the protozoan 

biom ass o f  activated sludge and as such are the m ost com m on predators o f  activated 

sludge bacteria  (C urds, 1982; R atsak et al., 1996; V iessm an and H am m er, 1998; Seviour,

1999). C iliates are in-tum  consum ed by m ulticellu lar anim als that act as top predators in 

activated  sludge food  w ebs, such as rotifers and nem atodes. The basis o f  the detrital food 

w ebs p resent in activated  sludge are the bacteria that degrade organic m atter.

G razing  by p ro tozoa has m any direct and indirect effects on bacterial populations in 

activated sludge. G razing  by protozoa can induce several bacterial responses. Selection 

pressure b rought on b y  com petition and predation has been proven to cause the extinction 

o f  several specific  bacteria l species. In an early study by Curds and Fey (1969), the 

density  o f  v iab le  E. co ll cells w as reduced from  1.4 X  10^ to 0.65 X  10^ in activated 

sludge in the absence o f  protozoa. This was probably due to the ability  o f  o ther 

organism s, such as Flavobacterium  species, to lyse bacteria (Curds and Fey, 1969). In 

the presence o f  four ciliates, Opercularia coarctata, Vorticella microstoma, 

Hypotrichidium conicum, and Tetrahymea pyriform is a fu rther reduction in E. coli 

density  to 0.05 X 10^ cells/m l w as observed (a 95%  reduction). This resu lt indicates that 

although o ther factors are obviously involved in the rem oval o f  E. coli, that predation by 

protozoa plays a m ajo r role in the rem oval o f  E. coli. Such a dram atic reduction in 

density  also suggests that perhaps besides selection by predation alone, grazing by 

p rotozoa w as also causing  the proliferation o f  o ther bacterial species thus increasing the 

density  o f  these species and outcom peting E. coll. This finding was supported  by a study 

by  M cC am bridge and  M cM eekin  (1980) who studied the effect o f  protozoan grazing on 

the rem oval o f  E. coli from  estuarine water.

T he direct reduction  o f  in num ber o f  bacteria  from  sew age to effluent after aerobic 

treatm ent has been no ted  by  m any authors (Curds and Fey, 1969; G uede, 1979; 

M cC am bridge and M cM eekin , 1980; Curds, 1982). It is also know n from  literature that 

the dom inant type o f  protozoans in activated  sludge (ciliates) feed on bacteria. Thus, it is 

likely  that p ro tozoan  p redation  is responsible for the bacterial rem oval observed. This
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I conclusion was supported  by  the w ork o f  Curds and V andyke (1966) w ho show ed that

\ ciliates in  activated sludge feed  upon a variety  o f  bacterial species present. A s further

evidence, a later study by C urds et al., (1968) show ed that nonflocculated  bacteria  do 

> occur in large num bers in activated  sludge, but only w hen protozoa are not present.

Besides directly reducing  bacterial num bers through predation, there is evidence that 

protozoa are able to change the bacterial com position in an activated  sludge tank. The 

1 was dem onstrated w ith  com puter sim ulations (Curds, 1974) and in  chem ostat m ixed

cultures o f  the p ro tozoa T. pyriform is  grazing on E. coli and Azotobacter vinelanddi (lo st 

et al., 1973). C oexistence o f  both bacterial species was only possib le in the presence o f  

protozoan grazing. It was also obseiwed that the purification rates o f  the w astew ater were 

greater w hen both  bacterial species and protozoa w ere present, likely because m ore types 

o f substrate could be m etabolized. A nother possibility  is that a synergistic relationship  

exists betw een the bacterial species that allows them  to m etabolize substrate  m ore 

efficiently when both  are present.

Researchers have also observed  that bacterial cell size (Shikano et ah, 1990) and the 

ability to form  aggregrates (G oede, 1979) were selective criteria  for grazing by  protozoa.

A nother prey-predator relation  theory is that the predation by ciliates stim ulates bacterial 

growth rates and hence substrate uptake rates. G razing activities o f  ciliates prevent 

bacterial populations from  reaching carrying capacity. Thus, bacteria  populations are 

kept in the endogenous phase o f  grow th, and their rate o f  substrate  assim ilation  is greatly 

increased (Curds, 1982).

Thus, it is obvious that p rotozoan predation has an im portant role in the activated sludge 

process. Som e o f  the better understood direct effects o f p redation  are the rem oval o f 

harm ful bacteria such as E. coli, the increase o f  bacterial diversity  in  the presence o f 

protozoa, and the direct rem oval o f  suspended bacteria by  predation. The relevance o f  the 

prey-predator relationship  to  the activated  sludge process m ay be sum m arized  in two 

m ajor beneficial effects:

1) Rem oval o f  bacteria stim ulates further bacterial grow th, resu lting  in accelerated 

extraction o f  organic m aterial from  solution (enhanced carbon m ineralization).
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2) The flocculation characteristics are im proved by reducing the num ber o f  d ispersed  

bacteria, and a floe w ith  im proved settling  characteristics results.

U ltim ately, p ro tozoan  p redation  results in a better quality  effluent w ith  h igh  clarity  

(Curds, 1982).

Through grazing  activ ities, p ro tozoa also have an indirect b u t nonetheless essential role 

in the nutrient cycling that occurs w ithin the activated  sludge ecosystem . A  rev iew  o f  the 

current know ledge o f  nu trien t cycling  in  the activated sludge ecosystem  w ill be 

undertaken in  the nex t section.

2.3 Nutrient Cycling, Metabolism, and Energy Flow within an Ecosystem of 

Activated Sludge

Feeding o f  bacteria  by  p ro tozoan  and the m etabolic activities o f  all activated  sludge 

bacteria is an essential part o f  the nutrient cycling that occurs w ith the activated  sludge 

ecosystem . W ithout these activ ities, the ultim ate goal o f  w astew ater treatm ent, a 

reduction in effluent B O D  to levels that w ill not be harm ful to  the environm ent, w ould 

not occur.

It has already been d iscussed  in the above sections che effect that p ro tozoa  have on 

enhancing the m ineralization  o f  organic com pounds through the  excretion o f  m ineral 

nutrients and through grazing  activities. It has also been d iscussed how  hetero trophic  and 

autotrophic bacteria  greatly  contribu te to the stabilization o f  w astew ater th rough the 

degradation and u tilization  or organic com pounds as an energy and carbon source, and 

through the oxidation o f  inorganic com pounds, respectively.

T he process o f  m etabolism  is the basis o f  energy and nutrien t cycling  in any ecosystem . 

M etabolism  is the b iochem ical process (a series o f  b iochem ical ox idation-reduction  

reactions) perfo rm ed  by  liv ing organism s to y ield  energy for synthesis, m otility , and 

respiration to  rem ain v iab le  (V iessm an and H am m er, 1998).

In  heterotrophic m etabolism , organic carbon is the substrate  used  as a source o f  energy. 

H ow ever the m ajority  o f  organic m atter in w astew ater is in the  form  o f  large m olecules 

that cannot penetrate  the bacteria l cell m em brane. In order to  m etabo lize  h igh m olecular 

w eight substances, b ac te ria  m ust be capable o f  hydro lyzing  these large m olecules into
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diffusible fractions that are able to penetrate the cell m em brane. Thus, the first 

b iochem ical reactions are hydrolysis reactions o f  com plex carbohydrates into soluble 

sugar units, p ro te in  into am ino acids, and insoluble fats into fatty  acids. U nder aerobic 

conditions such as those p resen t in activated sludge aeration tanks, so luble  organic 

com pounds are ox id ized  to end products o f  carbon  dioxide and w ater. A  representation 

o f  this process is show n in equation 2 .2 .

O rgan ics +  O xygen —> C O 2 +  H 2O +  energy (E quation  2.2)

The grow th and surv ival o f  heterotrophic m icroorganism s are dependan t on their ability 

to obtain energy from  the m etabolism  o f  substrates. B iochem ical m etabolic  processes o f  

heterotrophs are energy-y ield ing  oxidation-reduction reactions in w hich  reduced  organic 

com pounds serve as hydrogen  donors and oxidized organic or inorganic com pounds act 

as hydrogen acceptors. O xidation is the loss o f  electrons or hydrogen  o r the addition o f  

oxygen. R eduction  is the gain  o f  electrons or hydrogen, o r the loss o f  oxygen (V iessm an 

and H am m er, 1998). E nergy  stored in organic m atter is released  in the process o f  

biological ox idation  by dehydrogenation o f  substrate fo llow ed by  transfer o f  hydrogen, or 

electrons, to an u ltim ate  acceptor. A erobic m etabolism  using  oxygen as the ultim ate 

acceptor yields the  h ighest am ount o f  energy (V iessm an and H am m er, 1998).

The b iochem ical process o f  substrate u tilization to form  new  pro toplasm  for grow th and 

reproduction is ca lled  synthesis (anabolism ). M icroorganism s p rocess organic m atter to 

create new  cells. The cellu lar pro toplasm  is form ed is a com bination  o f  hundreds o f 

com plex organic com pounds including proteins, nucleic acids, carbohydrates, and lipids. 

The m ajor elem ents in  b io logical cells are carbon, hydrogen, oxygen, n itrogen, and 

phosphourous. T hese  elem ents are essential in  the synthesis o f  organic m atter and are 

know n as nu trien ts. R elationships betw een m etabolism , energy, and  synthesis are 

essential to understand ing  biological treatm ent system s. T he p rim ary  product o f  

m etabolism  is energy , and the prim ary use o f  this energy is synthesis. E nergy release and 

synthesis are coup led  b iochem ical processes. The m axim um  rate o f  synthesis occurs 

sim ultaneously w ith  the m axim um  rate o f  energy  yield (m axim um  ra te  o f  m etabolism ). 

Thus, in hetero troph ic  m etabolism  o f  w astew ater organics, the m axim um  rate o f  rem oval
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o f  organic m atter fo r a given population o f  m icroorganism s occurs during m axim um  

biological grow th.

A utotrophic bacteria  also  perform  essential m etabolic activities in activated sludge by 

oxidizing reduced  inorganic  com pounds, y ielding energy for the synthesis o f  carbon from 

carbon dioxide, p roducing  organic cell tissue.

In  order for m etabo lism  and synthesis to occur at optim um  rates, the presence o f  nutrients 

in  the proper am ounts is essential so that grow th does not becom e lim ited. It was 

m entioned in  section 2 .2 .3 . 2  th a t nitrogen is one o f  the m ost im portant nutrients in the 

activated sludge process, because the release o f  am m onia into receiving w aters is toxic to 

fish and o ther aquatic organism s. In activated sludge, autotrophic n itrify ing bacteria  are 

essential because th ey  perform  the conversion o f  am m onia to nitrate.

T he follow ing sections will deal w ith nitrogen cycling in activated  sludge.

2.4 The Microbial Cyclic Conversion of Nitrogen and Nitrogen Cycling in Activated 

Sludge

In  dom estic w astew ater, faeces, urine, and food-processing discharges are the prim ary 

sources o f  n itrogen  w ith  a per-capita  contribution in the range o f  4-6 kg  o f  N /year. A bout 

60%  o f  it is in the form  o f  am m onia and 40%  bound in organic m atter. The nitrogen 

form s o f  in terest are organic, inorganic, and gaseous n itrogen. The process o f  fixing 

atm ospheric n itrogen  into am m onia is called nitrogen fixation. B acterial decom position 

also releases am m onia by deam ination o f  nitrogenous organic com pounds (also know n as 

am m onification). C ontinued  aerobic oxidation results in n itrification. B iochem ical 

denitrification  occurs w ith heterotrophic bacteria in an anaerobic or low  pH  environm ent. 

A m m onium  produced  is also assim ilated by cells into am ino acids and cell com ponent 

during the process o f  assim ilation. These reactions define the b io logical nitrification- 

dénitrification process know n as the nitrogen cycle. A  schem atic representation  o f  the 

n itrogen  cyc le  is show n  in F igure  2.3.

N itrogen is fixed in to  am m onia by  over 100 different free-liv ing bacteria , both  aerobic 

and anaerobic, as w ell as som e actinom ycetes and cyanobacteria  (M aier et ah , 1999). 

Som e exam ples o f  species that can fix nitrogen include non-sym biotic  bacteria  such as
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Azotobacter, Mycobacteriufs^ szié Tkiobacillus\ m ethane oxidizers as free-living aerobic 

bacteria such as Clostridium  aad Klebsiella; m ethanogenic bacteria as free-living 

anaerobes; and sym biotic bacteria such as Rhizobium, Azospirillum, Frankia, and 

Citrobacter (W iebe, 1989). Ammonia can also be produced in the system  through the 

action o f  bacterial decom position o f organic m atte :, also know n as am m onification or 

am m onia m ineralization.

In  the activated sludge process^ aeration, o f wastew ater rich in am m onia induces 

nitrification, a key process in 6 e removal o f  am m onia from w astew ater. It is im portant to 

note that n itrification does not remove am m onia from  w astew ater, bu t sim ply converts it 

to the nitrate form , thereby eliminating problem s to fish and reducing the nitrogen oxygen 

dem and (NOD ) o f  the eiiluem  <¥iessman and Ham mer, 1998). D uring nitrification, 

am m onia is reduced first t© nitrite, and then to nitrate by autotrophic nitrifying bacteria. 

These aerobic reactions yieM energy for m etabolic functions such as synthesis o f carbon 

dioxide into new cell growïfc (Viessman and Ham mer, 1998).

M any aerobic bacteria  can mdmte nitrite and nitrate to gaseous nitrogen in an anoxic 

environm ent. This process is term ed denitrification. D enitrification results in the loss o f 

nitrogen from  the environm ent through the production o f  nitrogen gas. The following 

sections w ill focus on the pm eesses o f  nitrification and denitrification in activated sludge.
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Figure 2.3 The Nitrogen Cycle

The m ajor processes o f  nitrification, denitrification and nitrogen fixation are labelled. 

Assim ilation steps are m arked w ith dotted arrows. A m m onification (am m onia 

m ineralization) is m arked with th ick  black arrows (m odified from  M adigan et. al, 2000).
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2.4.1 Nitrification

Am m onium  (and urea that is hydrolyzed to amm onium ) is the m ajor nitrogen compound 

o f  sewage and is rem oved in W W TPs by conversion first to nitrate and then to gaseous 

nitrogen. The conversion o f  am m onium  to nitrate is know n as nitrification and is one o f 

the most im portant processes in the biological treatm ent o f  waste.

2.4.1.1 The Nitrification Process

Nitrification is catalyzed by tw o different groups o f slow growing, autotrophic bacteria -  

the am m onia oxidizers and the nitrite oxidizers (W agner and Loy, 2002). The 

conversions perform ed by these two bacterial groups can be described by  equation 1.3 

and equation 1.4 below;

N H 4+ + 1.502 N O 2'  +  H 2O + +  250 kJ (Equation 2.3)

N O 2’ +  O.5 O2 N O 3- +  75 kJ (Equation 2.4)

Several conditions m ust be fulfilled before nitrification can occur in activated sludge 

systems. The m ost critical is the sludge retention tim e (SRT) in the aeration tank 

(Toerien et al., 1990). The sludge retention time is the inverse o f the specific  growth rate 

(p) o f the nitrifiers (M cC lintock et ah, 1992). As such, the SRT or the m ean cell 

residence tim e (M C RT) m ust be long enough that the nitrifying bacteria can m ultiply at a 

higher rate than they are rem oved from  the system. By increasing sludge age or SRT, the 

washout o f  n itrifying bacteria can be avoided and the nitrite/nitrate rem oval efficiencies 

increase (M cC lintock et ah, 1992; Viessm an and Ham m er, 1998; B lackall and Burrell,

1999). Extending the SRT likely aids in increasing the num ber o f am m onia oxidizing 

bacteria in the system  (M cC lintock et ah, 1992).

Other conditions that are im portant in m aintaining an optim al nitrification rate are an 

adequate hydraulic retention tim e (HRT) betw een the nitrifying bacterial biom ass and the 

amm onia and nitrite in w astew ater to ensure that the com plete oxidation o f  these 

nutrients can occur (B lackall and Burrell, 1999). Successful nitrification also depends on 

providing a suitable pH, tem perature, and dissolved oxygen level (refer to section 2.1.3.1 

above). •
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Both the sludge age and the tem perature will largely determ ine the kind o f  nutrients that 

will be rem oved in the activated sludge process. For nitrogen rem oval, a sludge age and 

tem perature o f  betw een 3 days at 25°C, 6  days at 15°, or even up to 15 to 20 days at 7°C 

are needed for nitrogen rem oval (V iessm an and Ham mer, 1998).

U nderstanding the ecology o f nitrifying bacteria in activated sludge is o f  considerable 

im portance, because nitrification is often referred to as the “achilles heel” o f  the activated 

sludge process, and i f  nitrifiers are washed out o f  the system, the recovery o f  the 

nitrification process is usually  a lengthy and expensive task (W agner and Loy, 2002).

2,4,1.2 Nitrifying Microorganisms in Activated Sludge

In wastew ater treatm ent plants, the oxidation o f am m onia to nitrite is perform ed by a 

wide variety o f  different beta proteobacterial am m onium  oxidizers (W agner and Loy, 

2002). A  recent study by Juretschko et al. (1998) revealed that in addition to the widely 

known am m onia oxidizer Nitrosomonas europaea, am m onia oxidation is also performed 

by Nitrosomonas eutropha, Nitrosococcus mobilis, m em bers o f  the Nitrosomonas marina 

cluster, and four other phylogenetic lineages for which no culture representative exists. 

These finding are consistent with other studies o f  the quantitative am m onia oxidizer 

com m unity in W W TPs (Juretschko et ah, 1998; Daim s et al., 2001(b);G ieseke et al., 

2001; Liebig et al., 2001).This study also concluded that, in contrast to other ecosystem s 

such as soil, am m onia oxidizers o f  the genus Nitrosospira are not im portant in 

wastew ater treatm ent processes.

N itrite oxidation is perform ed by another group o f  bacteria, separate from  the am m onia 

oxidizers discussed above. Recent in situ  research found that yet uncultured Nitrospira- 

like m icroorganism s, and not Nitrobacter species, are the dom inating nitrite oxidizers in 

activated sludge (Burrell et ah, 1998; Juretschko et ah, 1998; Okabe et ah, 1999; Daims 

et ah, 2000; Daim s et ah, 2001 (a); G ieseke et ah, 2001). Nitrospira-\\k.c nitrite oxidizers 

are probably K -strategists (w ith high substrate affinities and low m axim um  activity or 

growth rate) for oxygen and nitrite and therefore outcom pete Nitrobacter species under 

the substrate lim iting conditions present in activated sludge (W agner and Loy, 2002).

As discussed above, the activated sludge process relies on the biom ass in floes being 

recycled through the system  as it actively rem oves nutrients from  the w astew ater. Floe

31

i  Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



form ing bacteria w ill therefore be selected for and retained in  the system  (Toerien et al., 

1990). M icrobes that are retained in the system, however, will only survive if  they are 

able to tolerate the environm ental conditions present in activated sludge plants, in 

particular the fluctuations in the dissolved oxygen levels. Fortunately, nitrifying bacteria 

possess the ability to flocculate and also can sur\'ive at various levels o f  dissolved oxygen 

(Toerien et al., 1990). Even w ith these abilities, the proportion o f  nitrifiers in the mixed 

liquor o f an activated sludge tank  is typically low (between 2-5% ) (B lackall and Burrell,

1999). Their growth rate is also low com pared with that o f  heterotrophs because their 

cell yield per unit o f  energy obtained is low (Blackall and Burrell, 1999). A lso, the 

oxidation o f  organic com pounds by heterotrophs releases far m ore energy that the 

oxidation o f  nitrogenous com pounds by nitrifying bacteria (B lackall and Burrell, 1999).

Nitrifiers grow m ore slowly in sewage than  in pure cultures or in o ther soil environm ents 

(Blackall and Burrell, 1999). This slow er growth rate is probably due to the presence o f 

inhibitors from  the sew age and the other microbes, predation, and the presence o f less 

than optim al and often fluctuating dissolved oxygen conditions, tem perature, or pH 

conditions. A lthough the m ain  role o f  heterotrophs in the activated sludge system  is 

mainly the removal o f  biodegradeable carbonaceous com pounds, their exact effect on the 

population o f  nitrifying bacteria is still unclear. There is evidence that they m ay be 

differential, either inhibiting or prom oting nitrification activity (B lackall and Burrell, 

1999).

It is well established in literature that growth rates o f  Nitrosomonas are much lower than 

those o f Nitrobacter (Bock at. al, 1992). Nitrosomonas grow th is lim ited by the 

ammonium concentration, w hile Nitrobacter growth is lim ited by the nitrite ion 

concentration. In the past, it was assum ed that due to the slow  growth o f  Nitrosomonas, 

the rate lim iting step in nitrification is the conversion o f am m onia to nitrite by 

Nitrosomonas. How ever, since recent in situ studies discussed above (Burrell et al., 

1998; Juretschko et ah, 1998; Okabe et ah, 1999; Daims et ah, 2000; Daim s et ah, 2001 

(a); G ieseke et ah, 2001) have indicated that Nitrobacter is not the m ost im portant nitrite 

oxidizer, this theory will have to exam ined in future studies.
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In the future, m ore research is needed on the factors that influence the grow th o f 

nitrifying bacteria  and factors that increase or decrease nitrification rates. Increased 

nitrification rates will lead to m ore com plete rem oval o f  nitrogen from  the system  and a 

h igher quality effluent.

2.4.2 Dénitrification

D enitrification is the process w here N O 3'  and or nitrite are reduced to N O , N 2O, or N?, 

and represents one o f  the key processes in the nitrogen cycle. A  sim plified representation 

o f  the denitrification reaction is shown in equation 2.5.

NO]- +  5 H 2 +2H^ N 2 +  6H“0  (Equation 2.5)

AG = -212 kcal/8e' transfer

D enitrification is actually  a four-step process involving four separate enzym es: N itrate 

reductase (reduction o f  nitrate to nitrite); N itrite reductase (conversion o f  nitrite to nitric 

oxide); N itric oxide reductase (conversion o f nitric oxide to nitrous oxide); and N itrous 

oxide reductase (conversion o f  nitrous oxide to dinitrogen gas) (M aier et al., 2000). The 

extent to w hich denitrification occurs depends on the conditions present in the system.

For example, nitrous oxide reductase is inhibited by conditions o f  low  pH and high 

oxygen levels. Thus, in conditions o f  low pH or high oxygen, nitrous oxide, rather than 

nitrogen gas, will be the final product o f  denitrification (M aier et al., 2000). The extent 

o f  denitrification is also determ ined by the initial nitrate levels in an environm ental 

system. Low  nitrate levels tend to favour the production o f  nitrous oxide, w hile higher 

nitrate levels favour the production o f  nitrogen gas (the favourable end product). Ideally, 

denitrification will occur w hen w astew ater becom es anaerobic in the final clarifier step o f 

the w astew ater treatm ent process, and result in the release o f  nitrogen gas (V iessm an and 

Hammer, 1998).

In contrast to am m onia and n itrite oxidation, the capability to anaerobically  respire with 

nitrate (or nitrite) is w idespread in the bacterial comm unity. The dissim ilatory reduction 

o f  nitrate is com m only found in  bacteria, and m ore than 130 species o f  heterotrophic 

bacteria are now  know n that can denitrify (Zumft, 1992). As such, it is im possible to 

predict using m odem  m ethods such as environm entally retrieved 16S rR N A  sequences.
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whether a m icroorganism  is actually  perform ing denitrification (W agner and Loy, 2002). 

This difficulty is reflec ted  by  the fact that the identity o f im portant in situ  denitrifiers in 

W W TPs is still no t know n (W agner and Loy, 2002). Several studies have identified 

bacterial species capable o f  denitrification from  W W T ?  sam ples (G um aelius et al., 2001; 

Khan and H iraishi, 2001), the m ere detection o f  these bacteria does not prove that they 

are actually denitrify ing (W agner and Loy, 2002). Future attem pts to  identify  the m ain 

denitrifiers in activated  sludge m ay rely on the use o f  m icroautoradiography (M AR) 

com bined w ith flourescent in situ hybridization (FISH). B y com bining M A R  and FISH, 

m etabolically active denitrifiers can be identified and enum erated (W agner and Loy, 

2002). Prelim inary studies by W agner (unpublished data) on activated sludge in an 

industrial w astew ater treatm ent plant using M AR and FISH show ed that 

Botaproteobacteria related to the Azoarcus-Thauera com plex are likely abundant 

denitrifiers (W agner and Loy, 2002).

2.5 The Role of Protozoan Predation in Nutrient Cycling and Energy Flow in 

Activated Sludge

Nutrient cycling and energy flow  are centered on photosynthesis and plant grow th, since 

plant tissue form s the  greatest portion o f  the earth ’s biom ass (Stout, 1980). H ow ever, all 

organisms participate in the flow  o f  nutrients and energy through an ecosystem . The role 

o f  protozoa in nutrien t cycling and energy flow is determ ined by  their bionom ics. The 

distinctive features o f  protozoa are their small size, their h igh  rate o f  reproduction, their 

high conversion efficiency o f  nutrients to new cell tissue, and their potentially  high 

metabolic rates (S tout, 1980). Protozoa generally live in association w ith  a wide range o f 

m icroorganism s that function together as a microcosm.

The role o f  protozoa in reducing bacterial num bers in the effluent and encouraging 

flocculation through predation has been discussed above. There is also evidence that 

prey-predator relations involving protozoa play a role in the cycling o f  nutrients and flow 

o f  energy w ithin an  ecosystem . Early studies by Johannes (1965) postu lated  that 

protozoan predation w ould stim ulate bacterial growth rates and hence substrate uptake 

rates. This theory was supplem ented by  Hunt et al. (1977) w ho developed a sim ulation 

model for the effect o f  predation on bacteria in continuous culture. T hey concluded that
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by lowering the bacterial b iom ass, predation increases the level o f  lim iting  nutrient, 

thereby increasing the grow th rate o f  the bacteria and increasing the uptake o f  

nonlim iting nutrient (H unt et ah, 1977). A  m ore recent study by S im ek et ah, (1990) 

used  m icroautoradiography (M A R) and found that there was a significant correlation 

betw een the total grazing rate o f  flagellates and the proportion o f  m etabolically  active 

bacteria.

Several m ore recent studies have focused specifically on the ro le  o f  protozoan predation 

on nitrogen cycling in activated sludge. A  study by  V erhagen and L aanbroek (1992) 

observed that in suspended grow th chem ostat studies w ith n itrify ing  bacteria  that the 

presence o f  protozoa increased per-cell nitrification rates. A very  recen t study by 

Petropoulos (2003) concluded that the efficiency o f  nitrification (as m easured by nitrate, 

nitrite, and am m onia production  rates) increased in the presence o f  protozoa, likely due to 

the ability o f  protozoa to regulate bacterial growth.

There is an abundance o f  research docum enting how  the presence o f  protozoa can change 

the com position o f  bacterial com m unities (H abte and A lexander, 1975; H ahn and Hofle, 

2001 ; Ronn et ah, 2002). There is also a strong interest in m icrobial ecology research to 

illum inate the relationship  betw een structure and function o f bacteria l corm nunities. An 

im portant question that m ust be researched further is w hether predation as a structuring 

force for bacterial com m unities results in im portant consequences for the function o f  

bacterial corm nunities such as the rates o f  organic carbon decom position, respiration, 

m ineralization, and specific transform ations o f  organic and inorganic m atter (Jurgens and 

M atz, 2002). To date, studies w hich have exam ined the im pact o f  pro tistan  grazing on 

m icrobial processes have generally  found an enhancem ent o f  bacterial activ ity  and 

decom position rates. H ow ever, m ore research involving M A R  to prove increased 

m etabolic rates in the presence o f  protozoan grazing needs to be undertaken. A lso, the 

exact m echanism  by  w hich bacterial activity is enhanced by p ro tozoan  grazing is still not 

clear. Several studies have suggested that increased rem ineralization  by protists and 

selection for fast grow ing  bacteria  m ay explain the enhanced nu trien t cycling rates 

observed. Protists release  inorganic and organic products into their surroundings. These 

are m ainly recycled nutrients such as nitrogen, phosphorous, and organic carbon, but 

m ight also include stim ulatory  com pounds which contribute to the d issolved organic
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carbon pool and affect the physiological state and grow th o f  bacteria  (Jurgens and M atz, 

2002). P rotozoan g raz ing  also influences elem ental cycling m ediated  by bacteria , such as 

nitrification, either positively  by stim ulating the specific activ ity  (V erhagen et ah , 1993) 

or negatively by reducing  bacterial abundance and prom oting  cell aggregation 

(Lavrentyev, 1997). D espite  an abundance o f  research  on the effect o f  pro tozoan  grazing 

on cycling o f  nu trien ts, we still know  very  little about the b iogeochem ical consequences 

o f  grazing. Indeed, it is still debateable w hether the availability  o f  nu trien ts (bottom -up 

control) o r predation (top-dow n control) is m ore im portant in bacterial com m unity  

regulation (Jurgens and  M atz, 2002). Future studies need to focus on  linking 

decom position rates w ith  new  techniques, such as FISH  and M A R , to assess the bacterial 

com m unity com position and m etabolic activity.

2.6 Use of Experimental Laboratory Microcosms

M uch o f the  difficulty  in evaluating the role o f  protozoa in nutrient cycling  in natural 

system s lies in  m onitoring the sm all and rapid changes in nutrien t balance in w hich  they 

play their role. D ue to this, it has been necessary  to  develop laboratory  scale m icrocosm s 

which enable a c loser and m ore com plete m onitoring o f  nu trien t cycling  than  is possib le 

in the field. L aboratory  m icrocosm s also allow  for the m anipulation o f  certain  

param eters on a sm all scale, and the m ore thorough m onitoring o f  the  effects o f  these 

m anipulations.

The use o f  laboratory m icrocosm s to exam ine a field system  (i.e. activated  sludge) is 

much m ore useful and  convincing to exam ine a close relationship  betw een  the 

com position and activ ity  o f  bacteria l and protozoan populations (Stout, 1980). The use 

o f  laboratory scale m icrocosm s to m im ic activated sludge aeration tanks is m ore 

applicable than to com pletely  natural environm ents since the activated  sludge aeration 

tank is a m an-m ade ecosystem  and param eters are controlled  to a certain  ex ten t (Stout, 

1980). Several experim ents by Curds (1974; 1972) have attem pted the m athem atical or 

com puter sim ulated  m odelling  o f  the activated sludge environm ent and the relationship  

betw een pro tozoan  and bacteria l populations w ith som e success. L aborato ry  m icrocosm s 

are often used  as the first step in establishing observable relationships betw een  protozoan
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grazing  and  bacteria l com m unity  structure and function that w ould  no t be possible to 

observe in fu ll-sca le  p lan ts due to the interference o f  countless other factors.

2.7 Potential Problems in the Activated Sludge Process

T he ability o f  the ac tiv a ted  sludge process to  effectively reduce w astew ater B O D /C O D  is 

dependant on  the m ain tenance  o f  optim al conditions for bacterial grow th. Since the 

activated  sludge p rocess is a liv ing  system , it is sensitive to any change in conditions that 

fall outside o f  the range  fo r optim al b io logical grow th, or cause a change in the 

flocculating  p roperties o f  the sludge. Som e o f  the m ajor problem s that m ay be 

encountered  in the ac tivated  sludge process are the inhibition o f  b io logical grow th and/or 

m etabolism  and de floccu la tion  o f  the sludge. These problem s m ay be caused by a 

sudden and s ign ifican t change in activated  sludge param eters, or by  the presence o f  

certain  tox ic  chem icals in the influent w astew ater. Toxic chem icals m ay m ake their way 

into the influent w astew ater by  several pathw ays such as residues from  m anure and 

sludge used  as fertilize r on fields, the im proper disposal o f  chem icals from  industrial or 

household  sources, and  spills (H alling-Sorensen, 2001).

P rotozoan species are  particu larly  sensitive to changes in activated sludge param eters 

such  as pH , tem peratu re , and d isso lved  oxygen (V iessm an and H am m er, 1998). They are 

also very sensitive  to  the p resence  o f  toxic chem icals that m ay periodically  be present in 

influent w astew ater (V iessm an  and H am m er, 1998). Thus, w hen conditions in 

w astew ater trea tm ent p lan ts are not optim um , protozoan species are often  one o f  the first 

groups to decline in  population . C yclohexim ide is a know n inhibitor o f  eukaryotic 

m etabolism  that is o ften  used  in experim ental system s in order to inh ib it protozoans 

(T rem aine and  M ills, 1987; K o ta  et ah , 1999; D eLorenzo et ah, 2001). It is often used in 

the laboratory  to m im ic the effects that unfavourable system  param eters or the presence 

o f  toxic chem icals w ou ld  have on the protozoan population.

B acterial species are  also sensitive  to changes in system  param eters and the presence o f 

chem icals. M any chem icals th a t m ay m ake their w ay into activated  sludge system s act as 

an tibacteria l agents, inh ib iting  aerobic grow th and nitrification o f  bacteria  (H alling- 

Sorenson, 2001). O ne  w ay such  antibacterial agents m ay m ake their w ay into the 

env ironm ent is th rough  the faeces and urine o f  hum ans treated against infectious diseases
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(H alling-Sorensen, 2001). Som e antibacterial agents know n to inh ib it n itrification  are 

tetracylines, sulfonam ides, and quinolones (H alling-Sorensen, 2001). The chem ical 

allylthiourea is a know n inhibitor o f  am m onia oxidation that functions by inhibiting  the 

active site on the am m onia m onooxygenase (A M O ) enzym e in Nitrosomonas spp. 

am m onia oxidizing bacteria  (Surm acz-G orska et al., 1995). It is often used  in laboratory 

studies as a selective inhibitor o f  am m onia oxidation in order to m im ic the effects o f 

certain antibacterial agents that m ay be present in influent w astew aters.

D eflocculation o f  activated  sludge m ay be induced by certain conditions such as very low 

or high pH, tem perature extrem es, or the presence o f  certain  defloccu lating  agents such 

as cadm ium  and benzene (V iessm an and Ham m er, 1999; Liao et al., 2002). 

E thylenediam enetetraaceticacid  (ED TA ) is a known deflocculating  agent that functions 

by  breaking the salt bridges linking floes in activated sludge (L iao et al., 2002).

A lthough ED TA  is no t likely to be present in  w astew ater, it is often added in 

experim ental situations in order to study the effects o f  deflocculation  on the activated 

sludge process.

2.8 In situ characterization of nitrifying bacteria

Traditionally, m icrobial com m unities in W W TFs  w ere analysed either by observation 

with a light m icroscope or by cultivation-dependant techniques (W agner and Loy, 2002). 

M ore than 15 years ago, the in troduction o f  rR N A -targeted o ligonucleo tide probes by 

Stahl et al. (1988), changed the  field o f  applied m icrobiology forever as it allow ed for the 

detection, identification, and quantification o f  m icroorganism s w ithou t the tedium  o f  light 

m icroscopy or the lim itations o f  culture-dependant m ethods (L ipski et ah, 2000). The in 

situ  characterization o f  n itrify ing bacteria  is a field that has expanded rapidly  w ith in  the 

last decade. F luorescent in situ  hybridization (FISH) techniques using  fluorescently  

labelled rR N A -targeted  oligonucleotide probes in com bination w ith  confocal scanning 

laser m icroscopy (C SLM ) have been used to characterize the com m unity  structures o f  

samples taken from  activated  sludge system s (W agner et al., 1994). The use o f  CSLM  

im proved the capability  o f  researchers to directly visualize the spatial d istribution o f 

defined bacterial populations inside the sludge floes. Since its developm ent in the late 

1980’s, the use o f  FISH  com bined w ith  oligonucleotide probes and observation w ith
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CSLM  has been  used  ex tensively  for the in situ identification  and spatial analysis o f  

n itrifying bacteria  in  activated  sludge. T he follow ing section w ill rev iew  the technique o f  

F ISH  using fluorescen t labelled  oligonucleotide probes com bined  w ith  C L SM , and the 

application o f  this techn ique to n itrify ing  bacteria in activated  sludge.

2.8.1 Whole Cell Fluorescent In situ hybridization

In  contrast to  hybrid ization  techniques that are based  on ex tracted  nucleic  acids, w hole 

cell hybrid ization is applied  to  m orphologically  in tact cells (L ipski e t al., 2001). This 

allow s the researcher to obtain  inform ation about the cell concen tra tion  and, w hen 

applied in situ, the spatial d istribu tion  o f  m icroorganism s in  their env ironm ent can be 

studied (L ipski e t al., 2001). The detection lim it o f  FISH  has been reported  to  be 

approxim ately  1 O^cells/mL (A m ann et ah , 1995). F ISH  w ith  rR N A  oligonucleo tide 

probes is a re la tive ly  new  too l that enables researchers to rap id ly  detail in form ation  on 

cell m orphology, de tec t the abundance o f  an uncultured m icrobe, and identify  the in  situ 

spatial d istribu tion  o f  bacteria  in environm ental sam ples such  as those from  activated  

sludge (W agner e t ah , 1994; W agner et al., 1996). R ibosom al rR N A s are excellen t target 

m olecules for FISH  due to several beneficial properties. T hese are: p resen t in all 

organism s, h igh  natural concentration, and  an inform ation conten t that is h igh enough to 

provide signature nucleo tide  stretches fo r m ost phylogenetic  taxa a t and  above the species 

level (L ipski et al., 2001).

Prior to w hole cell hybrid ization , cells need to be pem ieab ilized  so tha t flourescently  

labelled probes are able to penetrate  the cell m em brane and hybrid ize to  ribosom al RN A . 

G enerally, this can  be perfo rm ed  by  fixation o f the sam ple w ith  parafo n n a ld eh y d e  or 

ethanol (W ilkinson, 1994).

A  variety o f  d ifferen t 16S rR N A  oligonucleotide probes are  curren tly  being  used  to 

analyze bacteria l com m unities present in activated sludge. This techn ique is usefu l for 

the rapid quan tita tive  analysis o f  activated  sludge to  identify  n itrifiers, and a lso  to 

determ ine their spatia l d istribu tion  rela tive to each other and  hetero troph ic  b ac te ria  w ithin 

the activated  sludge floe (W agner et al., 1996). U nderstand ing  the n itrify ing  com m unity  

and how  their s tructu re  is affected  by various fluctuating conditions in activated  sludge is 

the key to obtain ing  optim al n itrify ing  populations and rates (W agner e t al., 1996).
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Sim ultaneous hybrid ization  (M anz et ah, 1993), that is hybrid ization  u sing  m ore than one 

probe concurrently , m ay be used  to characterize the ratio  o f  d ifferen t bacteria l types and 

their spatial d istribu tions in rela tion  to each other in the floes (K im  and  Ivanov, 2000).

To date, F IS H  resu lts have indicated  that som e W W TPs are dom inated  by  a single 

am m onia oxid izer w hile  others have at least five or m ore am m onia oxid izers co-existing 

(W agner and Loy, 2002). The com position o f  n itrite oxidizers in W W T Ps as determ ined 

by FISH  also varies, w ith  Nitrospira-\\ks. bacteria  dom inating in  substra te  lim iting 

conditions (Schram m  et al., 1999) and Nitrobacter and Nitrospira  co-ex isting  in reactors 

with tem porarily  h igh n itrite  concentrations (D aim s et al., 2001(b)).

2.8.2 Oligonucleotide Probes

W hen discussing F ISH , the term  ‘p ro b es’ is often utilized. T his term  refers to D N A 

oligonucleotide probes that target the h ighly conserved 16S rR N A  sequences o f  the 

bacteria be ing  studied. The prim ary structures o f  the ribosom al R N A s are com posed o f  

regions show ing d ifferen t degrees o f  conservation, som e be ing  h ighly  conserved and 

some highly  variab le  (L ipski et al., 2001). H ighly  conserved stretches o f  rR N A  are used 

for the design o f  dom ain-specific  probes such as the bacteria l probe EU B  338 that targets 

m ost species in the  bacteria l dom ain (L ipski et al., 2001). T he specific ity  o f  probes can 

also be adjusted  to  the d ifferen t phylogenetic levels, and m any such  probes have been 

developed for the n itrify ing  bacterial com m unity in activated  sludge, as w ell as for other 

specific bacterial species (L oy et al., 1998).

In general, o ligonucleo tide probes used for hybridization techniques usually  contain 15- 

25 nucleotides (L ipski e t al., 2001). Probes to  be used in flu roescen t hybrid ization  are 

covalently  linked at the 5 ' end  to a single fluorescent m olecu le  (L ipski et al., 2001). 

Com m only used  fluorescent dyes include Cy3, Cy5, and carboxyrhodam ine.

The oligonucleo tide itse lf  and hybrid ization param eters have  an im pact on the sensitivity  

and specificity  o f  o ligonucleo tide probes. For exam ple, the num ber o f  m ism atches o f  

non-target organism s shou ld  be at least two (L ipski et ah , 2001). H ybrid ization  

conditions for each probe are  dependant on the m elting tem peratu re  (Tm ) o f  the probe. 

T hrough the addition  o f  form am ide in the hybrid ization buffers, the incubation  

tem peratures for hybrid ization  m ay be reduced (M obarry  e t al., 1996). The stringency o f
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the hybrid ization  p rocess m ay be  adjusted  by low ering the sodium  chloride concentration 

in the w ashing buffer until the optim um  specificity is reached (M obarry  et ah, 1996).

The relationship betw een  the m elting tem perature, the sodium  chloride concentration, the 

%  form am ide, the length  o f  bases in the hybrid, and the % G C con ten t o f  the probe can be 

described u sing  L a th e ’s equation (Lathe, 1985):

Tm = 81.5 +  16.61og[Na'*'] +  0.41(% G C) -  0 .63(% form am ide) -  [300+200(N a^)]/N

(Equation 2.6)

W liere:

Tm =  m elting tem perature o f  the probe in degrees centigrade 

[Na'*'] = m olar concentration  o f  sodium  ions in the solvent 

% G C = percentage o f  GC base pairs in the hybrid ized m olecules 

%  form am ide =  percen tage form am ide (v/v) in the solvent 

N  = length in bases o f  the hybrid

Fluorescently  labelled  probes can  be hybridized to m icrobial nucleic acid extracts or to 

w hole cell p reparations for use in  w hole cell in situ  hybrid ization techniques.

2.8.3 Confocal Scanning Laser M icroscopy

In m any system s bacteria  have a tendency to congregate into floes o r attach them selves to 

surfaces, form ing b iofilm s (W agner and Loy, 2002). To resolve spatial resolution at the 

cellular level, epifluorescence m icroscopy or confocal scanning laser m icroscopy 

(CSLM ) is a  valuable tool. Epifluorescent m icroscopy uses h igh pressure m ercury  lamps 

as a light source w h ich  em it ligh t in a b road  range from  U V  to far-red. Up to  four 

fluorescent stains can  be detected  sim ultaneously w ith  m ultibandpass filters. 

F luorochrom es that a re  out o f  the range o f  spectral sensitivity  detected  by the hum an eye 

(400-700nm ) are recorded  using  cam eras or o ther detectors (L ipski e t ah, 2001). A  m ajor 

problem  w ith  conventional epifluorescence m icroscopy is its poor applicability  to thick 

specim ens such as b iofilm s (L ipski et ah, 2001). F luorescence em itted  above and below  

the focal p lane  causes a b lu rred  im age (L ipski et ah , 2001). To exclude th is fluorescence
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from  the im age, confocal scanning laser m icroscopes contain a pinhole at the confocal 

plane o f the m icroscope (Lipski et ah, 2001). Thus, only fluorescence em itted from  a 

sm all volume around the focal plane is detected, resulting in sharp im ages (Lipski et ah,

2001). CLSM  also allows the user to m ake im age stacks o f  3-dim ensional objects, thus 

view ing the object on any num ber o f  different z-planes. It is only through the use o f  

FISH  com bined with CLSM  that researchers are able to determ ine both the com position, 

and spatial distribution, o f bacteria w ithin floes.

2.8.4 The Combined use o f  FISH  using rRNA Targeted Oligonucleotide Probes and 

CLSM fo r  the Identification and Spatial Visualization o f  Nitrifying Bacteria

One o f the first In situ  analyses perform ed on activated sludge was perform ed by W agner 

et al. (1994). In this study, several general bacterial probes w ere used to determ ine the 

spatial distribution o f  bacteria in activated sludge floes. It was found that fluorescently 

labelled oligonucleotide probes penetrated even to the deeper regions o f  thick sludge 

floes, and bacteria w ere not ju s t located on the outside o f  the floe. This study also found 

sludge floe diam eter to be betw een 5 and 50 pm  after cell fixation and hybridization.

This floe diam eter corresponded well with other studies o f  floe size in untreated sludge 

samples (A ndreadakis, 1993), indicating that the hybridization procedure does not affect 

the floe size (W agner et al., 1994).

A  later study by W agner et al. (1995) was one o f the first studies using FISH and CLSM 

attem pting to identify am m onia oxidizing bacteria in activated sludge samples. In this 

study, W agner used probes targeting am m onia oxidizers and found that am m onia 

oxidizing bacteria are clustered into m icrocolonies and generally located w ithin the 

sludge floes rather than on the outside (W agner et ah, 1995). This finding corresponds 

with subsequent findings that also found AOBs positioned near the interior o f  the floe 

(M obarry et ah, 1996; W agner et ah, 1996; W agner et ah, 1998).

M any early studies on the presence and position o f  nitrite oxidizing bacteria w ithin 

activated sludge floes focused on the Nitrobacter species. These studies found that 

am m onia and n itrite oxidizers often grow  near the interior o f  activated sludge floes in 

closely associated aggregates (M obarry et ah, 1996; W agner et ah, 1996). How ever, as 

indicated in section 2.4.1.2 above, recent studies have indicated that Nitrospira-Wkt
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bacteria, and not Nitrobacter, are the dom inant nitrite oxidizers in activated sludge plants 

(Burrell et al., 1998; Juretschko et al., 1998; Okabe et al., 1999; D aim s et al., 2000;

Daim s et al., 2001 (a); G ieseke et al., 2001,). It was found that two phylogenetically 

different groups o f  n itrosp ira-like nitrite oxidizers frequently form  tight m icrocolonies 

w ith water peiTneable channels (Daims et al., 2001 (a)). It was also found that they are 

located near the in terior o f  the floe, adjacent to am m onia oxidizers (Daim s et al.,

2001(a)).

It is im portant to note that physiologically  inactive AOBs and N O Bs will also be detected 

using FISH as these bacteria  m aintain high cellular ribosom e contents even under 

unfavourable conditions (W agner et al., 1995). The num ber o f  physiologically active 

amm onia and nitrite oxidizers can be determ ined using FISH com bined with M A R  with 

' ‘’C-labelled bicarbonate as substrate (Lee et al., 1999). Recently, A dam czyk et al. (2003) 

introduced the isotope array approach. This new technique can be used to identify 

m icroorganism s that consum e a '"'C-labelled substrate and has been used successfully to 

quantify the CO 2 fixation activities o f  AO Bs in activated sludge and is much less tedious 

and time consum ing than the FISH -M A R  m ethod (Adam czyk et al., 2003).

2.9 Experimental Objectives

Although several studies have been conducted that relate grazing o f  protozoa to increased 

nitrification rates (C larholm , 1984; V erhagen and Laanbroek, 1992; Strauss and Dodds, 

1997; Petropoulos, 2003), very  few o f  these (w ith exception to Petropoulos’) have been 

examined in activated sludge system s, and none have attem pted to establish the effect o f 

protozoan grazing on bacteria l nitrification in activated sludge under various conditions. 

There have also been m any studies perform ed that have exam ined the position o f  

nitrifying bacteria (both A O B  and NOB) in activated sludge floe (W agner et al., 1994; 

W agner et al., 1995; M obarry  e t al., 1996; W agner et al., 1996; Burrell et al., 1998; 

Juretschko et al., 1998; W agner et al., 1998; Okabe et al., 1999; D aim s et al., 2000;

Daims et al., 2001(a); G ieseke et al., 2001). However, none o f  these studies attem pted to 

use FISH /CSLM  to determ ine the position and relative abundance o f  nitrifying bacteria 

under various conditions and w ith  and w ithout the presence o f  protozoan grazing.
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The objectives o f  this study were two-fold. First, I wished to exam ine the effect o f 

protozoan grazing on nitrification rates under various conditions that m ay occur during 

the wastew ater treatm ent process, such as deflocculation and partial inhibition o f 

nitrification. I also w ished to study the spatial distribution o f  am m onia- and nitrite- 

oxidizing bacteria in activated sludge under various conditions in the presence and 

absence o f  protozoan grazing. It was hypothesized that an increase in nitrification would 

be observed in the presence o f  protozoan grazing due to the ability o f  protozoa to control 

populations o f  heterotrophic bacteria that otherw ise compete with nitrifiers for nutrients 

such as amm onia. It was also hypothesized that a change in the relative abundance and 

position o f  both nitrifying bacteria and heterotrophic bacteria would be observed under 

the different conditions tested and in the presence and absence o f protozoan grazing. In 

the presence o f  protozoan grazing it was postulated that m ore nitrifying bacteria may be 

observed through FISH /CSLM , and in the absence o f protozoan grazing it was postulated 

that m ore heterotrophic bacteria may be observ^ed and that nitrifiers w ould be located 

deeper w ithin activated sludge floes.

It is hoped that the outcom e o f  this study will provide further insight into the relationship 

between protozoa grazing and bacterial nitrification as applied to the activated sludge 

phase o f  m unicipal w astew ater treatment.
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3.0 MATERIALS AND METHODS

3.1 Sample Collection at Ashbridges Bay Municipal Water Treatment Plant

The sample was collected at the beginning o f  each trial at the A shbridges Bay Treatm ent 

Plant (ABTP). It consisted o f  a mixed liquor sample obtained from aeration tank  2 o f the 

activated sludge system  at ABTP. The sample was collected and transported to the lab 

for imm ediate use. A  tim e fram e o f the sample collection is outlined in table 3.1.

Table 3.1 The batch reactor sample collection time frame

Time o f Sample Collection Trials Run with Sample

February/2004 1 (Reference)

February/2004 2 (Cycloheximide)

May/2004 3 (Allylthiourea)

May/2004 4 (Allylthiourea+Cyloheximide)

June/2004 5 (EDTA)

June/2004 6 (EDTA+Cycloheximide)

3.2 Experimental Design

Bench-scale batch reactors w ere used to sim ulate the oxic and m ixing conditions o f  the 

activated sludge process. The bench scale batch reactors consisted o f  250 mL Erlenm eyer 

flasks containing 150 mL o f the mixed liquor sam ple from  ABTP and placed on a 

bench scale shaker (V W R-Canlab, Toronto, ON, Canada) (Figure 3.1). The flasks were 

sealed w ith a sterile porous sponge and continuously shaken at a speed o f  150 rpm  

throughout the trial period  to ensure adequate aeration and to prevent settling.
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Figure 3.1 Picture of the laboratory batch microcosm system

Similar bench scale reactor m icrocosm  systems have been used in other areas of 

microbial ecology (Christian et. al, 1982; P is 'm an et al., 1995; L andiy  et al., 1982 Strauss 

et ah, 1997; Taylor, 1978). The use o f the batch reactor system provides several 

advantages including sm aller volume requirem ent than a conventional biorcactor, no feed 

requirem ents, easy w ithdraw al o f  sample volumes, and the ability to run m ultiple reactors 

at the same time. In order to m inim ize the amount o f  m anipulation and to obseiwe the 

natural variation o f  nutrient levels over the trial period, no volum e replacem ent liquid 

was used.

Each trial consisted o f  three replicate reactors, a total o f six 14-day trials were run

3.2.1 The Addition o f  Cycloheximide to Batch Reactors

Chemical inhibition o f  protozoan bacterivores was achieved through the addition o f  the 

eukaryote inhibitor cyclohexim ide to trials 2, 4, and 6 . A stock solution o f 

cyclohexim ide (Sigm a-A ldrich Chem ical Co.; m olecular w eight 281.3) was m ade by 

dissolving cyclohexim ide pow der in distilled, deionized w ater to a final concentration o f 

15 g/L. The solution was filter sterilized upon dispensation with a syringe filter (pore 

size 0.2 pm ). C yclohexim ide was used at a final concentration o f  100 m g/L by adding 1 

mL o f  the prepared stock solution to each reactor containing the 150 m L m ixed liquor 

sample in trials 2,4, and 6  .
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3.2.2 The Addition o f  Allylthiourea to Batch Reactors

The inhibition o f  am m onium  oxidation by activated sludge bacteria  was achieved through 

the addition o f  allylthiourea (Sigm a-A ldrich Chem ical Co.; m olecular w eight 116.19), a 

selective inhibitor o f  am m onium  oxidation by Nitrosomonas (Surm acz-G orska et ah, 

1995). A  stock allylthiourea solution was prepared by dissolving ally lth iourea in 

dissolved, deionized w ater to a final concentration o f  2 g/L. The solution was filter 

sterilized upon dispensation w ith a syringe filter (pore size 0.2 pm ). A lly lth iourea was 

used at a final concentration o f  5 m g/L  in the reactors by  adding 0.375 m L o f  stock 

solution to each reactor containing 150 mL o f  the m ixed liquor sam ple in trials 3 and 4.

3.2.3 The Addition o f  EDTA to Batch Reactors

In order to observée the effects o f  deflocculation on nitrification and on the presence and 

position o f n itrify ing bacteria, ethylenediam inetetraacetate (ED TA , N a-form , B.D.H. 

Laboratory Chem icals Inc.; m olecular w eight 373.24) was added to m ixed liquor 

samples. ED TA  is a strong chelating agent which breaks floes by rem oving divalent 

cations from  the floe m atrix, thus breaking the salt bridges linking floes (Liao et ah,

2002). ED TA was used  at a final concentration o f  150 m g/L in the m ixed liqour samples 

in trials 5 and 6 .

A  summary o f  each trial is shown in Table 3.2.

Table 3.2 Summary of each trial and the modifications to reference conditions made

Trial M odifications Protozoan Inhibition

1 N one N o

2 N one Yes

3 A llylthiourea added N o

4 A llylthiourea added Yes

5 ED TA  added N o

6 ED TA  added Yes
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3.3 Parameter Measurements

Throughout each trial, sam ples w ere collected at intervals throughout the 14 day period 

for determ ination o f  chem ical oxygen dem and (COD), determ ination o f  nitrogen in the 

form o f  am m onia, nitrate, nitrite, and total nitrogen, enum eration o f  bacteria , and 

exam ination o f  bacteria l floes for the presence and location o f  both am m onia-oxidizing 

and nitrite-oxidizing bacteria. Physical param eters such as pH , tem perature, and 

dissolved oxygen levels w ere m easured daily.

Sam ple collection from  each individual flask occurred by rem oving the porous sponge 

and w ithdraw ing a sam ple using individually wrapped sterile pipettes. Tem perature, 

dissolved oxygen, and pH  w ere m easured using probes which w ere rinsed w ith ethanol 

and distilled, deionized w ater betw een each m easurem ent.

3.3.1 Electrometric p H  M easurement M ethod

M easurem ent o f  pH  w as done on a daily basis throughout each 14-day trial w ith a hand 

held, battery operated  pH m eter (Com ing'’’'̂ ’ pH-30 portable pH  m eter). . T he m eter was 

calibrated p rio r to each use based on the m anufacturers instructions.

3.3.2 Temperature M easurements

Tem perature m easurem ents w ere taken using a m ercury-filled Celsius therm om eter 

(VW R-CanLab, Toronto, ON). The therm om eter had a scale m arked for every 0 .1°C , 

w ith m arkings etched on the capillary glass (-10°C to 100°C).

3.3.3 Dissolved Oxygen M easurement

Dissolved oxygen m easurem ents were perform ed at 4-day interv^als (5 tim es through the 

14-day trial period) using a dissolved oxygen testing kit (Salifert 0% profi-test, NL 

Duiven, H olland). A ccord ing  to the m anufacturers instructions, five m L o f  the m ixed 

liquor sam ple was added to a test tube. Five drops o f  O 2-I reagent w as added to the 

sample and the sam ple was sw irled gently for 20 seconds. Six drops o f  Oz-2 reagent was 

then added, the sam ple was sw irled for 15 seconds, and then allow ed to sit for a period o f 

one minute. Finally, 6  drops o f  Oz-3 reagent was added, the sam ple was sw irled for 20 

seconds, and then 30 seconds w as allow ed for the colour to develop. T he dissolved
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oxygen concentration (mgOo/L) w as determ ined by com paring the developed colour to a 

colour chart provided  by  the m anufacturer.

3.3.4 Chemical Oxygen Demand

T he closed reflux, colorim etric m ethod was used to m easure the chem ical oxygen 

dem and (COD ). This procedure was adapted from  the Standard M ethods for the 

Exam ination o f  W ater and W astew ater (AHPA, 1998).

The acclim atized m ix liquor sam ple was filtered through 0.45 pm  pore size filter paper 

(W hatm an, V W R -C anlab, Toronto, ON). The 2.5 m L o f  the filtered  sam ple was placed 

in culture tubes w ith Teflon-coated caps (H ach Co., Loveland, CO, U SA ). The 1.5 mL 

o f  digestion solution (0.02 M  KzCr^O?, 0.1 M  H 2SO 4 , 0.001 M  H gS 0 4  in reagent grade 

w ater) and 3.5 mL o f  sulfuric acid  reagent (0.02 M  Ag?S0 4  in 0.5M  H 2SO 4 ; VW R- 

Canlab, Toronto, O N ) was then added. The culture tubes w ere then p laced  in a COD 

block  heater (H ach CO D  reactor, m odel #  45600-00, H ach Co., Loveland, CO, USA), 

and refluxed at 150°C for two hours. The cooled sam ples w ere m easured 

spectrophotom etrically  (Spec 20'*' Spectrom eter, Spectronic Instrum ents Inc., Rochester, 

N Y , USA) at a w avelength o f  600 nm along with potassium  hydrogen phthalate (KHP) 

standards ranging in concentration from 0 to 500 m g0 2 /L. A  standard curve was 

prepared by plotting  absorbance readings o f  K H P standards against the know n 

concentrations o f  the standards. The sam ple concentration w as determ ined  the 

com paring the sam ple absorbance with the standard curve. A  filtered  reagent grade water 

blank was prepared along with the samples.

3.3.5 Determination o f  Amm onia Levels

The phenate m ethod w as used to m easure am m onia concentrations in the reactors. In this 

m ethod, alkaline phenol and sodium  hypochlorite react w ith  am m onia to form  indophenol 

blue which is proportional to the am m onia concentration in the sam ple (A H PA , 1998). 

The blue co lour form ed is intensified w ith the use o f  sodium  n itroprusside (AHPA,

1998). The m ethod w as m odified  from  the Standard M ethods for the Exam ination o f 

W ater and W astew ater (A H PA , 1998).
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The acclim atized m ix  liquor sam ple w as filtered through 0.45 pm  pore size filter paper 

and a one-hundredth  d ilu tion  w as prepared. In a clean, dry 5 m L glass cuvette, 2.5 m L o f  

sam ple w as added. Then, w ith thorough m ixing after each addition, 100 pL  phenol 

solution (11.1%  v/v  in 95%  ethanol), 100 pL sodium  nitropm sside so lu tion  (0.5 %  w/v in 

reagent grade w ater), and 250 pL  oxidizing solution (10 m L alkaline citrate; 2.5 m L 

sodium  hypochlorite) w ere added to the  sam ple in the cuvette. The sam ples w ere 

covered w ith  paraffin  w rapper film  and  placed in subdued ligh t a t room  tem perature 

where the colour w as allow ed to develop for a m inim um  o f  one hour. The co lour was 

stable for 24-hours.

The sam ples w ere m easured  spectrophotom etrically  (Perkin-E lm er Lam bda 20 

Spectrophotom eter, Perkin  E lm er Inc., W ellesley, M A , U SA ) at 640 nm  along w ith 

am m onium  chloride standards. A  standard curve w as prepared  by p lo tting  absorbance 

readings o f  standards against am m onia concentrations o f  standards (0 to 25 m gNHa-N/L). 

This calibration w as repeated  fo r every 14-day experim ental run. T he sam ple 

concentration was detem iined  by com paring sam ple absorbance w ith  the standard  curve. 

A nunonia blanks and  filtered  reagent grade w ater blanks w ere prepared in  addition  to the 

samples.

3.3.6 M easurem ent o f  Total N itrate and Nitrite Levels

The sem i-m icro m ethod for determ ination o f  n itrite  and o f  nitrate  w as em ployed  using  a 

kit purchased from  R oche Co. (N itrate/N itite C olorim etric M ethod Kif, R oche Co., 

M ontreal, Canada).

The m ain principle is that n itrate  is reduced to n itrite by reduced n ico tin im ide adenine 

dinucleotide phosphate (N A D PH ) in the presence o f  the enzym e n itra te  reductase  (NR). 

This reaction can be represented as follows; '

N itrate +  N A D P H  +  N itrite +  N A D P^ +  H 2O (E quation  3.1)
I
I The n itrite  form ed reacts w ith  sulphanilam ide and N -(l-naph thy l)-e thy lene-d iam ine

I dihydrochloride to  give a red-v io let diazo dye. This reaction is show n below ;

N itrite  +  sulfanilim ide +  N -(l-naph thy l)-e tky lened iam ine  diazo dye (E quation 3.2)
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A ccording  to  the m anufactu re  procedure, 0.5 m L o f  filtered sam ple (0.45 pm  filter paper) 

w as p ipetted  into d isposab le  m icrocuvettes for nitrate and nitrite  determ ination. In  some 

cases, it w as necessary  to d ilu te  the sam ple into the 0.05 m g -  5 m g n itrite  or nitrate/L  

concentration  range. F o r the determ ination  o f  n itrite, the sam ples w ere m ixed w ith 770 

p L  o f  reagen t grade w ater and allow ed  to incubate at room  tem perature for 30 m inutes. 

T he initial absorbance  w as m easured  at 540 nm  (Perkin E lm er Lam bda 20 

Spectrophotom eter). A fter the initial absorbance w as m easured, 250 pL  o f  sulfanilim ide 

(colour reagen t I) and  250 pL  o f  N -(l-naph thy l)-e thy lened iam ine  (colour reagent II) were 

added to the m ixture. T he m ix ture  was then  allow ed to stand in the dark for 10 to 15 

m inutes. T he final absorbance  read ing  w as m easured at 540nm .

F o r the determ ination  o f  n itra te , 0.5 m L o f  sam ple was m ixed, in the cuvettes, w ith 20 pL 

o f  lyophilised  n itra te  reductase  solution (4 U  nitrate reductase dissolved in 700 pL 

distilled  w ater) and 250  pL  N A D P H  buffer solution (0.5 m g N A D PH  dissolved in 3 mL 

o f  IM  K 2P O 4 buffer, pH  7.5). A fter the initial m ixing and 30 m inute incubation period, 

the initial absorbance w as m easured  at 540nm . Then, 250 pL  o f  sulfanilim ide and N -( l-  

naph thy l)-e thy lened iam ine, the  tw o  colour reagents, w ere added. A fter a 10 to 15 m inute 

incubation period  in  the  dark, the  final absorbance reading w as taken. N itrite  and nitrate 

b lanks and a filte red  reagen t g rade  w ater b lank  w ere prepared in addition to the sam ples.

The sam ples w ere m easu red  spectrophotom etrically  at 540 nm  against standards o f  

sodium  n itrite  (0.05 m g —5 m g nitrite/L ) and potassium  nitrate (0.05 m g - 5  m g nitrate/L) 

for n itrite  and n itra te  determ ination . The standard curves w ere constructed  by plotting 

the change in absorbance ob tained  for the sodium  nitrite and potassium  nitrate standard 

solutions on the y -ax is  against the corresponding n itrite  or nitrate  concentrations in mg/L 

on the x-axis. The concen tra tions o f  n itrite  and nitrate  in the sam ple w ere then 

determ ined from  the  ca lib ra tion  curves using  the change in absorbance m easured.

3.3.7 D eterm ination o f  Total N itrogen Levels

The determ ination o f  to tal n itrogen  levels was achieved analy tically  through the use  o f  a 

total n itrogen  testing  k it pu rchased  from  H ach Co. (N itrogen, Total, T est n ’Tube™ , Plach 

Co., Loveland , CO , U S A ). T his test m easures total n itrogen  in the  range o f  0 to 25 mg 

N/L.
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A 2mL filtered, one-tenth  d iluted sam ple was pipetted  into a reagen t vial contain ing a 

m ixture o f  1 M  n itrogen  hydroxide and  1 M  nitrogen persulfate. O ne reagen t b lank  and 

one filtered reagent w ater b lank  was also prepared along w ith  sam ples. T he reagent vials 

w ere capped and shaken vigorously for approxim ately 30 seconds. T he v ials w ere p laced 

in a CO D block hea te r pre-heated to a tem perature o f  105°C for 30 m inutes. The hot 

vials w ere then rem oved from  the CO D  heater and allow ed to cool to room  tem perature.

The caps w ere rem oved from  the cooled, digested vials and 2 m g o f  sodium  m etabisulflte 

was added to each vial. The vials w ere then shaken for 15 seconds, and then  left to stand 

for a three-m inute reaction period. A fter the reaction period, 2m g o f  chrom otropic acid 

was added, vials w ere shaken for 15 seconds, and a 2 -m inute reaction period  was 

allowed.

A fter the second reaction  period, 2 m L o f  digested, treated  sam ple was rem oved from 

each vial and added  individually  to new  vials containing acid reagent. T he vials were 

capped and inverted  10 tim es to ensure proper mixing. The vials w ere incubated  at room  

tem perature for five m inutes, and then m easured spectrophotom etrically  a t a  w avelength 

o f  410 nm  (Spec 20^ Spectrom eter, Spectronic Instrum ents Inc., R ochester, N Y , U SA ).

A standard curve w as prepared  by plotting absorbance readings against to tal n itrogen 

concentrations o f  standards (0 -  25 m g N /L). The total n itrogen concentration  o f  sam ples 

was determ ined by  com paring absorbance readings o f  sam ples to the standard  curve.

3.4 Enumeration of Bacterial Abundance

3.4.1 Preparation o f  sample

T he m icroscopic enum eration o f  total bacterial abundance w as perform ed for each 

trial on day 1, day  7, and day 14. To aid in the enum eration o f  to tal bacteria l cells, 

com putational softw are (N orthern  Eclipse M anual Count (section 3.7.2) w as used.

To perform  bacterial counts, Î m L o f  sam ple was rem oved from  each reacto r and placed 

in a m icrocentrifuge tube. Sam ples w ere then vortexed on a bench  scale vortexer (VW R- 

Canlab, Toronto, ON, C anada) for 4-m inutes to break up floes. O ne-ten th  successive 

dilutions o f  the sam ple w ere then prepared.
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3.4.2 Enumeration o f  viable bacteria using the LIVE/DEAD® M ethod

For enum eration o f  bacteria l abundance, a LIV E/D E A D ®  Baclighf^'^ B acteria l V iability  

K it purchased from  M olecu lar Probes Inc. w as used  (M olecular Probes Inc., Eugene, OR, 

USA).

This kit uses a m ixture  o f  SY TO  9 green fluorescent nucleic acid  stain  and the red 

fluorescent nucleic  ac id  stain  propid ium  iodide. T hese stains differ in both the ir spectral 

characteristics and in their ab ility  to  penetrate healthy  bacterial cells.

Equal volum es o f  SY TO  9 and  propid ium  iodide (contain ing  0.3 %  v /v  D M SG ) w ere 

com bined in a m icrocen trifuge tube and m ixed thoroughly. F o r each 1 m L o f  bacterial 

suspension, 3 p.1 o f  th e  dye m ixture w as added in a m icrocentrifuge tube. It w as m ixed 

thoroughly and incubated  in the dark  at room  tem perature fo r 15-m inutes. A fter this 

incubation period , 5 p i o f  the stained bacterial suspension w as p laced  on a slide  (VW R- 

Canlab, Toronto , ON , C anada) and an 18 mm square coverslip  (V W R -C anlab , T oronto, 

ON , Canada) was p laced  over the suspension.

T he com putational enum eration  o f  total bacterial cells (viable, green, and non-v iab le, red) 

w as observed using a fluorescent m icroscope (Inverted  M icroscope, A x iovert 200, Carl 

Zeiss, G ottingen, G erm any). T he equipped filters being  used  w ere excita tion  485 nm  and 

em ission 500 nm . T o ta l bacteria l cells (both live and dead) w ere counted.

3.4.3 Computational Enum eration o f  M icrobes using the Northern E clipse M anual 

Count Software Function

The com putational enum eration  o f  bacteria used the m anual count function  o f  the 

N orthern E clipse softw are part o f  the m icroscope apparatus. The m anual count function 

w as used as a sim ple counting  function, which w as useful fo r au tom atic  counting. This 

function w as used to capture an im age o f  the stained  bacterial cells. A fter selection  o f  the 

im age was com pleted , an au tom atic count o f the im age w as taken  pe r field  o f  view .

A fter the com putational count pe r field o f  view , the num ber o f  cells p e r m L was 

calculated using  the  fo llow ing  equation:

cell/m L  - cells per field  o f  v iew  X  dilution factor (E quation  3.3)
V olum e used (m L)
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3.5 Fluorescent In situ  hybridization

3.5.1 O ligonucleotide Probes

Six oligonucleo tide probes w ere used m situ  to  observe the p resence and the position o f  

n itrify ing bacteria  w ith in  floes in each trial. A ll probes w ere purchased  from  Sigm a- 

G enosys, TX , U SA . O f  these six  probes, three probes w ere  targeted  at the nitrite- 

ox idizing bacteria , tw o  probes w ere targeted specifically  at am m onia-oxid izing  bacteria, 

and one p robe w as used  as a  general probe targeted at m ost bacterial species. A  sum m ary 

o f  the p robe  nam e, sequence, target species, and fluorescent label, is found in table 3.2.

Table 3.3 The sequence, target species, and fluorescent label of the six probes used 

in this study

Probe

Nam e

Sequence Target Species Fluorescent

Label

Reference

EUB338 5 '-GCTGCCTCCCGTAGG AGT-3 ' Most eubacteria Carboxo-

rhodamine

6G (CR6G)

Amann et al., 

1990

NSM 156 5'-TATTAGCACATCTTTCGAT-3' AOB'.Nitrosomonas 

group; Nitrosom onas 

europea, 

Nitrosomonas 

eutropha, and 

N itrosococcus m obilis

Cy3 Mobarry et 

a l, 1996

NSO190 5 '-CG ATCCCCTGCTTTTCTCC-3 ' betaproteobacterial

AOB

Cy5 Mobarry et 

a l, 1996

NSV443 5 ' CCGTGACCGTTTCGTTCCG-3' NOB; N itrosospira  

cluster

Cy3 Mobarry et 

a l, 1996

NblOOO 5'-TGCGACCGGTCATGG-3 NOB: N itrobacter  

genus

Cy3 Mobarry et 

a l,  1996

S-*-Ntspa-

0712-a-A21

5'-CGCCTTCGCCACCGGCCTTCC -3' NOB: Nitrospira-\i\ie, 

bacteria

Cy5 Daims et a l, 

2001
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Prior to use, probes w ere  suspended  in sterile distilled, deionized w ater a t a final stock 

concentration o f  500ng /pL  and stored at -2 0 °C . Im m ediately p rio r to use, p robe stocks 

w ere dilu ted  1/10 and  used  at a final concentration o f  50ng/p.L.

3.5.2 Gelatin Coated Slides

This procedure w as adapted from  the M ethods in G ene B io technology m anual (W u et ah, 

1997). Slides w ere soaked  in a 10% K O H  in ethanol solution for one hour then  rinsed 

w ith distilled  w ater and air dried. The dry slides w ere then im m ersed in a gelatin  solution 

(0.1%  gelatin , 0.01%  K C r(S 0 4 )z at 70°C) for ten m inutes. Slides w ere dried  on a slant 

overnight to  obtain a th in  gelatin  coating. The purpose o f  the gelatin coating is to ensure 

that the sam ple adheres to the slide w ith  minirr;al loss o f sam ple.

3.5.3 Cell Fixation

One m L o f  sam ple w as co llected  and centrifuged in an E ppendorf M icrocentrifuge at 

14000 rpm  for tw o m inutes. T he supernatant w as discarded and the pellet resuspended in 

one mL o f  fresh, co ld  paraform aldehyde (4%  in PB S) solution (W u et ah, 1997). The 

suspension w as then  incubated  at 4°C  for at least 3 hours. A fter this incubation period, 

the suspension w as cen trifuged  at 14000 rpm  for 2 m inutes and the pelle t was 

resuspended in Im L  o f  PBS solution ( IL  PBS: 8 g NaCl, 0 .2g K C L, 1.44g N a 2H P 0 4 , 

0 .24g KH2PO4 d isso lved  in d istilled  , deionized w ater, pH adjusted to 7.2, autoclaved at 

121°C for 20  m inutes) (W u et ah , 1997). I f  the suspension w as to  be used  at a later date 

it was centrifuged  again  at 14000 rpm  for 2 m inutes and the pellet w as resuspended  in 

500 pi PBS and 500 p i 95%  (v/v) ethanol and stored at -20°C  for up to one m onth  

(A m ann et ah, 1990). I f  the suspension was used im m ediately, 300 p i PBS and 1 drop o f  

Tw een 20 w as added  to  the sam ple. A fter centrifuging for 2 m inutes at 14000 rpm  the 

pellet was resuspended  in 400 pi o f  1% Tw een 20. Ten pi o f  the fixed sam ple was 

spotted onto the gela tin  slides and dried at 46°C fo r 15 m inutes. This step w as repeated 

tw ice to ensure a th ick  layer o f  sam ple on the slide. Sam ples w ere then dehydrated  in 50, 

80, and 95%  (v/v) e thanol for three m inutes each (W u et ah , 1997).
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3.5.4 Whole Cell Hybridization

A fter dehydration w ith ethanol, sam ples were air-dried for approxim ately 20 m inutes at 

room  tem perature. In a m icrocentrifuge tube, 8 pi o f  the appropriate hybridization buffer 

(form am ide in  concentrations shown in table 3.3, 0.9M  NaCl, 20m M  tris/H CL pH  7.2, 

and 0.01%  SD S) and 2 pi (50ng/l) o f probe. 10 pi o f  this hybridization m ixture was 

added to each  spot o f  sam ple on the gelatin coated slide. The slides were then placed in 

an isotonically equilibrated hum idity cham ber and placed in a hybridization oven at 46°

C for a m inim um  o f tw o hours. The hum idity cham ber was prepared by placing paper 

towels soaked w ith IM  N aCl solution (58.44 g N aCl, filled to m ark w ith distilled 

deionized w ater in a IL  volum etric flask) on the bottom  o f  a plastic container. The slides 

w ere then placed face-up on top o f  the paper towel and the container was sealed before 

being placed into the hybridization oven.

H ybridization was follow ed by an equally stringent 20-m in post hybridization wash at 

48°C. The probe w as rem oved with 5mL o f  the appropriate w ashing buffer (NaCl in 

concentrations shown in table 3.3, 20m M  Tris HCl buffer, pH 7.2, 0.01%  SDS, and 5mM 

EDTA). The im m ersed slides were then placed back into the hybridization oven set to a 

1 tem perature o f  48°C for 20 minutes. The w ashing buffer was rem oved by rinsing the

I slides for 30  seconds to one m inute with milli Q w ater in suddued light. The slides were

I then air dried in subdued light before being exam ined under the confocal m icroscope.

I 3.5,5 Optimizing the Probe Specificity

I In order to  m inim ize non-specific binding o f  probes and over-stringent hybridization
! ■

conditions, the stringency o f  hybridization was optim ized for each probe using a m ethod
I

I  m odified from  one previously described by M anz et al. (1992). H olding the

I  hybridization tem perature constant at 46°C, the form am ide concentration in the

 ̂ hybridization buffer was gradually increased. In the w ashing buffer, the sodium  chloride

I concentration was adjusted according to the Lathe equation (Lathe, 1985). The

I stringency o f  the hybridization step and the w ashing step was determ ined by com paring

I  the different com binations o f  hybridization and w ashing conditions using  confocal

i  scanning laser m icroscopy. By exam ining the pictures obtained on the CLSM , optimal

stringency conditions defined by the percent form am ide in the hybridization buffer and
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the sodium chloride content o f  the w ashing buffer were determ ined for each probe. The 

conditions for each probe used in this study are shown in Table 3.3.

Table 3.4 Hybridization conditions used with the oligonucleotide probes.

Probe Formamide 
Concentration (%)

NaCl
Concentration

(mM)
EUB338 (m ost 39 135

eubacteria)
NSO190 (AOB 40 135
bacteria o f  13-

subclass
Proteobacteria)

N SM 156 (AOB, 5 350
Nitrosomonas spp..

Nitrosococcus
mobilis)

NSV443 (NOB, 38 135
Nitrosospira spp.)

N tspa-0712-a-A -21 50 28
(NOB, Nitrospira-

like. bacteria)
NblOOO (NOB, 39 130

Nitrobacter spp.)
(Source: Loy et a l ,  2003)

3.5.6 Simultaneous Hybridization

Simultaneous hybridization w ith m ore than one probe requiring different stringency 

conditions were perform ed using successive hybridization procedures sim iliar to that 

described by M anz et al. (1993). The first hybridization was done w ith the probe 

requiring the higher stringency (or higher % form am ide) follow ed by hybridization with 

the probe requiring low er stringency.

In this study, sim ultaneous hybridization was perform ed with a m axim um  o f  two probes. 

Four probe com binations were used in this study. The different probe com binations used 

in this study, the trials in which each com bination w as used, and the species targeted by 

each com bination is presented in Table 3.4.

57

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3.5 The probe combinations used in this study.

Probe Combination Trials Used Target Species

EUB 338 + N tspa-A 21 1,2,3,4,5 , 6  M ost eubacteria +  NO B (MYro5/ 7£>a-like

bacteria)

N tspa-A 2I +  NblOOO 1,2,3,4,5,6 NOB: M Yrojp/ra-like b a c te ria +  MYraèac/‘e r

spp.

N tspa-A 21 + N SV443 1,2,3,4,5,6  NOB: NUrospiraAikt bacteria +  Nitrosospira

spp.

NSO 190 + N SM  156 1,2,3,4,5 , 6  AOB: AOB bacteria o f  p-subclass

Proteobacteria + Nitrosomonas spp., 

Nitrosococcus mobilis

3.5.7 Confocal Microscopy

A Carl Zeiss (O berkochen, Germ any) LSM  510 scanning confocal m icroscope equipped 

with an Argon (A r) ion laser (488 and 514 nm) and two Helium  N eon (HeNe) lasers (543 

and 633 nm) was used to observe fluorescent em ission o f probes. The configuration o f 

the lasers and the various filter and pinhole settings available on the LSM  510 software is 

show n in Table 3.5. The A chrochrom e 63X w ater im m ersion objective lens was used for 

all m icroscopic analysis. Z -stacking and image analysis w as perform ed using the LSM  

510 softw are package.
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Table 3.6 Confocal scanning laser microscopy configuration settings for viewing 

probes labelled with each of three fluorescent labels

Fluorescent Label Cy3 CyS Carboxyrhodamine
Peak Absorption 552 (source: 643 (source: Sigma- 502 (source: Sigma-

wavelength(s) Sigm a-G enosys Genosys 2004) G enosys 2004)
(nm) 2004)

Primary Emission 570 (source: 667 (source: Sigm a- 524 (source: Sigma-
wavelength (nm) Sigm a-Genosys Genosys 2004) G enosys 2004)

2004)
Laser H eN el(543nm ) HeNe2 (633nm) A r (488nm)
MBS HFT 488/543 HFTUV488/543/633 HFT488
DBSl M irror None M irror
DBS2 BG39 NFT545 NFT545
DBS3 Plate None N one
Filter LP560 LP650 LP560

Pinhole (airy 1 . 0 0 1 . 0 0 LOO
units)

3.6 Laboratory Experiment Statistical Analysis

Statistical analysis com pared reference batch reactors to all treatm ent reactors. 

Com parisons were also m ade betw een each set o f reactors containing the sam e treatm ent 

in the presence and absence o f  protozoa (i.e. allylthiourea to

allylthiourea+cyclohexim ide). Com parisons were m ade on the basis o f  the rate o f  COD 

production, rate o f  am m onia production, rate o f  nitrite production, and the rate o f  total 

nitrogen production using the unpaired t-test with a significance level o f  0.05. Floe size 

and floe depth w ere also com pared. The assum ptions o f the unpaired t-test are as follows:

1) Samples are random ly selected, or at least representative of, the larger population.

2) The two sam ples w ere obtained independently.

3) The observations w ithin each sample were obtained independently.

4) The data are sam pled from  populations that approxim ate a norm al distribution 

(m ust think about the biology o f  the situation w hen using this assum ption for 

sm all sam ples).

5) The population standard deviations (o) are identical.
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A ll statistical calculations w ere done using the Analyze-it™  statistical add-in package on 

M icrosoft excel (M icrosoft O ffice 2000 for W indows 98, 1999 M icrosoft Corp., 

Redm ond, W ashington).

Production rates o f  CO D , am m onia, nitrite, nitrate, and total nitrogen, w ere calculated 

using the equation:

A C /t=(C rC j)/t (Equation 3.4)

W here ;

Cf = Final concentration o f  param eter

Ci = Initial concentration o f  param eter

t =  num ber o f  days over w hich concentration was m easured.
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4.0 RESULTS

4.1 Performance of the Bench Scale Batch Microcosms

Bench scale batch m icrocosm s were m onitored over a 14-day period. Tem perature and 

pH  were m onitored on a daily basis throughout the 14-day trials. D issolved oxygen,

COD, am m onia, total nitrate and nitrite, and total nitrogen levels w ere m easured on  day 

1 ,4 ,7 ,  10, and 14. Cell counts to m easure m icrobial abundance w ere perform ed on day 

1, 7, and 14. For tables containing all data collected throughout the 14-day trial the 

reader is referred to  A ppendix A  o f  this report.

4.1.1 Temperature, pH, and Dissolved Oxygen

The tem perature (F igure 4.1) was relatively stable for the duration o f  each trial. Since the 

tem perature varies w ith the am bient tem perature in the laboratory setting, some variation 

in tem perature is expected. V ariation betw een trials run at d ifferent tim es occurred, and 

was most likely a resu lt in variation the am bient laboratory tem perature. For all trials, the 

daily tem perature rem ained betw een 23.2°C and 26.4°C

The pH w as also m onitored on a daily basis for each trial (Figure 4.2). In the reference 

trial, the cyclohexim ide trial, the EDTA trial, and the ED TA  + cyclohexim ide trial, the 

pH  decreased from  approxim ately 7.5 on day 1 o f  the trial to 4.9, 4.79, 4.71 and 4.73 

respectively, by day 14. Betw een day 1 and day 10, the pH for the reference, 

cyclohexim ide, ED TA , and ED TA  + cyclohexim ide trials did not drop below  6.4. At 

below 6.4, nitrification is know n to occur at less than 50%  o f  the m axim um  rate o f  

nitrification (Seviour, 1999; V iessm an and Ham mer, 1998). For every m illigram  o f  

nitrogen nitrified, 7.2 m g o f  alkalinity is consumed. Thus, there is a net production o f 

acid during nitrification o f  wastew ater, and a drop in pH as n itrification proceeds is 

expected.

Interestingly, in the ally lth iourea and the allylthiourea + cyclohexim ide trials, the pH 

actually increased throughout the 14-day trial. In the allylthiourea trial the pH  increased 

from a value o f 7.49 at day one to a value o f  8.87 on day 14 and in the ally lth iourea + 

cyclohexim ide trial the pH  increased from 7.49 on day 1 to 8.60 on day 14
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D issolved oxygen m easurem ents w ere perform ed in the reference, cyclohexim ide,

EDTA, and ED TA  +  cyclohexim ide trials (Figure 4.3). In the reference and 

cyclohexim ide trials, the d issolved oxygen levels rem ained constan t at 8  m g O 2/L  

throughout the entire 14-day period. In the ED TA  and ED TA  + cyclohexim ide trials, the 

dissolved oxygen content w as slightly higher during the first two days o f  m easurem ent 

(day one and day four) but then dropped to 8  m g O 2/L  and rem ained at this level for the 

duration o f  the trial. D issolved oxygen levels below  0.3 m g/L are know n to inhibit 

nitrification, while a t 1.0 m g/L  the nitrification rate is 90%  o f  that observed in oxygen 

saturated water (B lackall and Burrell, 1999). It is im portant to note that the dissolved 

oxygen m easured in this study is the dissolved oxygen content o f  the m ixed liquor. The 

dissolved oxygen content in the interior o f  the biological floes depends on floe 

characteristics such as size and depth. Thus, the nitrification rates w ill largely be affected 

by the dissolved oxygen available to nitrifying bacteria w ithin the floes. A  m ixed liquor 

dissolved oxygen content o f  approxim ately 8.0 m g/L is indicative o f  adequate aeration 

and it is probable that floe bacteria will have sufficient dissolved oxygen available to 

them.
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Figure 4.1 Tem perature Profile for ali Treatments of the 14-day Batch Reactors.
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Figure 4.3 Dissolved Oxygen Profiles for all Treatments of the 14-day Batch 

Reactors.

Error Bars = 4-/- ISD
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4.1.2 10-day Profiles o f  COD, Ammonia, Nitrite, Nitrate, and Total Nitrogen

The param eters CO D , am m onia, n itrite, n itrate, and total n itrogen  w ere m onitored  on day 

1, 4, 7, 10, and 14 o f  each trial. B etw een day 10 and D ay 14 o f  the reference, 

cyclohexim ide, ED TA , and E D T A  + cyclohexim ide trials, the pH  dropped rapidly  from a 

value o f  above 6.5 on day 10 (in all trials) to a value o f  below  5.0 on day 14. As already 

m entioned in section 1.1.3.1, pH is an im portant factor in the m ain tenance o f  optim al 

conditions for w aste  rem oval from  influent w ater. N itrification  has an optim um  pH  o f  

betw een 7.0 and 8.2 and 7.5 and 8.5, and no nitrification activ ity  has been observed at a 

pH below  6.5 or above 10.0 (B lackall and B urrell, 1999). In addition, at pH  values o f 6.5 

and below , fungi are favoured  over bacteria  in com petition  for food (B lackall and Burrell, 

1999; V iessm an and H am m er, 1998). Therefore since th is study was in terested  in the 

effect o f  pro tozoan  grazing on nitrification and it is very  un like ly  that any nitrification 

activity occurred betw een day 10 and day 14 due to the rapidly decreasing  pH  the results 

for all param eters are lim ited  to the m easurem ents taken from  day 1 to 10. Com plete 

readings can be seen in appendix  A. The chem ical oxygen  dem and is a m easure  o f  the
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oxygen equ ivalen t o r the o rgan ic  m atter susceptible to oxidation by a strong chem ical 

oxidant. In the test, the o rgan ic  m atter is destroyed by a m ixture o f  strong acids and 

subsequently  converted  to carbon  dioxide and w ater. For a w astew ater com posed m ainly 

o f  b iodegradeable organic  substances the COD concentration approxim ates the ultim ate 

carbonaceous B O D  value. T he  chem ical oxygen dem and was m onitored in order to 

ensure that resources w ere n o t com pletely  depleted throughout the m onitoring period. In 

the reference batch  trea tm en ts , the C O D  decreased 50%  from  a value o f  120 mgOa/L on 

day I to a value o f  60 m g O 2/L  on day  10. A  decrease in CO D over the 10-day 

m onitoring period w as also observed  in both o f  the treatm ents contain ing allylthiourea.

In the cyclohex im ide trials, the CO D  increased over the 10-day period from a value o f  

120 m gOz/L on day 1 to 249 m g O 2/L  on day 10. In the reactors treated w ith ED TA, the 

CO D increased very  sligh tly  over the 10-day period, from  165 m g O 2/L  on day 1 to 196 

mg O 2/L  on day 10. In the reactors treated  w ith both E D T A  and cyclohexim ide the COD 

increased at the g rea test rate  from  165 m g0 2 /L  on day one to 290 m g 0 2 /L  on day 10. It is 

in teresting to note tha t in all reactors treated  with cyclohexim ide, the CO D peaked on day 

4. T he observed  increases in CO D  in the cyclohexim ide and ED TA  + cyclohexim ide 

trials could  be due to the dea th  and eventual decay o f  the m etabolically  inhibited 

protozoan species, w hich  w ou ld  increase the chem ical oxygen dem and. In the trial 

containing ally lth iourea and cyclohexim ide, the effect o f  cyclohexim ide m ay have been 

offset by the h igh num bers o f  heterotrophic bacteria  due to  the com bined effect o f  

cyclohexim ide and  no com petition  from  nitrifying bacteria. It is also im portant to 

m ention th a t the C O D  m easured  only takes into account the dissolved organic m atter and 

does not m easure  organ ic  m atte r in the  flocculated m aterial or that w hich is rem oved 

upon filtration. D ue to the h igh ly  flocculant nature o f  activated  sludge, the m easured 

COD values m ay be  artific ia lly  low  because a large portion o f the CO D  is rem oved upon 

filtration o f  the sam ple  (as part o f  the  sam ple preparation for the CO D m ethod). 

Significantly , the C O D  w as n o t com pletely  depleted  in any o f  the trials, indicating that 

some organic m atte r w as still p resen t and the system  w as still active.
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Figure 4.4 Chemical Oxygen Demand Profile for all Treatments of 10-day Batch 

Reactors.

Error Bars = + /- ISD
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The param eters o f  am m onia, nitrite, nitrate, and total n itrogen  w ere m easured  in order to 

m onitor the n itrification  activ ity  o f  batch reactors. The m easurem ent o f  am m onia, nitrite, 

and m ost im portantly  n itra te  is a m ethod com m only used to m onitor n itrification  in batch 

reactor system s (G arrido et ah, 1998; G em aey et ah, 1998; M uller et ah , 1995; V erhagen 

and Laanbroek, 1992; V erhagen and Laanbroek, 1991).

A m m onia is p resen t in influent w astew ater in abundance (usually  in excess o f  10 m g/L) 

and is also excreted  by som e organism s, such as protozoa, as a by-product o f  m etabolism . 

Wlren am m onia dissolves in w ater a portion reacts with w ater to form  am m onium  ions 

(NH4'*') and the rem ainder exists as un-ionized am m onia. Since un-ionized am m onia 

cannot be m easured, its concentration in w ater is based on the m easured  concentration o f  

total am m onia (N H 3 +  N H 4 '*’). T he change in am m onia concentrations in batch  reactors 

over the 10-day period is show n in figure 4.5.
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Figure 4.5 Am m onia Profile for all Treatments of 10-day Batch Reactors.

Error Bars = +/- ISD
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In the reference and  cyclohexim ide reactors, the am m onia increased sligh tly  from  an 

initial value o f  18.38 m g NHy/L on day 1 to values o f  22.82 m g NHy/L and 20.97 

mgNHy/L in the reference and cyclohexim ide reactors respectively . In  the reactors 

treated w ith  ED TA , am m onia concentrations started out a t 30.98 m g NHy/L on day 1. 

T hroughout the 10-day period  in  the reactors treated  w ith ED TA , am m onia levels 

decreased to 27.26 m g NHy/L and 23.92 m g NHy/L in the E D T A  and E D T A  + 

cycohexim ide reactors, respectively. In  both the ED TA  and E D T A  +  cyclohexim ide 

reactors, am m onia levels reached  a m inim um  on day 4, and then  increased  again  betw een 

day 4 and day 10. T he g reatest increase in am m onia levels w as m easured  in the 

allylthiourea and a lly lth iourea +  cyclohexim ide trials, w here the am m onia level increased 

from 29.52 m gN H y/L  on day 1 to 53.19 and 55.56 m gN H y/L  on day 10, respectively . In 

the both the ally lth iourea and the ED TA  trials, the day 1 am m onia levels w ere m uch 

higher than in the reference and cyclohexim ide trials. H ow ever, because  sam ple was 

collected at d ifferen t tim es from  A shbridges Bay W W TP, am m onia levels in  the  sam ple
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vary w ith the am m onia  load ing  rates in the influent w astew ater a t the tim e o f  sam ple 

collection.

N itrite levels w ere m onito red  over the 10-day period using  a co lourim etric  m ethod 

(Figure 4.6). N itrite  is an  in term ediate in the nitrification process, and is produced  during 

the am m onia ox idation  step  o f  the n itrification  process.

Figure 4.6 Nitrite Profile for all Treatments of 10-day Batch Reactors.

Error Bars =  + /- ISD
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In the reference reacto rs, the n itrite levels increased sligh tly  over the 10-day period from

2.10 m g N O z'/L  on day 1 to 2.65 m g NO^VL on day 10. In  the cyclohex im ide reactors 

the n itrite  levels rem ained  fairly  constan t throughout the trial, bu t overall there was a 

slight increase in n itrite  levels, from  2.10 m g N O ^'/L on day  1 to 2.11 m g N O z'/L  on day 

10. In bo th  the a lly lth iourea  and ally lth iourea +  cyclohexim ide trials, the am ount o f  

nitrite decreased  from  1.02 m g NOz’/L  on day 1 to 0.45 m g  N O z'/L  and  0.32 m g NO z'/L 

in the a lly lth iourea and  ally lth iourea +  cyclohexim ide, respectively . T he n itrite  levels in 

the reactors treated  w ith  E D T A  and  E D T A  +  cyclohexim ide w ere ex trem ely  varied. On 

day 1, the n itrite  levels w ere 3.67 m g NOz'/L, and on day 10 n itrite  levels had  decreased 

to 0 .36 and 0.92 m g  NO z’/L  in the E D T A  and E D T A  +  cyclohex im ide reactors, 

respectively. B oth  the trials contain ing  E D T A  w ere characterized  by  a sharp decrease in 

nitrite on day 4, fo llow ed  by  a sharp increase on day 7, and a subsequen t decrease by day
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10. A gain, varia tion  in the day 1 nitrite levels is to be expected as in itial n itrite  levels in 

collected activated  sludge sam ples will vary w ith the incom ing effluent n itrite 

concentration and p lan t operating  param eters at the tim e o f  collection.

N itrate  is the  final p roduct in the n itrification process and is the m ost com m only 

m easured param eter in  the tracking  o f  n itrification in environm ental sam ples. N itrate 

was m onitored th roughou t each trial using a colourim etric m ethod (F igure 4 .7A  and 

Figure 4.7B ).

Figure 4.7A Nitrate Profile for Reference, Cycloheximide, Allylthiourea, and 

Allythiourea + Cycloheximide Treatments of 10-day Batch Reactors.
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Figure 4.7B Nitrate Profile for EDTA and EDTA + Cycloheximide Treatments of

10-day Batch Reactors.

Error Bars =  +/- ISD

90.00 -

80.00 -

70.00 -

60.00 ■
0

50.00
E

40.00 -
a
— 30.00 -
Z

20.00 -

10.00 -

0.00 -

a -

■ -X -  EDTA

EDTA+Cyclo

1 104 7

Time (days)

In the reference reactors, nitrate levels increased over the 10-day period from  1.11 mg 

NOyVL on day 1 to 1.91 m g NO3VL on day 10. In the cyclohexim ide treated reactors, 

nitrite levels rem ained fairly constant over the 10-day period, but there was an overall 

slight decrease from  1.11 m g NO3VL on d ay l to 1.03 m g NO3VL on day 10. As was the 

case in the m onitoring o f  nitrite levels, the levels o f  nitrate in the allylthiourea and 

allylthiourea +  cylohexim ide trials fluctuated throughout the trial. In both o f  these trials, 

there was an overall decrease in nitrate production from 1.41 m g NO3VL on day 1 to 1.09 

and 0.89 m g N O s'/L  in the allylthiourea and allylthiourea + cyclohexim ide trials, 

respectively. Both trials were characterized by a decrease in nitrite levels on day 4, 

followed by an increase on day 7 and subsequent decrease to below  day 1 levels by day 

10. This pattern o f n itrate fluctuation m irrors the pattern o f nitrite fluctuation observed in 

the allylthiourea and allythiourea +  cylohexim ide trials. In the ED TA and ED TA + 

cyclohexim ide treated  reactors, nitrate levels drastically increased over the 10-day period 

from  a value o f  1.00 m g NO3VL on day 1 to 79.8 and 73.34 m g NO3VL in the ED TA  and 

ED TA  + cyclohexim ide trials, respectively.
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The total n itrogen (TN) param eter m ethod m easures all forms o f  nitrogen present in the 

wastew ater including organic N , amm onia, am m onium , nitrite, and nitrate. Total 

nitrogen levels in the reactors w ere m onitored using a colourim etric m ethod (Figure 4.8).

Figure 4.8 Total Nitrogen Profile for all Treatments of 10-day Batch Reactors.

Error Bars =  + /- ISD
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Total n itrogen levels increased over the 10-day m onitoring period in all trials. In both the 

reference and cyclohexim ide treated reactors, the total nitrogen increased from  32.2 

m gTN/L on day 1 to 117.1 and 112.2 m gTN/L in the reference and cyclohexim ide 

reactors, respectively. In the allylthiourea and allylthiourea +  cyclohexim ide treated 

reactors, total nitrogen levels decreased slightly from the initial level o f  39.3 m gTN /L on 

day 4, but began increasing again and day 10 TN  levels w ere 68.7 m g TN /L and 56.2 m g 

TN/L in the allylthiourea and allylthiourea + cyclohexim ide reactors, respectively. In the 

ED TA and ED TA  + cyclohexim ide reactors, TN levels increased steadily  from  36.4 m g 

TN /L on day 1 to 104.3 and 96.4 m g TN /L in ED TA  and ED TA  + cyclohexim ide 

reactors, respectively.
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4.1.3 10-day Rates o f  Ammonia, Nitrite, Nitrate, and Total Nitrogen Production

In order to m ore accurately track nitrification activity, production rates o f  amm onia, 

nitrite, nitrate, and total nitrogen were calculated over the 10-day m onitoring period. For 

details on how  these rates w ere calculated the reader is referred to section 3.6 o f this 

report. A  positive production rate means that the am ount o f param eter increased over the 

10-day period, while a negative production rate denotes a decrease in the amount o f  the 

param eter. A  production rate o f  zero denotes that there was no change in the m easured 

param eter o \e r  the 10 day period.

In  order to com pare the production rates o f each param eter betw een the different 

treatments, a paired t-test was used. A  significance level (a) o f  0.05 (95%  confidence 

limits) was selected for all statistical analyses. Table 4.1 summ arizes the outcom e o f  all 

the com parisons perform ed. A  P-value o f  less than 0.05 denotes a statistically significant 

difference betw een samples.

Table 4.1 Statistical t-test P-values (a=0.05) of Listed Treatment Comparisons For 

Rate of Ammonia, Nitrite, Nitrate, and Total Nitrogen Production. Statistically 

significant differences are noted with bold  italic lettering.

P-value at a = 0.05
Comparison: NH3 -

Production
Rate

NO2-
Production
Rate

NO3'
Production
Rate

TN
Production
Rate

Referencercycloheximide 3.97 X 10 ' 6.00X10'^ 4.24X10'^ 1.51X10'^
Referencerallylthiourea 4.07 XlOr^ 3.32X10'^ 7.11 X I Or̂ 5.06X10''
Reference.-ailyl+cycio 2.01 X I (T̂ 2.35 xior^ 4,44% 8.41X10'^
ReferenceiEDTA 6 . 8 6  X 10"" 2.70 X I  or'' 2.38 X I  or' 5.61 XI O'"
Reference:EDTA+cyclo 1.44 Xl(r" 4.43% 9.23% 70"̂ 3.09%Dr"
Allylthiourea:allyI+cyclo 5.00 XIO'" 3.37X10'^ 4.00X 10'' 8.00X10'^
EDTA: EDTA+cycIo 4 . 0 0 X 10 ' 5.70 xior^ 2.27X 10'' 3.43 XIQ-'
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The rates o f  am m onia production over the 10-day period in all treatm ents o f  the batch 

reactors is shown in figure 4.9. The rate o f  am m onia production in the cyclohexim ide 

trial was only slightly low er than in the control trial, and the difference w as not 

significant. The highest rate o f  am m onia production occurred in the allylthiourea and the 

allythiourea +  cyclohexim ide trials (2.37 and 2.60 m gN H 3/L /day, respectively). The rate 

o f  am m onia production in both o f  these was significantly h igher than the rate o f  am m onia 

production in the reference trial. How ever, there was no significant difference in the 

am m onia production rates obser\'ed betw een the allylthiourea and allylthiourea + 

cyclohexim ide trials. The lowest am m onia production rates occuiTed in the trials 

containing ED TA  (ED TA  and ED TA  + cyclohexim ide). The production rates in «.hese 

trials were negative, indicating that the am m onia concentrations in the reactors decreased 

throughout the 10-day m onitoring period. W hen the ED TA and ED TA  + cyclohexim ide 

amm onia production rates were com pared with the reference am m onia production rates, 

there was a significant difference only betw een the reference am m onia production rate 

and the ED TA + cyclohexim ide am m onia production rates. There was no significant 

difference in the rates o f  am m onia production betw een the ED TA  and the ED TA  + 

cyclohexim ide trials.
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Figure 4.9 Rates of Ammonia Production for all Treatments of the 10-day Batch 

Reactors.

Error Bars = +/- ISD

-1.5

: H Reference 
! □  CycloliexUnide ; 
® Allyltliiourea 

j B E  Allyl+Cyclo ! 
. IB EDTA !
; S  EDTA+Cyclo

Tre at me nt

The rates o f  nitrite production over the 10-day m onitoring period for all trials is shown in 

figure 4.10. The rates o f  n itrite production in the reference and cyclohexim ide trials were 

both positive (0.054 and 0.001 m g NOz'/L/day, respectively), and the rate o f  nitrite 

production in the cyclohexim ide trials was significantly lower than that o f  the reference 

trial. The rates o f  nitrite production in the allylthiourea and the ally lth iourea +  

cyclohexim ide trials w ere negative (-0.056 and -0 .068  mg NOz’/L/day, respectively) and 

significantly lower than the rate o f  nitrite production observed in the reference trial. The 

rate o f nitrite production in the allylthiourea + cyclohexim ide trial was also found to be 

significantly lower than the rate o f  nitrite production in the allylthiourea trial. The lowest 

rates o f nitrite production w ere observed in the ED TA  and ED TA  + cyclohexim ide trials 

(-0.33 and -0 .2 7  m g NOzVL/day, respectively). Both o f these rates w ere significantly 

lower than the n itrite production rates observed in the reference trial, and the rate o f 

nitrite production in  the ED TA  trial was significantly low er than that o f  the ED TA  -f 

cyclohexim ide trial.
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Figure 4.10 Rates of Nitrite Production for all Treatments of the 10-day Batch 

Reactors.

Error Bars = +/- ISD
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The rates o f  nitrate production (Figure 4.1 lA  and Figure 4.1 IB ) varied greatly betw een 

each treatm ent. The rate o f  n itrate production in the reference trial was significantly 

greater than the rate o f  nitrate production in the cyclohexim ide trial (0.080 and -0 .0 0 7  mg 

NOsVL/day, respectively). The rates o f  nitrate production in the allylthiourea and in the 

allylthiourea + cyclohexim ide trial were both negative (-0.03 and 0.05 m g N O ]'/L /day, 

respectively), and both w ere significantly low er than the rate o f  n itrate production in the 

control. The rate o f  nitrate  production in the allylthiourea + cyclohexim ide trial was also 

found to be significantly low er than that o f the trial treated w ith allylthiourea alone. The 

highest rates o f  n itra te  production were found in the ED TA and the ED TA  + 

cyclohexim ide trial (7.88 and 7.23 rag NOg'/L/day, respectively). Both o f  these rates 

were significantly h igher than the rate o f  nitrate production in the reference trial, and the 

rate o f  nitrate production in the ED TA trial was significantly h igher than that o f  the 

ED TA + cyclohexim ide trial.
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Figure 4.11A Rates of Nitrate Production for Reference, Cycloheximide, 

Allylthiourea, and Allylthiourea + Cycloheximide Treatments of the 10-day Batch 

Reactors.
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Figure 4.11B Rates of Nitrate Production for EDTA and EDTA + Cycloheximide 

Treatments of the 10-day Batch Reactors. Error Bars = +/- ISD
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The rates o f  total nitrogen production (Figure 4.12) w ere positive for every treatm ent, 

indicating that total n itrogen  levels increased throughout each trial. The rates o f  total 

nitrogen production in the reference and cyclohexim ide reactors were the h ighest (8.49 

and 8.00 m g TN /L /day, respectively), and the rate o f  total nitrogen production  in the 

reference trial w as significantly  h igher than that o f  the cyclohexim ide trial. The rate o f 

total nitrogen production was the lowest in the allylthiourea and  ally lth iourea +  

cyclohexim ide trials (2.94 and 1.69 mg TN /L/day, respectively), and both o f  these rates 

were significantly low er than the rate o f  TN production observed in the reference trial. 

Flowever, there w as no significant difference betw een that T N  production rate in the 

allylthiourea and a lly lth iourea +  cyclohexim ide trials. The ra te  o f  TN production in the 

ED TA  and ED TA  +  cyclohexim ide trials was 6.79 and 5.99 m g TN /L/day respectively. 

There was no significant d ifference betw een these tw o rates. H ow ever, the rate o f  TN 

production in the ED TA  +  cylohexim ide trial was found to be significantly  low er than 

that o f the reference trial.

Figure 4.12 Rates of Total Nitrogen Production for all Treatments of the 10-day 

Batch Reactors. E rror Bars = +/- ISD
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4.1.4 Enumeration o f  Bacterial Abundance

The enum eration o f  total bacterial abundance (both live and dead cells) w as perform ed on 

day 1, day 7, and day 14 in each trial (Figure 4.13). D ay 10 cell counts w ere not 

perform ed. Due to  the low  pH  conditions present after day 10, it is no t expected  that an 

abundance o f  cell grow th occurred  betw een day 10 and day 14 o f  the trial. T hus, day 14 

cell counts can be approxim ated to day 10 cell counts.

Figure 4.13 Profile of Bacterial Abundance (cells/mL) for all Treatments of Batch 

Reactors.

Error bars = +/- ISD
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In the reference trial, the bacterial abundance increased slightly  from  1.77 X 10'*'̂  on day 

1 to 1.22 X  10^^ on day 14. In the cyclohexim ide trial, the bacterial abundance increased 

at a greater rate, ris ing  from  1.77 X 10^^ on day 1 to 7.92 X  10*^ on day  14. In both the 

ally lth iourea and ally lth iourea + cyclohex im id . T ials, the bacteria l abundance increased 

slightly  from  3.00 XIO^’ on day I to 2.60 X 10'̂ ® and 2.96 XIO'^®, in the ally lth iourea and 

allylthiourea +  cyclohexim ide trials, respectively. In the ED TA  and E D T A  + 

cyclohexim ide trials, bacteria l num bers increased from  4.46 X  10*^ on day 1, to 3.19 X 

10^^ and 3.49 X  10^^ on d a y 7  in the ED TA  and E D T A  + cyclohexim ide trials, 

respectively. From  day  10 to day 14, bacterial num bers only increased sligh tly  to final 

values o f 3.15 X  10+^ and 3.52 X  10"*\ in the EDTA and ED TA  + cyclohexim ide trials,
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respectively . Thus, in  all tria ls  total bacterial abundance increased th roughout the trial. 

T he final bacteria l abundance  w as alw ays higher in the trials contain ing  cyclohexim ide as 

com pared to  the tria ls w ithou t cyclohexim ide.

A  sum m ary o f  the rela tive  changes in CO D, rate  o f  am m onia production, rate o f  

n itrite /n itra te  p roduction , rate  o f  total nitrogen production, and bacteria l cell abundance 

for each tria l can be found in tab le  4.2.

Table 4,2. Relative changes in COD, rate of ammonia production, rate of 

nitrite/nitrate production, rate of total nitrogen production, and bacterial cell 

abundance over the 10-day monitoring period for each trial.

+  represents a positive  increase over the 10-day period; ++  represents a large positive 

increase over the 10-day period; - indicates a decrease over the 10-day period; — indicates 

a large decrease ov er the 10-day period.

T rial COD
(mgOz/L)

Rate o f N H 3

production
(mgNHa/L/d)

Rate o f N O 2 

production  
(mgNOi" 
/L/d)

Rate o f ISOs' 
production  
(mgNOa' 
/L/d)

Rate o f TN 
production  
(m gTN/L/d)

Bacterial
Abundance
(cells/mL)

Nitrification 
compared to 
reference?

R e f - + + + ++ + N/A
C yclo + + + - ++ ++ Decrease
A llyl - ++ - — + + Decrease
A llyl+C yclo - ++ - — + + Decrease
ED TA + - — ++ ++ + Increase
E D TA +C yclo + - ++ ++ + Increase

4.2 Fluorescent/«  Situ  Hybridization (FISH) Combined With Confocal Scanning 

Laser Microscopy (CSLM) to Determine the Position and Abundance of Nitrifying 

Bacteria Within Activated Sludge Floe

The second phase o f  this study  was concerned w ith determ ining the position and the 

relative abundance o f  n itrify ing  bacteria  w ith in  the activated  sludge floe. This w as done 

by labelling  n itrify ing  b ac te ria  in the activated  sludge sam ples w ith  fluorescently  tagged 

oligonucleotide p robes th rough  the process o f  in situ  hybrid ization. A fter probes were 

hybrid ized to the bac te ria  w ith in  the sludge sam ples, floes w ere exam ined  using  confocal
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scanning laser m icroscopy (CSLM ). All data collected during the F ISH /C S L M  portion 

o f this study can be found in A ppendix B o f  this report.

4.2.1 F loe Selection fo r  Analysis

Floes exam ined  using the C SLM  w ere selected random ly, w ith no preference given to 

floes o f  certain size or depth proportions. A paired t-test w ith a sign ificance level o f  a  =  

0.05 w as used to com pare the floe size and d iam eter betw een treatm ents. Table 2 show s 

the P -values obtained in the t-tests perform ed on floe length and d iam eter data.

Table 4.3 Statistical t-test P-values (a=0.05) of Listed Treatment Comparisons For 

Floe Size and Floe Depth. Statistically  significant differences are noted w ith bold italic 

lettering.

P-value at a =  0.05

Comparison Floe Size (pm) Floe Depth (pm)
R eferencexyclohex im ide 4.16 X 10"' 9.26 X 10"'
R eference:ally lth iourea 2.50 X  10"' 4.31 x i ( r “
R eference;ally l+cyclo 5.98 X 10 ' 1 .79X 10 '^^
Reference'.ED TA 1.29 X  IQ-' 3 .1 2 X 1 0 '^
Re ference : E D T A +cy c 1 o 3.45 XlOr^ 1.66 x ic r ^ ^
A llylth iourea;ally l+cyclo 4.78 X  IQ-' 5.44 X 10''
ED TA: ED TA +cyclo 5.63 X 10"' 5 .9 9 X 1 0 '^

Figure 4.14 show s the average floe size and depth for the floes exam ined  in each trial.
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Figure 4.14 Average Floc Size and Depth of Floes Examined in Each Trial using 

CSLM.

Error bars=+/~ SD
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W hen floc size w as com pared  am ong the trials, the only sta tistically  sign ificant 

difference was the d ifference in average floc size betw een the reference  and the ED TA  + 

cyclohexim ide trials.

Floc depth  show ed m ore variation , w ith  sm aller floes m easured  in tria ls contain ing  

allylthiourea and ED TA . T he  average floc depth  in bo th  the a lly lth iourea  and 

allylthiourea +  cyclohex im ide treated  trials was significantly  sm aller than  the average 

floc depth observed  in the reference trial. The average floc depth in the E D T A  and 

ED TA + cyclohexim ide tria ls was a lso  significantly  sm aller than in the reference 

reactors, and the average floc depth in the E D T A  + cyclohexim ide tria l w as significantly  

sm aller than in the  trial con tain ing  E D T A  only. A  sm aller floc dep th  in the E D T A  trials 

is an expected  resu lt due to the deflocculating  properties o f  ED TA . A  sm aller floc depth
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in the a lly lth iourea trials cou ld  be a  resu lt o f  the increased in pH  observed  in  the trial. It 

is im portan t to no te  that floc  depth  m ay be altered during sam ple preparation  procedures, 

as floes m ay beco m e com pressed  during sam ple preparation . T hus, som e varia tion  in 

floc depth  is expected.

4.2.1 Observation o f  Probe Position Within Floes and Quantification o f  Relative Probe 

Amounts

In order to determ ine w hether the presence or absence o f  pro tozoa under the d ifferent 

treatm ent conditions affected  the position  and am ount o f  n itrify ing bacteria  in the floes, 

the relative position  o f  the each probe w ithin the floes and the relative am ount o f  each 

probe w as determ ined  fo r each trial on each sam pling day (1,7, and 14).

In order to determ ine the rela tive position  o f  each probe w ith in  the floc, the  depth o f  the 

m axim um  b ind ing  o f  each probe (D m ax) was divided by  the to tal floc depth  for each 

probe in  each floc observed. Thus, a relative position  o f  0.5 denotes a position  o f  exactly 

m id-floe. P cs it 'o n s  h igher o r low er than 0.5 denote positions c loser to the outside o f  the 

floc. Thw 4  .,ii o f  the m axim um  binding  o f  each probe is the depth w ith in  the floc at 

which the . .,st fluorescence for that probe is obsers^ed. F igure 4.15, 4 .16, and 4.17 show 

the relative position  o f  each  probe w ithin the floes for day 1, day 7, and day 14, 

respectively.
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Figure 4.15 Average R elative Position of Each Probe W ithin Floes in Ali Treatments

of Batch Reactors on Day 1. E rror bars~+/~ SD
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Figure 4.17 Average Relative Position of Each Probe W ithin Floes in All Treatments

of Batch Reactors on Day 14. Error bars=+/~ SD
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Through visual observation o f the floes and by exam ination o f the figures above, some 

obser\'ations about the spatial organization o f  the bacteria w ithin the floe can be made.

There was no noticeable difference in bacterial position within the floe betw een day 1, 

day 1, and day 14. Probe EUB 338 (most eubacteria) was found at all levels o f floe, with 

the m ajority o f  EUB 338 binding occurring in the outer m id-depth o f  the floe (relative 

position of approxim ately 0.6). Probes NSO 190 and N SM  156 (AOB bacteria o f  {3 

subclass Proteobacteria and AOB Nitrosomonas and Nitrosococcus mobilis, 

respectively) were found to be closely associated with each other in clusters, and the 

m aximum  am ount o f binding o f these probes occurred in the m id -flo e  position (relative 

position of approxim ately 0.5). The |3 Proteobacteria and Nitrosomonas AOB w ere often 

found at m ultiple depths w ithin the floe, w ith the m ajority o f probe binding occurring 

mid-floc.

Probe A21 (NOB Nitrospira-\\k.o. bacteria) was also observed in clusters and was most 

abundant at the m id-depth position o f the floe. Probe N b 1000 (NOB Nitrobacter) was
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found closely associated w ith A 2 1, but was usually observed slightly closer to the outside 

o f the floe than the Nitrospira- like bacteria. Probe NSV 443 (NOB N itrosospira spp.) 

was also found positioned m id-floc, but like Nitrobacter it was usually  slightly closer to 

the outside o f  the floe than  the Nitrospira-Wkz bacteria. Nitrospira-\\kt N O B were 

usually distributed throughout the floe, w ith the greatest abundance occurring in the mid- 

f  oc position. Nitrosospira  and Nitrobacter were not obseiv^ed to be distributed 

throughout the floe, and were often only found at a single depth.

Through visual exam ination o f  floes using CSLM , an analysis o f  the relative am ount o f 

each type o f  probe used was perform ed. Probe am ounts were ranked using a four- poipt 

scale. Table 4.3 sum m arizes the four-point scale used to quantify probe abundance, and 

figure 4.18 provides an exam ple image o f  each o f the four-point rankings on the scale.

T ab le  4.4 Scale  fo r Q u a n tif ica tio n  o f P ro b e  A b u n d an ce

R a n k  on  F o u r-P o in t Scale No. of F lu o rescen t C lu ste rs
1 1-4
2 5-10
3 12-20
4 25 or more

The relative am ounts o f  each probe obsen^ed in each trial on day 1, day 7, and day 14 can 

be found in Figures 4 .19, 4.20, and 4.21.
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Figiu 'ü 4,18 Q u iin tifk a tio B  of re d  fluorescence p re se n t in  the im ages using  the fo u r- 

p o in t ran k in g  system .

(  A ;  r e p r e s e n t s  1  r a n k i n g  i  B )  r e p r e s e n t  ' 2  ranking i C t  r e p r e s e n t s  3  '  0 ;  r e p r e s e n t s  4  r a n k i n g
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Figure 4.19 Average Relative Amount o f Probe Based on Four-Point Ranking

System for All Treatments of Batch Reactors on Day 1. Error bars=+/~ SD
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Figure 4.20 Average Relative Amount of Probe Based on Four-Point Ranking 

System for All Treatments of Batch Reactors on Day 7. Error bars=+/~ SD
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Figure 4.21 Average Relative Amount of Probe Based on Four-Point Ranking

System for All Treatments of Batch Reactors on Day 14. Error bars-+ /- SD
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EUB 338 was the m ost abundant probe in all trials on all days. This is to be expected 

since EUB 338 binds to  m ost eubacteria 1 cells. Overall, eubacteria w ere observed to be 

m ore abundant in the allylthiurea, allylthiourea + cyclohexim ide, ED TA , and ED TA  + 

cyclohexim ide trials than in the reference and cyclohexim ide trials. How ever, the 

amount o f  eubacteria bound was highly variable, as can be seen by  the large standard 

deviations shown on Figures 4.19, 4.20, and 4.21. Betaproteobacterial AOB, 

Nitrosomonas spp., and Nitrosococcus mobilis were m oderately abundant, with 

Nitrosomonas spp. sxid Nitrosococcus mobilis often being present in greater relative 

abundance than betaproteobacterial AOB. Nitrospira-like. NOB w ere the m ost abundant 

bacterial group observed for nitrite oxidizing bacteria. In alm ost every floe exam ined, 

they were m ore abundant than both Nitrobacter and Nitrosospira bacteria. The exception 

to this is floes observed on day one for the reference/cyclohexim ide trials, where 

Nitrobacter was present in greater abundance than Nitrospira-\\]f.Q bacteria. The relative 

amounts o f  probes Nitrobacter and Nitrosospira were low  (usually below  a ranking value
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o f  2), with Nitrosospira  usually being present in the least abundance o f  all bacterial 

species.

Overall, there  was no noticeable difference in probe position or am ount betw een the 

trials. The tw o probes used to detect am m onia oxidizing bacteria and the three probes 

used to detect nitrite oxidizing bacteria w ere both found in the greatest abundance 

positioned near the in terior o f  the floe. As expected, eubacteria w ere observed in the 

greatest abundance o f  all the bacterial groups probed, used, and w as also found 

distributed throughout the-floe, .although the m axim um  abundance did occur closer to the 

center o f the floe. O f  the  AO Bs, the Nitrosomonas spp. and Nitrosococcus m obilis were 

slightly m ore abundant than the betaproteobacerial AOB, although both w ere fairly 

abundant. A ll AOB probed w ere found concentrated m id-floc, bu t w ere present at other 

depths w ithin the floe. For the n itrite oxidizing bacteria, there w as a noticeable difference 

in the abundance o f  Nitrospira-Mkc bacteria com pared with Nitrobacter and Nitrosospira  

s p p . , with Nitrospira-Wke, bacteria being much m ore abundant than Nitrobacter and 

Nitrosospira. Nitrospira-Wkt bacteria w ere also distributed at a num ber o f  depths 

throughout the floe, w hile Nitrobacter and Nitrosospira w ere usually  only present at a 

single depth. W hen com paring the abundance o f  all probes used  to detect AO Bs to all 

probes used to detect N O Bs, there did not appear to be a large difference in the relative 

abundance betw een these groups for any o f  the trials.

Figures 4.22 to 4.27 show  exam ples o f the images used for analysis and quantification.

Figures 4.22, 4.23, 4 .24, and 4.25 show exam ples o f  each o f  the four probe com binations 

used in th is study. It is apparent from Figure 4.22 that the eubacterial group was the m ost 

abundant group probed. It is also im portant to note the clustering nature o f  the nitrifying 

bacteria w ithin the floes.

Figures 4 .26A , B, and C show the binding o f  probe EUB 338 -f A21 to eubacteria and 

Nitrospira-Wke N O B  on day 1, day 7, and day 14 o f  the allylthiourea trial. There was no 

noticeable d ifference in the position or abundance o f  probe binding  betw een the sam ple 

days.

Figure 4.27 provides an exam ple o f  a z-stacked floe containing eubacteria and 

Nitrospira-Wke. N O B  on day 14 o f  the allythiourea + cyclohexim ide trial. A  z-stack
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allows for a visual d isplay o f  the floe at various depths. P robe EU B 338 (m ost bacteria) 

is present at all levels w ithin the floe, w hile Nitrospira-Wke bacteria  are only present at 

interior depths.
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F ig u re  4.22 B in d in g  o f p ro b e s  EL'B 338 a n d  A 21 on  d ay  7 o f  th e  A lly lth io u re a  + 

C yclohex im ide  tre a tm e n t.

(A) Green fluorescence indicates A21 b ind ing  (B) transm itted  light com ponent (C) R ed 

fluorescence indicates EUB 338 binding (D) All com ponents com bined in one image. 

B inding shown at a depth o f 1 l . l  m icrons deep in  a floe o f total depth 22.2 m icrons
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Figure 4.23 Binding of probes A21 and NblOOO on Day 7 of the EDTA + 

Cycloheximide treatment.

(A) Red fluorescence ind icates NblOOO binding  (B) transm itted  ligh t com ponent (C) 

G reen fluorescence ind icates A21 b ind ing  (D) A ll com ponents com bined  in  one im age. 

Binding  show n at a depth  o f  13.52 m icrons in a total floe dep th  o f  27 .02  m icrons.
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Figure 4.24 Binding of probes A21 and NSV 443 on Day 7 of the reference 

treatment.

(A) R ed fluorescence ind icates NS V 443 binding  (B) transm itted  ligh t com ponent (C) 

G reen fluorescence ind icates A 2I binding (D) All com ponents com bined  in  one image. 

B inding  show n at a  depth  o f 20,8 m icrons in  a  total floe depth  o f 32.35 m icrons.
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Figure 4.25. Binding of probes NSO 190 and NSM 156 on Day 7 of the allylthiourea 

treatment.

(A) R ed fluorescence ind icates N SM  156 b ind ing  (B) transm itted  lig h t com ponent (C) 

G reen fluorescence ind icates N SO  190 b inding  (D) All com ponents com bined  in  one 

im age. B ind ing  show n at a  dep th  o f 10.6 m icrons in  a to tal floe depth  o f 21 .2  m icrons.
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F ig u re  4 .26A . B in d in g  o f  p ro b e s  E U B  338 a n d  A 21 o n  D ay  1 o f  A lly lth io u re a  

t re a tm e n t. B inding is show n at a dep th  o f 10.45 in a  total floe depth  o f  20.9  m icrons. 

(A) G reen fluorescence ind icates A21 b ind ing  (B) transm itted  light com ponent (C) Red 

fluorescence indicates EU B 338 b in d in g  (D) All com ponents com bined  in one im age.

F ig u re  4 ,26  B B in d in g  o f  p ro b e s  E U B  338 a n d  A21 o n  D a y  7  o f  A lly lth io u re a  

tre a tm e n t. B inding is show n at a  dep th  o f  9 ,57  m icrons in a total floe dep th  o f 19.15 

m icrons. (A ,B ,C ,D  sam e as for 4 .26A)
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F ig u re  4 .26C  B in d in g  o f  p ro b e s  E U B  338 a n d  A 21 on  D ay  14 o f  A lly lth io u re a  

T re a tm e n t .

B inding is show n at a depth  o f  13.65 m icrons in  a  total floe depth  o f  27.30  m icrons. (A) 

Green fluorescence ind icates A21 binding  (B) transm itted  light com ponent (C) Red 

fluorescence ind icates EUB 338 b ind ing  (D) All com ponents com bined  in one image.
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F ig u re  4.27 E x a m p le  o f  a  z -s ta ck e d  F loe  S h o w in g  B in d in g  o f P ro b e s  E U B  338 a n d  

.4 2 1 o n  d a y  14 o f the  A lly lth io u re a  + C yclohex im ide  T re a tm e n t

Red b ind ing  indicates EU B 338 b inding, green b ind ing  ind icates 421  binding, yellow  

b inding  indicates b ind ing .o f both probes. EUB 338 is present at all depths o f the floe. 

The m ajority o f the .421 b ind ing  is located in the in terior o f  the floes (stacks 9.8-13.1 

m icrons).
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5.0 DISCUSSION

5.1 The Role of Protozoa in Activated Sludge from Ashbridges Bay WWTP

It is generally agreed in the literature that protozoa exert an influence on the 

mineralization o f  organic com pounds in three main ways;

1) By the excretion o f  m ineral nutrients such as am m onia which results in an accelerated 

use o f carbon-sources by bacteria (Strauss and Dodds, 1997; V erhagen and 

Laanbroek, 1992)

2) By the excretion o f  protozoa o f  growth-stim ulating com pounds that enhance bacterial 

activity (N isbet, 1984).

3) By protozoan grazing on bacteria that may lead to the selection o f certain  fast 

growing bacterial species depending on the environm ental conditions present 

(Sinclair and A lexander, 1989).

Several studies have attem pted to directly link protozoan predation to nitrification in 

activated sludge system s. The outcom e o f  these studies have suggested that the presence 

o f protozoan grazing actually  enhances nitrification rates in activated sludge system s 

(Strauss and D odds, 1997; Clarholm , 1985; V erhagen and Laanbroek, 1992; V erhagen 

and Laanbroek, 1991). A v e ry  recent study by Petropoulos (2003) attem pted to directly 

link the presence or absence o f  protozoa to nitrification w ithin the activated  sludge 

system by directly inhibiting protozoa activity and m onitoring activated sludge 

parameters. Petropoulos (2003) found that the efficiency o f  nitrification increased in the 

presence o f protozoan grazing and decreased in the absence o f  protozoa. Petropoulos’ 

study also utilized activated sluoge from  Ashbridges Bay W W TP, and a protozoan 

species survey was carried out on sludge samples. The outcom e o f  the protozoan species 

surs'ey perform ed by Petropoulos is shown in Table 5.1.
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I

T ab le  5.1 T h e  to ta l p e rc e n ta g e  ab u n d a n ce s  o f p ro to zo an  species b ased  on the  5%  i

to ta l d ry -w eigh t o f th e  ac tiv a ted  sludge system  a t the  A sh b rid g es  B ay T re a tm e n t |

P la n t  in T o ro n to  (Petropoulos, 2003). !

P ro to z o a n  Species A b u n d an ce

(% )

A m oeba 0.05

Ciliates 3.70

Flagellates 0.60

Rliizopods 0.65

This com m unity com position is typical o f  the protozoan com m unity existing in activated 

sludge environm ents (A l-Shaw hani and Horan, 1991; Curds, 1982). Petropoulos (2003) 

also enum erated protozoa found in sludge from the A shbridges B ay WAVTP, and typical 

protozoan num bers w ere found to be approxim ately 9.50 X 10^ cells/m L. The current 

study did no t undertake a protozoan suiwey or count o f  the activated sludge from 

Ashbridges B ay W W TP. How ever, it can be assum ed that the protozoan com m unity 

com position and the protozoan abundance o f  the activated sludge used in this study is 

very sim ilar to the com m unity com position and abundance determ ined by  Petropoulos 

(2003).

An idea o f  the role o f  protozoa in nutrient cycling in the activated  sludge system  as well 

as a knowledge o f  the protozoan com m unity com position and abundance is im portant in 

order to assess the influence o f  protozoa on nitrification rates under the different 

conditions exam ined in this study.

5.2 P e rfo rm a n c e  o f th e  B atch  R eac to rs

The batch system  is a very popular system  used to study interactions w ithin the activated 

sludge environm ent fo r a variety o f  reasons. Batch reactors have short life spans, and no 

feed system needs to be  im plem ented. The batch system  is very short-lived (i.e. one to 

two weeks). I f  nutrients are not replaced, the system  will eventually break down and the
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biological com m unity w ill be elim inated. In this study, no nutrient replacem ent fluid was 

used. This is because in order to track the change in param eters brought about by the 

different conditions im plem ented in this trial, nutrient replacem ent could not be 

performed. H ow ever, param eters such as tem perature, pH, dissolved oxygen, and COD 

were m onitored throughout the trial to ensure that the system was still operating and 

system  break-down had not occurred.

B atch reactors were m odified by inhibiting protozoan activity through the use o f  

cyclohexim ide, inhibiting am m onia oxidation through the used o f allylthiourea, and 

inducing deflocculation through the use o f  EDTA. The partial or com plete inhibition o f 

nitrification is a com m on and extrem ely serious problem  in VAVTPs. B y  several 

pathways (e.g. nondegradeable residues in sewage treatm ent plant, residues in m anure or 

sludge used as fertilizer on fields or from surplus drugs in aquaculture) antibacterial 

agents that inhibit nitrification m ay reach the environm ent (H alling-Sorenson, 2001). 

D eflocculation is also a periodic problem  in the activated sludge process and can be 

brought on by low pH, tem perature shock, and by the sporadic input o f  toxic chem icals 

from industrial and com m ercial discharges (Bott and Love, 2002; Liao et al., 2002). The 

m onitoring o f  the batch  reactors under the various conditions in this trial was undertaken 

in order to assess how  protozoan presence affects nitrification under each condition.

5.2.1 Temperature, pH, and Dissolved Oxygen

The general perform ance o f the batch reactors was assessed by m easurem ent o f  pH, 

tem perature, dissolved oxygen, and chemical oxygen demand. Since the activated sludge 

process is a biotic process and relies heavily on the existence o f  healthy m icrobial 

com m unities, the m aintenance o f  param eters w ithin ranges that are conducive to 

m icrobial growth is essential. The pH, tem perature, and dissolved oxygen content of 

batch reactors m ust be carefully m onitored as the fluctuation o f  these param eters from 

normal values is indicative o f  a breakdow n o f  the reactor ecosytem  (Curds, 1972; Curds, 

1974; Stout 1980).

The m inim um  tem perature observed for all trials was 23.6°C and the m axim um  obseiwed 

tem perature for all trials was 26.4°C  (Figure 4.1). Tem peratures did not fall out o f  this 

range for any o f the trials. The tem perature o f  the batch reactors fluctuated w ith the
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am bient tem perature in the laboratory in w hich the experim ents w ere perform ed. The 

vast m ajority o f  biological treatm ent system s operate w ithin the tem perature range o f  2 0 - 

40°C (Viessm an and Ham m er, 1998). N itrifiers, and thus nitrification, are very sensitive 

to tem perature. N itrifying bacteria are particularly sensitive to low  tem perature (below 

5°C), which leads to decreased growth and nitrification rates. Since batch  tem peratures 

did not fall below  23.6°C  and did not rise above 26.4°C, tem perature was not likely a 

lim iting factor for m icrobial activity  and nitrification.

In the reference, the cyclohexim ide, the EDTA, and the ED TA  +  cyclohexim ide trials the 

pH  dropped from  pH  values com m only found in activated sludge system s (betw een pH 

6.5 and pH 8.5), to acidic pH values by day 14. Since no volum e replacem ent liquid was 

used  in the batch reactors, a drop in pH as nitrification occurs is expected. For every 

m illigram  (m g) o f nitrogen nitrified, 7.2 m g o f  alkalinity is consum ed (B lackall and 

Burrell, 1999). The drop in pH  is especially pronounced in w ater with high inputs o f 

amm onium , such as w astew ater, where higher rates o f  am m onia oxidation occur and the 

pH  is lowered m ore rapidly (Princic et ah, 1998). Up to and including day 10, the pH of 

the batch reactors had not dropped below  a pH  o f  6.5 (Figure 4.2). How ever, from  day 

10 to day 14, a m ore rapid drop in pH was observed. Several studies have show n that 

nitrification is severely retarded in low pH  environm ents, and nitrification does not occur 

at all below a pH o f  6.5 (B lackall and Burrell, 1998; Princic e t ah, 1998; V iessm an and 

Ham mer, 1998). The pH  range for growth o f  pure cultures o f  am m onia oxidizers is 5.8 

to 8.5, and the pH range for the growth o f  nitrite oxidizers is 6.5 to 8.5 (Princic et ah,

1998). Thus, after day 10 in the reference, cyclohexim ide, and allylthiourea trials it can 

be postulated that nitrification was not occurring at norm al rates, since the nitrite 

oxidation step w ould be com pletely inhibited during this tim e. The rapid drop in pH 

after day 1 0  can be attributed to other decom position processes, and also to the possible 

accum ulation o f nitrous acid in the system. Nitrous acid production is a function o f  pH 

and nitrite concentration. I f  n itrite  oxidation is inhibited, then nitrite will accum ulate in 

the system. I f  this occurs under low pH  conditions, there is a tendency for nitrous acid to 

be produced, w hich further low ers the pH  o f  the system  (G arrido et ah, 1998; M uller et 

ah , 1998).
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Interestingly, in  the allylthiourea trials the pH  actually increased throughout the trial, 

from  a pH o f  7.49 on day 1 to a pH  o f 8.87 and 8.60 in the allylthiourea and allylthiourea 

+ cyclohexim ide trials, respectively (Figure 4.2). Since allylthiourea is an inhibitor o f 

am m onia oxidation, its presence likely resulted in the build-up o f  am m onia in the system. 

W lien am m onia dissolves in  w ater, a portion reacts w ith the w ater to form  am m onium  

ions (NH4^) w ith the balance rem aining as un-ionized am m onia (N H 3). The presence of 

N H /  contributes to the alkalinity o f  the water, which explains why no drop in pH was 

observed in the reactors treated  w ith allylthiourea. In addition to the direct effect on pH 

through nitrogen build-up, the presence o f  allylthiourea inhibits am m onia oxidation, and 

hence the entire nitrification process. Thus, the associated build-up o f  acidity associated 

w ith the nitrification process did not occur in the allylthiourea trials, and the pH  did not 

drop as in the reactors no t treated with allylthiourea. The pH  in the allylthiourea trials 

never rose above a pH  o f  10, which is the threshold value for com plete inhibition on 

nitrification (Princic e t al., 1998; B lackall and Burrell, 1999).

Dissolved oxygen was m onitored throughout the reference, cyclohexim ide, EDTA, and 

ED TA 4- cyclohexim ide trials (Figure 4.3). For the reference and cyclohexim ide trials, 

dissolved oxygen levels in the m ixed liquor rem ained at approxim ately 8  mgOz/L 

throughout the trial. In the ED TA and ED TA  + cyclohexim ide trials, dissolved oxygen 

was slightly higher on day 1 and day 4 but then dropped dow n to 8  m g O 2/L on day 7, 

and rem ained at this level for the rem ainder o f  the trial. N itrification is largely dependant 

on the oxygen available to  nitrifying bacteria. It is im portant to note that the dissolved 

oxygen levels m easured in m ixed liquor (as m easured in this study) are not necessarily 

the dissolved oxygen levels available to nitrifying bacteria w ithin biological floes. 

D issolved oxygen levels directly available to nitrifiers below  0.3 mg O 2/L are know n to 

inhibit nitrification, w hile  at 1.0 m g0 2 /L  the nitrification rate is 90%  o f  that observed in 

cells directly suspended in oxygen saturated w ater (B lackall and Burrell, 1999).

D issolved oxygen contents in m ixed-liquor below  2 m g O2/L  are know n to inhibit 

nitrification apparently  because at below  a m ixed liquor dissolved oxygen o f  2  m g O 2/L, 

dissolved oxygen available to nitrifiers w ithin floes is too low  to allow  for nitrification 

(i.e. below  0.3 m g O 2/L ) (Princic et ah, 1998). Since the m ixed liquor dissolved oxygen
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content in this study was w ell above 2 mg O 2/L, it can be assum ed that adequate oxygen 

was available for n itrify ing bacteria w ithin the sludge floe.

5.2.2 The Monitoring o f  COD, Ammonia, Nitrite, Nitrate, and Total Nitrogen to Assess 

the Effect o f  Protozoan Grazing on Bacterially Mediated Nitrogen Cycling

One o f  the prim ary aim s o f  this study was to determ ine if  the presence or absence o f  

protozoan grazing affected  nitrification under different conditions. M onitoring NH3 and 

consum ption rates or N O 2'  and NO3' production rates in activated sludge is one o f  

the m ost popular w ays to m easure the nitrification activity o f  activated sludge sam ples 

(G eraaey et ah, 1998). In  this study, regular sam pling and chem ical analyses o f  the 

samples for am m onia, nitrite, nitrate, and total nitrogen was perform ed in order to attem pt 

to m easure nitrification activity. COD was also m onitored in order to ensure that the 

organic m aterial in the batch  reactors was not com pletely depleted throughout the trial.

Chem ical oxygen dem and is the am ount o f  oxygen necessary to oxidize all o f  the organic 

carbon com pletely to C O 2 and H 2O. N orm ally, the ratio o f  COD to BOD (biological 

oxgyen dem and) is approxim ately 0.5. For wastew aters com posed m ainly o f  

biodegradeable organic substances, the COD concentration approxim ates the ultim ate 

carbonaceous BO D value, which is the plateau reached by the carbonaceous BO D due to 

depletion o f  the carbon source (M aier et ah, 1999). In essence, the COD is a m easure o f  

the organic content o f  the wastew ater. Typical COD values vary with the type o f 

w astew ater being  processed and the seasonal or diurnal variation in w astew ater 

com position. D ata collected during 2004 from the B urlington W ater Purification Plant 

shows that influent CO D concentrations over a five m onth period from  Jam ;ary to M ay 

fluctuated from  as low  as 1 0 0  m g 0 2 /L  to as high as 600 m g0 2 /L  w ith an average o f  

approxim ately 250 m g O 2/L. E ffluent COD for the same treatm ent plant during the same 

period fluctuated betw een a m axim um  o f 38 mgOz/L and a m inim um  o f  15 m g O 2/L, 

w ith an average value o f  approxim ately 25 m g O 2/L. In this study, the sew age sam ple 

cam e from the activated sludge aeration tank  at the A shbridges B ay W W TP. Thus, COD 

values are expected to be low er than typical influent CO D concentrations. CO D v/as 

m easured on day 1, 4, 7, 10, and 14 in all trials (Figure 4.4). As organic m atter in the 

activated sludge is oxidized, a decrease in COD is expected, and in  fact th is was the case
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in the reference trial w here the COD decreased from  120 m g/L on day 1 to 60 m g/L  on 

day 10. This w as also the case in both the allylthiourea and ally lth iourea +  

cyclohexim ide where the COD decreased as expected over the 10-day period. In the 

cyclohexim ide trial, the CO D w as observed to increase over the 10-day period. The same 

phenom enon was observed in both  the ED TA  and the ED TA  + cyclohexim ide trials. In 

the EDTA trial, COD increased only very slightly from 165 m g O 2/L  on day 1 to 196 m g 

O2/L  on day 10. H ow ever in the ED TA  + cyclohexim ide trial, the largest increase in 

COD was observed (from  165 m g/L  on day 1 to 290 m g/L on day 10). A n increase in the 

COD value in the E D T A  trials can be explained by  the deflocculating properties o f 

EDTA. ED TA  is a strong  chelating agent that deflocculates activated sludge by breaking 

the salt bridges linking floes in concentrations greater than 100 m g/L  (Liao et ah, 2002). 

Since the m easurem ent o f  COD is a colourim etric m ethod, activated sludge sam ples are 

filtered prior to sam ple digestion. Thus, a portion o f  organic m aterial contained in floes 

is rem oved in the filtering procedure. W lien ED TA  is added to sludge sam ples, floe 

structure is disrupted, and organic nutrients contained w ithin the floe structure are 

released to the surrounding environm ent. Thus, the concentration o f  organic m atter 

available for biological degradation increases. It appears that the addition o f 

cyclohexim ide also affected  the COD values. In all trials containing cyclohexim ide,

COD values sharply increased on day 4, followed by a subsequent decrease by day 7. 

Cyclohexim ide is a w ell know n and w idely used inhibitor o f  protozoan m etabolic activity 

at concentrations o f  100 m g/L (Trem aine and M ills, 1987; K ota et al., 1999; DeLorenzo 

et al., 2001). Cyclohexim ide could potentially increase the COD in tw o ways. The 

addition o f  cyclohexim ide inhibits protozoan m etabolism  and protozoa cease to feed, and 

eventually die. The build-up o f  dead protozoan cells and their eventual decay could 

potentially increase the chem ical oxygen dem and o f the reactors. A nother w ay that 

cyclohexim ide could increase the COD is by directly contributing to it since 

cyclohexim ide is an organic com pound. How ever, this is unlikely since cyclohexim ide 

has been observed to be stable in aquatic environm ents for up to 30-days (D eLorenzo et 

ah, 2001), and thus is p resum ably  not readily biodegradable. A n increase in CO D in the 

absence o f  protozoan grazing was also observed by Curd et al. (1968).
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Am m onia, nitrite, nitrate, and total nitrogen levels w ere m easured on day 1, day 4, day 7, 

and day 10 in all trials using the phenate m ethod (Figure 4 .5 -4 .8 ). T he purpose o f  

m easuring param eter concentrations was to calculate the rates o f  p roduction  for each o f 

these over the 10-day period  for each trial (Figure 4.9-4.12).

A m m onia concentrations in influent w astew ater also vary seasonally  and d ium ally , but 

the typical influent (untreated) am m onia concentration in m unicipal w astew ater is 

upw ards o f 25 m g/L (V iessm an and Ham m er, 1998). In the reference trial, the rate o f  

am m onia production w as positive, indicating a net production o f  am m onia throughout the 

10-day period. The process o f  nitrification converts am m onia to nitrate, so in a nitrifying 

system  one w ould expect the rate o f  am m onia production to be negative (i.e. a 

consum ption o f  am m onia). H ow ever, the rate o f  am m onia production observed in the 

reference trial was only  very slightly  positive (0.44 m g N H a/L/day). A lso  it m ust be 

rem em bered that other processes besides nitrification are occurring in  the system . One 

m ajor process that increases the am m onia concentration in biological system s is 

am m onification, the decom position o f  organic n itrogen com pounds to am m onia 

perform ed by  m any m icrooorganism s in activated sludge (M adigan et al., 2000). Thus, 

even in system s w here nitrification is occurring, a positive am m onia production rate may 

often be observed. In the cyclohexim ide trial where protozoan grazing w as inhibited, the 

rate o f  am m onia production was still positive (0.26 mg NHg/L/day), bu t w as sm aller than 

in the reference trial, indicating that less am m onia w as being produced, although the 

difference w as not statistically  significant. The production o f  less am m onia in the 

absence o f  protozoan grazing can be expected since in the absence o f  protozoan grazing 

fast-grow ing heterotrophic bacteria proliferate (Curds, 1982; V erhagen  and Laanbroek, 

1991; V erhagen and Laanbroek, 1992; Petropoulos, 2003). T hese fast-grow ing 

heterotrophic bacteria outcom pete nitrifying bacteria for am m onia (H anaki et ah, 1990), 

and nitrification decreases. The assim ilation o f  am m onia by hetero trophs has been 

observed to occur in preference to nitrification when am m onia is abundant and 

heterotrophic population densities are high (Hanaki et al., 1990). W lrether the overall 

abundance o f  n itrify ing  bacteria decrease or the per-cell nitrification rate  decreases is still 

not clear. S ince am m onification is presum ably still occurring, som e am m onia is still 

being produced, but the overall rate o f  am m onia production decreases due to the decrease
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in  nitrification. The absence o f  pro tozoan  grazing could also decrease the am m onia 

production rate because p ro tozoa  are no longer excreting am m onia as a by-product o f  

m etabolic activity. In  the tria ls in  which am m onia oxidation w as inh ib ited  in the 

presence o f  protozoan grazing the rates o f  am m onia production w ere sign ificantly  higher 

than in the reference trial (2 .37 and 2.60 m g N H s/L /day in the a lly lth iourea and 

allylthiourea +  cyclohexim ide trials, respectively). This indicates that a lly lth iourea had a 

significant effect on  n itrification. The rate o f  am m onia p roduction  in the a lly lth iourea +  

cyclohexim ide trial w as sligh tly  h igher than that o f  the a lly lth iourea trial, but this 

difference was no t significant. A lly lth iourea is a w idely used  selective inh ib ito r o f  

am m onia oxidation by Nitrosomonas at a concentration o f  5 m g/L  (W ood et ah , 1981; 

Surm acz-G orska et ah , 1995; G inestet et ah, 1998). A lly lth iourea operates to ha lt the 

oxidation o f  am m onia to n itrite  by chelating the copper o f  the am m onia m onooxygenase 

(AM O) active site (G inestet e t ah, 1998). A M O  is the enzym e that catalyzes the 

conversion o f  am m onia to n itrite, and once it is rendered inactive this conversion does 

not occur at all. Thus, in the trials contain ing ally lthiourea, no am m onia oxidation  was 

occurring, and this resu lted  in a subsequent build-up o f  am m onia in the system . In the 

trials containing both  a lly lth iourea and cyclohexim ide, it was expected  that the 

population o f he tero trophic  bacteria  w ould  proliferate due to lack  o f  grazing. A s in the 

trial containing ally lth iourea only, n itrification  is not occurring, thus am m onia is building 

up. H ow ever, due to  the pro liferation  o f  heterotrophic bacteria , the assim ilation  o f  

am m onia by hetero trophs should  also increase. A long w ith this factor, there are also no 

protozoa present to  excrete am m onia. Thus, it was expected that the rate o f  am m onia 

production w ould be low er in the ally lth iourea +  cyclohexim ide t r i a l . T his w as not 

observed, and the rate  o f  am m onia production was in fact sligh tly  h igher in the 

allylthiourea + cyclohexim ide trial as com pared w ith the a lly lth iourea tria l, although this 

difference was no t significant. The low est rates o f  am m onia p roduction  occurred  in the 

EDTA and ED TA  -t- cyclohexim ide trials (-0.37 and -0 .7 1  m g N H 3/L , respectively). A  

negative am m onia p roduction  rate indicates that am m onia w as be ing  consum ed 

throughout the 10-day trial. H ow ever, the d ifference in am m onia production  rate from  

the reference w as only  significant in the E D T A  +  cyclohexim ide trial. In  the presence o f  

EDTA, it was expected  that bacteria  would deflocculate, and also  that nu trien ts trapped
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w ithin  the floe structu re  w ou ld  be released. Since am m onia levels in ED TA  trials 

decreased, it can  be postu la ted  that bo th  n itrify ing  and heterotrophic bacteria  w ere 

released  from  the floe structure , and the availability  o f  the am m onia to  these bacteria  

increased. T hus, the rates o f  n itrification  and also heterotrophic am m onia assim ilation 

both  increased. W hen  E D T A  and cyclohexim ide w ere present, am m onia consum ption 

rates were g rea ter than  in the p resence o f  protozoan grazing. I f  protozoan grazing 

controls the popu lations o f  hetero troph ic  bacteria, w e w ould expect tha t in the absence o f 

protozoan g raz ing  tha t n itrifica tion  rates w ould  decrease, bu t that the assim ilation o f 

am m onia by  hetero trophs m ay increase. It is im portant to rem em ber tha t in the trials 

containing ED T A , it is possib le  that n itrify ing bacteria  w ere not in the floe structure, and 

nitrifiers and hetero trophs w ere likely  equally  grazed upon by protozoa. Since nitrifiers 

are slow  grow ing  com pared  to  hetero trophs, in suspended system s w here both  bacteria 

are readily  availab le  as prey, grazing  by pro toza tends to elim inate slow -grow ing 

n itrify ing bacteria  (S inc la ir and A lexander 1989; V erhagen and L aanbroek, 1992). Thus, 

w hen protozoan g raz ing  is elim inated, it is likely that in the E D T A  trials m ore 

n itrification occurs, ra th e r than  less. Thus, it seem s reasonable that the  rate o f  am m onia 

consum ption w as the g rea test in the presence o f  ED TA  and cyclohexim ide.

N itrite  is an in term ediate  in the  n itrification  process, and does no t usually  accum ulate in 

w astew ater since the n itrite  ox idation  step  o f  n itrification is faster than the am m onia 

oxidation step  (K eller and  B lackall, 2002). ). Still, in system s in w hich  nitrification is 

occurring, there  should  be a ne t production o f  n itrite at any one instant in tim e, although 

depending on the am oun t o f  n itrification  occurring and the types o f  bacteria  present this 

m ay not alw ays be the  case (G em aey  et al., 1998; K eller and B lackall, 2002). N itrate is 

the final p roduct o f  n itrifica tion , and w hen nitrification is occurring  a net production 

nitrate  is expected  and  n itra te  w ill accum ulate (in the absence o f  denitrification). Both 

nitrate  and n itrite  are p resen t in  influent w astew aters, bu t often only in  very low  

concentrations (1-3 m g/L ) (V iessm an and H am m er, 1998). In  the reference trial, a very 

sm all positive  n itrite  p roduction  rate  o f  0.05 m^ N O z/L /day w as observed. This rate o f 

n itrite  p roduction  w as sign ifican tly  larger than any o f  the o ther trials. The rate  o f  nitrate 

production  in  the  reference  tria l w as also  positive (0.08 m gN O z/L/day) and significantly 

larger than all o f  the tria ls  excep t fo r the ED TA  trials. This positive p roduction  values
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for n itrite and n itrite  indicate that nitrification w as occurring in the reference  trials. In  the 

cyclohexim ide trial, the rate  o f  n itrite production was significantly  sm aller than  in the 

reference trial (0.001 m g NO2/L), as was the rate  o f n itrate p roduction  (-0.008 mgNOs/L). 

This suggests that less nitrification w as occurring in these trials, and concurs w ith the 

theory that the p resence o f  pro tozoan  grazing enhances n itrification  (C larholm , 1985; 

V erhagen and Laanbroek, 1992; Strauss and D odds, 1997; P etropoulous, 2003). The rate 

o f  n itrite production in the ally lth iourea and allylthiourea +  cyclohexim ide trials w ere 

negative (-0.06 and -0 .0 7  m g  NOz'/L respectively), and significantly  d ifferent from  the 

nitrite p roduction  rate in the  reference. The rates o f  n itrate p roduction  in these trials were 

also negative (-0.03 and -0 .0 5  m g NO3/L) and significantly  d ifferen t from  the reference. 

The rate o f  n itrite  and n itra te  production in the allylthiourea +  cyclohexim ide trial was 

significantly  m ore negative than in allylthiourea trials, indicating tha t in the absence o f 

protozoan grazing  nitrite  and nitrate  consum ption is higher. Since ally lth iourea inhibits 

am m onia oxidation, very  little nitrification w as expected to occur in  these trials and the 

negative production rates fo r n itrite and nitrate observed in these tria ls indicate that this 

was the case. T he fact that production rates for nitrite and nitrate  w ere negative m ay 

suggest that denitrification  m ay have been occurring. G enerally , den itrification  requires 

anoxic conditions but in suspended growth system s such as activated  sludge the 

possibility  exists o f  both aerobic layers and anoxic layers situated n ex t to each other in 

the floe and thus allow ing for bo th  nitrification and denitrification  (B lackall and Burrell,

1999). The case for the occurrence o f  denitrification in  the a lly lth iourea trials is also 

supported by  the  increasing pH observed in this trial as com pared  to the o ther trials. For 

every m illigram  o f  n itrogen  denitrified, 3.6 m g o f  alkalin ity  is p roduced  (B lackall and 

Burrell, 1999), so denitrification contributes to an increase in pH . T he increased nitrite 

and nitrate consum ption in the allylthiourea +  cyclohexim ide trials m ay be explained by 

the possible increased grow th o f  denitrifying bacteria in  the absence or pro tozoan  

grazing. A nother explanation is that the increased grow th o f  hetero troph ic  bacteria 

brought on by  the absence o f  protozoan grazing increased the occurrence o f  a process 

called  assim ililatory  n itra te  reduction, in w hich nitrate is taken  up by  bacterial cells 

(M aier et al., 2000). In the trials in which deflocculation was induced, the rate  o f  n itrite 

production w as negative (i.e. n itrite  was being  consum ed). T he ra te  o f  n itrite
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consum ption in the E D T A  trials was g reatest o f  all the trials and w as sign ifican tly  

different from  the reference (-0.33 and -0 ,2 7  m g N O 2/L  in the E D T A  and E D T A  + 

cyclohexim ide, respectively). In teresting ly , the rate o f  n itra te  p roduction  in the  ED TA  

and ED TA  +  cyclohexim ide tria l was significantly  h igher than  in any o f  the o ther trials. 

T he rate o f  n itra te  p roduction  w as significantly  h igher in  the E D T A  tria l than  in  the 

ED TA  + cyclohex im ide trials. Thus, it appears that n itrification  w as occurring  in the 

ED TA  trials, and since the rate  o f  nitrate  production w as greater in p resence  o f  protozoan 

grazing, th is ind icates that m ore n itrification  was occurring  in the presence o f  protozoan 

grazing, despite  the defloccu lating  properties o f  ED TA . The h igh  rates o f  n itrite  

consum ption in the E D T A  and ED TA  + cyclohexim ide trial m ay be exp la ined  by a 

greater rate o f  n itrification  at the  end o f  the trial as com pared  to the beginning . This 

w ould  cause a decrease in n itrite  concentrations at the end o f  the trial as com pared  to the 

beginning.

T he total n itrogen  is the com bined  am ount o f  all form s o f  n itrogen  in the w astew ater 

(am m onia, nitrite, n itrate , and organic nitrogen). The typical to tal n itrogen  concentration 

in influent sew age is about 40 m g TN /L. A fter secondary trea tm en t this va lue  is usually  

reduced by  about 50%  (V iessm an and H am m er, 1998). In all tria ls , the rate o f  TN  

production was positive, ind icating  a n e t build-up o f  n itrogen  th roughout the 1 0 -day 

period. T he only w ay  that to tal n itrogen  could  decrease in a closed batch  reac to r is i f  a 

large am ount o f  denitrification  was occurring and nitrogen gas w as being  em itted. Since 

the batch reacto r represents a closed system , an increase in total n itrogen  concentrations 

can only be possib le  i f  m ore organic n itrogen  was produced  through increased  cell 

growth, o r i f  organism s that can  fix n itrogen  w ere present.

In sum m ary, in the reference trial, the rate  o f  am m onia p roduction  w as sm all bu t positive, 

the rate o f  n itrite  p roduction  w as positive, indicating that n itrifica tion  w as likely  

occurring. In the trial in w hich  protozoan grazing w as inh ib ited , the  ra te  o f  nitrification 

as indicated by the am m onia, n itrite , and nitrate production  rates w as less than  in the 

reference trials. In  the trial in  w hich am m onia oxidation w as inh ib ited , no nitrification  

occurred, and am m onia bu ild-up  was observed. It w as also found that n itra te  was 

consum ed th roughout the tria l, indicating the denitrification  w as occurring . In the tria l in 

which am m onia ox idation  and  protozoan inhibition occurred, the ra te  o f  nitrate
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consum ption w as significantly  low er. m ay indicate that in the absence o f  protozoan 

grazing den itrify ing  b ac te ria  pro liferate^ i  also m ay indicate that in  the absence o f 

protozoan grazing  certain  species o f  bacteria  capable o f  assim ilatory  nitrate  reduction 

increased in num bers. The trial in w hich deflocculation w as induced  in the presence o f 

protozoa, the rate o f  n itra te  production  w as significantly  h igher than  in the o ther trials.

This cou ld  have been  due to the increased substrate availability  to defloccu lated  bacteria. 

T he rate o f  am m onia consum ption  was also significantly  low er than  in  the reference. This 

indicates that the rate  o f  n itrification  w as likely high. In the trial in w hich  deflocculation 

w as induced in the absence o f  protozoa, the rate o f  n itrate  production  w as still 

s ignificantly  h igher than in the reference, bu t significantly  low er than the trial contain ing 

ED TA  in  the p resence  o f  protozoa. This indicates a reduction in n itrifica tion  in the 

absence o f  pro tozoan  grazing.

5.2.3 Enumeration o f  Absolute Bacterial Cell Numbers

E num eration o f  bacteria l abundance was carried out on day 1, day 7, and day 14 o f  each 

trial (F igure 4.13). T he enum eration consisted  o f  counting total bac teria l cell num bers 

(both  live and dead). The purpose o f  this enum eration w as to attem pt to determ ine if  

overall bacteria l cell num bers increased throughout each trial in accordance w ith  the 

theory tha t grazing  by  p ro tozoa control the am ount o f  non-n itrify ing , heterotrophic 

bacterial populations. In the cyclohexim ide trial, w e expected to see h igher total bacterial 

num bers than in the  reference trial due to the increased grow th o f  fast-grow ing  

heterotrophs in the absence o f  protozoan grazing. This in fact w as observed, and by day 

14 o f  the  cyclohexim ide trial the bacterial abundance w as 7.92 X  10'^ cells/m L  as 

com pared to 1.22 X  10'* cells/m L  on day 14 o f  the reference trial.

In the ally lth iourea trials, bacterial abundance also increased, by  day 14 bacteria l 

abundances w ere 2.60 X  10'* and 2.96 XIO'* cells/m L in the a lly lth iourea and 

ally lth iourea 4- cyclohexim ide trials, respectively, from  an initial day 1 cell abundance o f

3.00 X  10'’ cells/m L.

A n increase in bacteria l cell abundance was also observed in the E D T A  and ED TA  + 

cyclohexim ide trials, from  a day one abundance o f  4.46 X 10’’ cells/m L  to day 14 values 

o f  3.15 X  10'* and 3.52 X  10'* cells/m L, respectively.
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The reference trial had  the low est day 14 bacterial cell abundance, w hile the 

cyclohexim ide trial h a d  the h ighest. U pon exam ination o f  F igure 4.13, it is obvious from 

the error bars  on the graph that a huge am ount o f  variation occurred betw een bacterial 

count sam ples (in  the o rder o f  10^^). T his large am ount o f  variability  brings into question 

the reliability  o f  the cell count m ethod as applied to flocculated  activated sludge sam ples. 

T he main problem  lies in the fact that m ost bacteria in activated sludge system s are 

flocculated. B acteria  w ith in  floes cannot be accurately counted using standard 

m icroscopic techniques. E ven in  the E D T A  trial, w here deflocculation occurred, a  large 

proportion o f  bac te ria  w as still observed  to be in floes. For this reason, bacterial cell 

abundances m easured in  this study  are relative and not likely representative o f  actual 

bacterial cell num bers.

A m ore accurate w ay  o f  enum erating to tal bacterial cells in activated sludge m ust be 

exam ined. T echniques o f  enum erating AO B and N O B num bers should  also be 

investigated. Typical p late  count techniques are not applicable to activated sludge 

sam ples since m any o f  the bacteria  present in activated sludge are as-yet uncultured. 

C ounting techniques using  the ligh t m icroscope w orks w ell for som e system s in which 

bacteria are freely suspended. H ow ever, in activated sludge system s, the m ajority  o f 

bacteria ex ist in floes. In  order to  obtain proper counts, the floes must first be com pletely 

broken up p rio r to sta in ing  sam ples. Several studies have attem pted to break  up floes by 

forcing sludge sam ples through a sm all gauge needle, or by adding a detergent such as 

' Tw een 80 to  sam ples (L ishm an et a l ,  2000). These techniques w ere attem pted in this 

study, and found to be less effective than  the vortex technique used to  break  up the floe. 

H ow ever, the vortex  technique w as still not com pletely effective, and w hen counting 

sam ples m any large floes w ere observed. For a discussion o f  som e possib le techniques 

that could be used  in future studies p lease refer to section 5.5.

5.3 The use of FISH Combined with CSLM to Determine the Position and Relative 

Amount of Nitrifying Bacteria

The second objective o f  this study  was to  determ ine i f  the presence o r absence o f  

protozoa under d ifferen t conditions a ltered  the spatial organization o r relative am ount o f
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nitrifying bacteria as determ ined by  fluorescent In situ hybridization using rRN A -targeted 

oligonucleotide probes com bined with confocal scanning laser m icroscopy.

In order to m eet this objective, six different probes were used in order detect AOB, NOB, 

and eubacteria. For each floe exam ined, the relative position w ithin the floe o f 

fluorescently labelled bacteria was determined, as well as the relative abundance o f  the 

bacteria on a four point scale. The relative position and abundance o f each type o f 

bacteria was then com pared betw een the trials. The average floe size and the average floe 

diameter w ere also com pared betw em  trials.

A total o f four probe com binations were used in this study. Each com bination consisted 

o f two probes sim ultaneously hybridized to the sample. The purpose o f  com bining probes 

is two-fold. Firstly, it cuts down on the num ber o f  slides that m ust be m ade and sample 

preparation tim e. Secondly, com bining probes allows observations to be m ade about the 

position o f different types o f  bacteria relative to one another.

Figure 4.14 represents the average floe size and floe depth o f  the floes exam ined in each 

trial. Floe size was m easured as the length o f the floe at the w idest point. W hen floe size 

was com pared among trials, the only statistically significant difference was found 

between the reference and the ED TA  + cyclohexim ide. The floe size in the ED TA  

cyclohexim ide trial was significantly sm aller than that o f  the reference trial. This could 

be explained by the com bined effect o f  deflocculation by the ED TA  and the lack o f  

protozoan grazing. Protozoan grazing has been known to increase the flocculation o f  

bacteria by grazing on free-floating species, and also by the excretion o f  com pounds that 

promote flocculation (Curds, 1982; Ratsak et al., 1996).

Floe depth w as significantly sm aller in the allylthiourea, the allylthiourea 

cyclohexim ide, the ED TA, and the ED TA + cylohexim ide trials as com pared to the 

reference trial. There was no significant difference in floe depth betw een the reference 

and cyclohexim ide trials. As was the case w ith floe size, the floe depth in the ED TA  + 

cyclohexim ide trial w as significantly sm aller than in the ED TA  trial. Again, this could 

be due to the com bination o f  deflocculation by EDTA and a lack o f  grazing by protozoa. 

The smaller floe size in  trials containing the deflocculating agent ED TA  is expected, but 

the smaller floe size in the allylthiourea trials was not. The presence o f  sm aller floes in
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the trials containing allylthiourea suggests that allylthiourea m ay also have some 

deflocculating characteristics, /^mother possibility is that the build-up o f  am m onia in 

these trials caused som e am ount o f  deflocculation due to cell death (Singh et ah, 1994).

An increase in pH  in the allylthiourea trials was not likely to cause deflocculation as floes 

dissociation constants have been found to be stable w ithin the range o f  4.5 to 9.5 (Liao et 

al., 2002).

It is im portant to note that floe size and floe depth are som ew hat arbitrary designations, 

and entirely dependant on the position o f  the floe on the slide and in the plane o f  the 

m icroscope laser. It is also im portant to note that during sample preparation, and due to 

the use o f a coverslip, floes m ay becom e compressed. This has the effect o f  m aking the 

floe size as it is m easured greater, and the floe depth as it is m easured smaller. Thus, 

when m aking generalizations about floe size and depth some caution m ust be exercised.

The relative position w ithin the floe o f  each type o f bacteria exam ined in this study was 

obtained in each floe by locating the depth w ithin each floe where the m axim um  amount 

o f  bacteria occurred and dividing this depth by the total floe depth. From  these values, 

was possible to com pare the relative positions o f  each type o f bacteria w ithin the floes on 

day 1, day 7, and day 14. This is represented by Figure 4.15, 4.16, and 4.17. Through 

visual obser\'ation o f  the floes, no obvious detectable difference in the bacterial position 

within the floe was observed betw een the trials. Also, there was no obvious detectable 

difference in the bacterial position w ithin the floe betw een day 1, 7, and 14 o f  each trial. 

Probe HUB 338 detects m ost eubacteria. Wlren used in com bination w ith probes for 

AOB and NO B, it shows the position o f  AOB and N O B com pared to other bacteria that 

are not AOB and NO B. Probe EUB was found at all levels o f  the activated sludge floe, 

indicating that bacteria are found at all levels w ithin the activated sludge floe. However, 

the greatest am ount o f  EUB 338 binding did occur in the center o f  the floe, indicating 

that in activated sludge a large num ber o f  bacteria are located w ithin the activated sludge 

floe where they are protected from  predation and m ake use o f  m icroenvironm ents and 

nutrient pockets (Droppo, 2001). This finding correlates w ith the findings o f  various 

earlier studies that used FISH  com bined with CSLM  to determ ine the position o f  bacteria 

in activated sludge floes (W agner et ah, 1994; W agner et ah, 1994(b); Schm id et al. 

2003). The AOB o f  the p subclass Proteobacteria, Nitrosomonas species, and
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Nitrosococcus mobilis were also found to be located in the m iddle o f  the activated sludge 

floe, and closely associated w ith each other in clusters. AO B were found at m ultiple 

depths within the floe, but the m ajority o f  binding was always found to occur mid-floe.

This finding also is supported by the findings o f  W agner et al. (1996; 1998) and by 

M obarry et al., (1996) who also found AOB located in the interior o f  floes, in closely 

associated clusters. The NOB Nitrospira-\\kt group o f bacteria was also found in clusters 

distributed throughout the floe, w ith the m ajority located m id-floc. Nitrobacter was 

found to be closely associated w ith the Nitrospira-Xùiç, bacteria, but w as usually located 

closer to the outside o f  the floe. Nitrosospira species were also found positioned mid- 

floc, but like Nitrobacter this species was usually located closer to the outside o f  the floe 

than the Nitrospira-Yike bacteria. U nlike Nitrospira-Vike. bacteria, Nitrobacter and 

Nitrosospira w ere usually only found at a single floe depth and w ere not distributed 

throughout the floe. The position o f  NOB mid-floc is also supported by earlier findings 

by M obarry et al., (1996), W agner et al., (1996) and Daim s et al., (2002a). The presence 

or absence o f  protozoan grazing did not appear to affect the position o f  nitrifying bacteria 

within the floe, since both AOB and NOB w ere found in the centre o f  the floe in all trials. 

Surprisingly, in the ED TA  trials, floes were still found to be intact, although the depth o f 

floes were sm aller than in the reference trial. The position o f n itrifying bacteria was not 

altered by deflocculation.

Perhaps o f m ore interest than the position o f nitrifying bacteria was the abundance o f 

nitrifying bacteria w ithin the floe. We were interested in determ ining w hether or not the 

presence or absence o f  protozoa had an effect on the am ount o f  nitrifying bacteria w ithin 

the floe. W e also w anted to determine if, when nitrification was halted  through the use o f 

allylthiourea, w hether the abundance o f  nitrifying bacteria detected by FISH /CSLM  

decreased. The use o f  the probe BUB 338 that detects m ost bacteria was used in hope 

that an increase in heterotrophic bacteria would be detected using this probe. The 

quantification o f  bacterial abundance on a four point scale for each trial on each day is 

shown in Figure 4.19, 4.20, and 4.21. Probe EUB 338 was the m ost abundant probe in all 

trials on all days. This is to be expected since EUB 338 binds to m ost bacteria, and as 

such should bind to all nitrifying bacteria and all other bacteria present in the activated 

sludge floe. The am ount o f  EUB 338 probe binding w as highly variable, and more
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bacteria appeared to be present in the trials containing allylthiourea and the trials 

containing ED TA  than in the reference and cyclohexim ide trials. How ever, since the 

am ount o f EU B binding was so variable betw een floe sam ples, the presence o f  m ore 

bacteria in these trials cannot be stated with any certainty. For the am m onia oxidizing 

bacteria, both betaproteobacterial am m onia oxidizers and Nitrosomonas and 

Nitrosococcus mobilis w ere present in m oderate amounts, w ith Nitrosomonas and 

Nitrosococcus mobilis slightly m ore abundant. This finding is in accordance with other 

studies that found that Nitrosomonas europaea, Nitrosomonas eutropha, Nitrosococcus 

mobilis, and m em bers o f  the Nitrosomonas marina cluster are the m ost abundant 

am m onia oxidizers in activated sludge (W agner and Loy, 2002). For the NOB, 

Nitrospira-like bacteria were present in the greatest abundance. Nitrobacter and 

Nitrosospira were also present in small amounts, with Nitrosospira being the least 

abundant. This is no t surprising, since recent research determ ined that Nitrospira-\\k.e. 

bacteria are the dom inate nitrite oxidizers in W W TPs (Burrell et al., 1998; Juretschko et 

al., 1998; O kabe et al., 1999; Daim s et al., 2000; Daims et a l ,  2001(a); G ieseke et al., 

2001). The reason for this is that Nitrospira-like bacteria are K -strategists with high 

substrate affinities and low  m axim um  growth rates and thus outcom pete Nitrobacter 

under substrate-lim iting conditions in W W TPs (W agner and Loy, 2002).

The use o f FISH  com bined w ith CSLM  did not reveal a noticeable difference in either the 

position or abundance o f  nitrifying bacteria within the sludge floes under the different 

conditions exam ined. W lten protozoan activity was inhibited, and increased growth o f 

heterotropic bacteria w as thought to increase, no subsequent increase in the abundance o f 

probe EUB 338 was observed. In the presence o f protozoan grazing, where increased 

nitrification was thought to occur as indicated by param eter m easurem ents, no increase in 

the abundance o f A O B or NO B was observed with FISH /CSLM . Wlren am m onia 

oxidation w as inhibited using allylthiourea, again, no noticeable change in the abundance 

o f  AOB or NO B w as observed. This suggests that an increase in nitrification does not 

necessarily m ean an increase in  the abundance o f nitrifying bacteria. Rather, an increase 

in nitrification m ight denote an increase in the per-cell nitrification rate.

There are several im portant lim itations associated w ith the use o f  FISH  com bined with 

CSLM . O ne lim itation is the difficulty in quantifying cell num bers using  the
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FISH/CSLM  m ethod. A nother lim itation is that both physiologically  active and inactive 

cells are detected. O ther lim itations are m ethodological lim itations, such as the 

occurrence o f  non-specific  b inding o f probes that may distort abundance estim ates.

It also should be noted that probe EUB 338 detects m ost bacteria, but in order to detect 

all bacteria should be used in conjunction with two new ly developed probes: EUB 333II 

[Planctomycetales spp.) and EUB 338 III {Verrucomicwbiales spp.) (Loy et al., 2003). 

This om ission could account for the failure to observe an  increase in bacterial abundance 

in the trials lacking protozoan grazing.

The use o f FISH /C SLM  is an excellent starting point in obseivdng the general position 

and relative am ounts o f  nitrifying bacteria w ithin activated sludge floe.

5.4 The Relevance of the Influence of Protozoan Grazing on Nutrient Cycling in the 

Activated Sludge Process

This study has established that in the presence o f  protozoan grazing, nitrification rates 

increase. This finding is supported by several other studies that also found enhanced 

nitrogen cycling in the presence o f  protozoan grazing in the activated sludge and other 

environm ents (C larholm , 1984; V erhagen and Laanbroek, 1992; Strauss and Dodds,

1997; Petropoulos, 2003). W hat is still not clear is the exact m echanism  by  which 

protozoa affect nitrification. The possible interaction betw een protozoa can be 

sum m arized in two m ain ideas: the grazing effect, and the cycling effect.

The grazing effect entails the theory that protozoa m ay affect nitrification by controlling 

populations o f  heterotrophic bacteria which norm ally com pete w ith n itrifying bacteria for 

ammonia. It has been show n that the assim ilation o f  am m onia by heterotrophs happens 

in preference to n itrification and in fact reduces the available am m onia for nitrification 

(Hanaki et ah, 1990). Thus, it follows that when heterotrophic bacterial num bers are 

controlled by  protozoan grazing, that m ore am m onia will be available for nitrifying 

bacteria, and nitrification will increase. Several studies have show n that the presence o f 

protozoan grazing in fact selects for fast grow ing heterotrophic bacteria and that slow 

growing nitrifying bacteria are elim inated (Sherr et ah, 1988; Sinclair and A lexander,

, 1989). It is essential to note, how ever, that these studies did not involve bacterial

• populations that are h ighly  flocculated, such as those present in activated sludge. In
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activated sludge, the results o f  m any studies, including the present study, have indicated 

that nitrifying bacteria are located w ithin the interior o f  activated sludge floes (W agner et 

ah, 1995; M obarry  et ah, 1996; W agner et ah, 1996; W agner et ah, 1998; D aim s et ah, 

2001(a)). H eterotrophic bacteria are located in all areas o f the floe (W agner et ah, 1995). 

As such, n itrify ing bacteria  are not available to protozoa for predation under norm al 

circum stances. Thus, the theory that protozoan grazing reduces num bers o f slow- 

growing nitrify ing bacteria is no t applicable in activated sludge system s. H eterotrophic 

bacteria in activated sludge are also located in floe, and those that are no t in floes are 

consum ed by protozoa, hence the basis o f  a self-regulating activated sludge system  that 

selects for flocculating bacteria. In the absence o f  protozoan activity, bacterial 

populations are not controlled, and fast-grow ing heterotrophic bacteria proliferate, 

subsequently outcom peting the nitrifying bacteria for am m onia. The net result o f  this is a 

decrease in n itrification in the absence o f  protozoa due to the proliferation o f  

heterotrophic bacteria.

The cycling theory o f  the effect o f  protozoa on nutrient cycling follows that protozoan 

grazing results in the excretion o f  mineral nutrients such as am m onia and phosphate, 

decreasing the C:N:P ratio and this results in an accelerated use o f  carbon resources by 

bacteria (enhanced carbon m ineralization). A study by Sherr et al. (1998) found that in 

aquatic environm ents protozoa that consum e living cells have the h ighest biom ass 

specific excretion rates o f  inorganic nitrogen o f  all zooplankton groups. Protozoan 

grazing changes the C :N :P ratio by increasing the concentrations o f m ineral nitrogen 

(excreted by  protozoa as am m onia) and phosphorous (excreted by protozoa as 

phosphate). The excretion o f  am m onia by protozoa provides m ore am m onia for 

oxidation by nitrifying bacteria, and also for assim ilation by heterotrophs. One problem  

w ith the cycling theory applied to m unicipal activated sludge is that in such a system  

ammonia is often in abundant supply and is rarely lim iting. Thus, the protozoan 

excretion o f  am m onia m ay have little affect on enhancing nitrification since it is probably 

already occurring at a high rate. How ever, it is possible that the influence o f  protozoan 

grazing on the C:N:P ratio is som ew hat under-estim ated because the com position o f 

w astew ater (i.e influent nitrogen and carbon loadings) is h ighly  variable (R atsak et ah, 

1996). For exam ple, the N -concentration may be low ered by  processes such as
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denitrification and assim ilation o f  am m onia by heterotrophic bacteria. Furtherm ore, 

some types o f  w astew ater (such as pulp and paper) contain m uch h igher levels o f  carbon 

in w hich case n itrogen m ay becom e lim iting (R atsak et ah, 1996).

In reality, the exact m echanism  by  which protozoa effect nitrification is probably a 

com bination o f  bacterial population control by grazing and enhanced nutrient cycling.

Due to the com plex nature o f  the activated sludge ecosystem , interactions are still poorly 

understood. H ow ever, there are several new techniques, such as the isotope array 

approach, that m ay give insights into interspecies m etabolic interactions and even food 

webs.

5.5 Future Work and Recommendations

This study has established that w hile  the presence o f protozoa increases n itrification, it 

does not appear to affect the am ount or position o f  nitrifying bacteria w ithin the floe as 

determ ined by FISH com bined w ith  CSLM . This w ould suggest that that protozoan 

grazing does not prom ote the growth o f  m ore nitrifying bacteria, bu t does increase the 

per-cell nitrification rates. This finding is supported by earlier studies by Clarholm  

(1985), V erhagen and Laanbroek (1992), and Strauss and D odds (1997), all o f  which 

determ ined that protozoan grazing increases nitrification rates in soil environm ents.

As m entioned above, there are several key lim itations associated w ith the FISH /CSLM  

technique when it is used  to exam ine nitrification activity in the activated sludge floe.

O ne lim itation is that the use o f  FISH /CSLM  is not an ideal m ethod to quantify bacteria, 

i  and to do so requires expensive and difficult to obtain specialized softw are. A nother

I  lim itation this that rRN A  is h ighly stable, and the use o f FISH /C SLM  does not allow  one

' to differentiate betw een active and inactive cells. Even i f  n itrifying bacteria are not

viable, cells will still fluoresce when exam ined using FISH /CSLM .

; Future w ork should focus on first establishing w hether or not protozoan grazing increases

j n itrification rates by increasing the num ber o f  nitrifying bacteria or by increasing per-cell

' n itrification rates. A  study by D aim s et al. (2001(c)) successfully utilized FISH  com bined

w ith CSLM  to determ ine absolute bacterial cell num bers (cells/volum e). This technique

j involved spiking sam ples w ith internal standards com prised o f  B. coli cells. The absolute

num bers o f  am m onia oxidizing bacteria w ere also obtained (D aim s et al., 2001(c)). The
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m ethod used  by D aim s et al. (2001(c)) requires a specific type o f  softw are that w as not 

available for use in th is study. H ow ever, the acquisition o f  such softw are for 

quantification o f  absolute bacterial cell num bers in  future studies w ould  be beneficial.

There are several techniques available to determ ine the m etabolic activ ity  o f  hacterial 

cells. One such technique is the use o f  m icroautoradiography (M A R) com bined with 

FISH. M icroautoradiography is a m ethod that can be used to  study the m icroscale 

distribution or radiolabelled  com pounds (N ielsen et al., 1999). M A R  com bined with 

FISH  can be used to study the in situ physiology o f  m any m icroorganism s. T heir ability 

to take up specific organic or inorganic com pounds or their ability  to be active under 

aerobic, anoxic, or anaerobic conditions can also be investigated (N ielsen et al., 1999). 

M A R also allows for the enum eration o f  certain functional groups o f  m icroorganism s that 

m ay be responsible fo r a certain  process (i.e. nitrification) in a com plex m icrobial system  

such as activated sludge. A ccurate enum eration depends on finding a suitable radiotracer 

to track bacteria carrying out the process o f  interest. This num ber can be com pared to the 

total population, e.g., from  a D A PI count. Again, this requires specific softw are capable 

o f  quantifying fluorescence. M A R  has been used in situ to detect am m onia oxidizing 

bacteria (N ielsen et ah , 1999). One o f  the difficulties w ith the use o f  the M A R /FISH  

procedure to  d istinguish different functional groups o f  bacteria  is that the radioactively 

labelled substrate has be exclusively consum ed by  the functional bacterial group being 

m onitored. For exam ple, i f  am m onia-oxidizing bacteria are investigated  by the use o f  the 

radioactive label ' ‘̂ C-HCOs’, these are not distinguishable from  other autotrophic bacteria 

(such as nitrite-oxidizing bacteria) unless nitrite is rem oved o r specific inhibitors are used 

(N ielsen e t al., 1999). A nother draw back to the MARVFISH technique is that it is 

extrem ely tim e consum ing and calls for a large am ount o f  sam ple preparation.

The isotope array m ethod is a new  m ethod that em ploys substrate-m ediated  labeling o f  

rRN A  for determ ination o f  m icrobial com m unity structure and function (A dam czyk et 

al., 2003). The isotope array m ethod allows for the sim ultaneous m onitoring  o f  the 

diversity and substrate incorporation o f  com plex m icrobial com m unities by D N A  

m icroarray technology. A  recent study by  A dam czyk et al. (2003) used  the isotope array 

technique to  successfully  m onitor the C O 2 fixation activities o f  am m onia-oxidizing 

bacteria, using  activated sludge am ended with radioactive b icarbonate  as the m odel
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system  (A dam czyk et al., 2003). A fter extraction and fluorescence labelling  o f  

com m unity rRN A , the d iversity  and bicarbonate incorporation o f  A O B  w ere m easured  by 

using a prototype D N A  m icroarray  fo r AOB detection (A dam czyk et al., 2003). A n as 

yet unpublished paper by W agner (2004), touts the isotope array m ethod  as a m uch less 

tedious and tim e consum ing alternate to the M A R /FISH  technique to decipher functions 

o f com plex m icrobial com m unities such as the activated sludge com m unity.

To date, no studies have been done the attem pt to directly link  p ro tozoan  grazing to 

increased m icrobial n itrification  as m easured by  substrate uptake. Perfo rm ing  such a 

study through the use o f  the MAJR/FISH technique or the new  isotope array m ethod 

w ould provide som e m uch-needed  further insight into the relationship  betw een protozoa 

and the bacterially  m ediated  nitrogen  cycling.
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6.0 CONCLUSIONS

T he purpose o f  this s tudy  w as tw o-fold . First, it aim ed to exam ine the effect o f  protozoan 

grazing on n itrifica tion  rates u nder d ifferent conditions. T he second objective was to 

study the spatial d istribu tion  o f  am m onia- and n itrite-oxidizing bacteria  (A O B and NOB) 

in activated sludge. In  o rder to  achieve this, batch trials w ere perform ed under six 

different treatm ent cond itions; no treatm ent, inhibition o f  pro tozoan  grazing, inhibition o f  

am m onia ox idation , inh ib ition  o f  both  am m onia oxidation and pro tozoan  grazing, 

deflocculation, and defloccu la tion  com bined w ith the inhibition o f  p ro tozoa grazing. 

Param eters to assess n itrifica tion  activ ity  w ere m onitored throughout each trial. On day 

1, 7, and 14 o f  each tria l sludge sam ples w ere exam ined using  fluorescent In situ 

hybrid ization  com bined  w ith confocal scanning laser m icroscopy for the presence and 

spatial position  o f  am m onia  ox id iz ing  and nitrite oxidizing bacteria.

In the absence o f  p ro tozoan  grazing , rates o f  nitrate, n itrite, and am m onia production 

w ere low er than in ba tches w ith  protozoa. This show s that the n itrification  rate is lower 

in  the absence o f  p ro tozoan  grazing  suggesting that the protozoa are im portant for 

converting the organic n itrogen  in the biom ass back  into their inorganic form s.

W hen am m onia ox idation  w as inhibited, the rates o f  nitrate and n itrite  production were 

also lower. It was a lso  observed  that there was a build-up o f  am m onia in the system.

The addition o f  E D T A  as a deflocculan t appeared to increase nitrification rates, perhaps 

by the increased  co n tac t o f  n itrify ing  bacteria w ith am m onia as a resu lt o f  deflocculation. 

In the presence o f  p ro tozoan  grazing  and ED TA , the nitrification rate  appeared to be 

h igher than w ithout grazing , suggesting  that grazing increases n itrification  rates even 

under adverse conditions such  as deflocculation.

In the reactors lack ing  bo th  p ro tozoan  grazing and am m onia oxidation, the rates o f  nitrate 

and nitrite production  w ere m inim al. This suggests that the lack o f  pro tozoan  grazing 

augm ents the  effect o f  a lly lth iourea possib ly  by further reducing  the inorganic nitrogen 

available fo r n itrification .

W hen sludge sam ples w ere exam ined  using FISH /C SLM , both  AO B and N O B  were 

found c lustered  w ith in  the floe.
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N either inhibiting pro tozoa, inhibiting  am m onia oxidation, or deflocculation appeared to 

lower the am ount o f  A O B  and N O B  present or their position w ith in  the floe

Overall, this study suggests that protozoan grazing o f  bacteria is an im portant factor in 

nitrogen cycling w ithin this system . It appears that their activity  releases inorganic 

nitrogen into the system  that can be used during nitrification. S ince the am ount o f  AOB 

and N O B  were no t affected  by our m anipulations, it suggests that the AO B and NO B are 

more active in the presence o f  protozoa (i.e. per cell nitrification increases). Further 

study using F IS H  com bined w ith M A R  or the new isotope array technique is needed to 

confirm  this.
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Table A .I. D aily Tem perature M easurem ents and Standard Deviations

Trial Number of Days R1
( C)

R2 
( C)

R3 
( C)

Average 
( C)

s

Reference 1 26.0 26.2 26.0 26.1 0.00
Reference 2 25.6 25.6 25.4 25.5 0.12
Reference 3 25.5 25.7 25.6 25.6 0.10
Reference 4 24.8 24.9 24.8 24.8 0.06
Reference 5 25.0 25.0 25.1 25.0 0.06
Reference 6 25.5 25.5 25.3 25.4 0.12
Reference 7 25.8 25.8 25.8 25.8 0.00
Reference 8 25.7 25.9 25.9 25.8 0.12
Reference 9 25.6 25.7 25.7 25.7 0.06
Reference 10 25.5 25.6 25.5 25.5 0.06
Reference 11 25.4 25.5 25.5 25.5 0.06
Reference 12 25.3 25.3 25.3 25.3 0.00
Reference 13 25.3 25.4 25.4 25.4 0.06
Reference 14 25.5 25.5 25.5 25.5 0.00

Cycloheximide 1 26.0 26.0 26.1 26.0 0.00
Cycloheximide 2 25.3 25.3 25.4 25.3 0.06
Cycloheximide 3 25.5 25.4 25.3 25.4 0.10
Cycloheximide 4 24.7 24.6 24.6 24.6 0.06
Cycloheximide 5 25.1 25.0 25.1 25.1 0.06
Cycloheximide 6 25.5 25.3 25.3 25.4 0.12
Cycloheximide 7 25.7 25.8 25.8 25.8 0.06
Cycloheximide 8 26.0 26.1 26.2 26.1 0.10
Cycloheximide 9 25.7 25.7 25.6 25.7 0.06
Cycloheximide 10 25.4 25.3 25.3 25.3 0.06
Cycloheximide 11 25.4 25.4 25.5 25.4 0.06
Cycloheximide 12 25.4 25.3 25.3 25.3 0.06
Cycloheximide 13 25.3 25.4 25.4 25.4 0.06
Cycloheximide 14 25.5 25.5 25.4 25.5 0.06
Allylthiourea I 26.4 26.3 26.4 26.4 0.06
Allylthiourea 2 25.9 25.3 25.3 25.5 0.35
Allylthiourea 3 24.5 24.5 24.6 24.5 0.06
Allylthiourea 4 24.2 24.3 24.5 24.3 0.15
Allylthiourea 5 25.0 24.3 24.2 24.5 0.44
Allylthiourea 6 24.5 24.2 24.2 24.3 0.17
Allylthiourea 7 25.3 24.8 24.3 24.8 0.50
Allylthiourea 8 23.9 23.8 23.7 23.8 0.10
Allylthiourea 9 24.1 24.3 24.3 24.2 0.12
Allylthiourea 10 24.4 24.3 24.2 24.3 0.10
Allylthiourea 11 24.3 24.4 24.2 24.3 0.10
Allylthiourea 12 24.9 24.5 23.4 24.3 0.78
Allylthiourea 13 23.2 23.4 23.2 23.3 0.12
Allylthiourea 14 23.6 23.7 23.6 23.6 0.06

Allylthiourea +  Cycloheximide 1 26.4 26.3 26.4 26.4 0.06
Allylthiourea +  Cycloheximide 2 25.6 25.3 25.2 25.4 0.21
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Allylthiourea +  Cyclohexim ide 3 24.3 24.5 24.1 24.3 0.20
Allylthiourea +  Cyclohexim ide 4 24.2 24.0 23.9 24.0 0.15
Allylthiourea +  Cyclohexim ide 5 24.2 24.0 24.0 24.1 0.12
Allylthiourea +  Cyclohexim ide 6 24.3 24.2 24.1 24.2 0.10
Allylthiourea +  Cyclohexim ide 7 24.2 24.4 24.3 24.3 0.10
Allylthiourea +  Cyclohexim ide 8 23.8 23.5 23.5 23.6 0.17
Allylthiourea +  Cyclohexim ide 9 24.2 24.2 24.3 24.2 0.06
Allylthiourea +  Cyclohexim ide 10 24.4 24.3 24.2 24.3 0.10
Allylthiourea +  Cycloheximide 11 24.3 24.4 24.1 24.3 0.15
Allylthiourea +  Cyclohexim ide 12 23.3 23.2 23.3 23.3 0.06
Allylthiourea +  Cyclohexim ide 13 23.1 23.4 23.0 23.2 0.21
Allylthiourea +  Cyclohexim ide 14 23.5 23.5 23.2 23.4 0.17

EDTA 1 24.9 24.9 24.7 24.8 0.12
EDTA 2 24.4 23.9 24.2 24.2 0.25
EDTA 3 24.1 23.8 23.7 23.9 0.21
EDTA 4 25.2 24.7 25.2 25.0 0.29
EDTA 5 25.1 25.0 25.0 25.0 0.06
EDTA 6 25.2 24.9 24.6 24.9 0.30
EDTA 7 25.3 24.8 24.3 24.8 0.50
EDTA 8 24.8 24.5 24.2 24.5 0.30
EDTA 9 25.2 24.7 24.4 24.8 0.40
EDTA 10 25.7 25.3 24.9 25.3 0.40
EDTA 11 23.9 23.8 23.6 23.8 0.15
EDTA 12 24.0 24.1 23.9 24.0 0.10

EDTA 13 24.7 25.0 25.0 24.9 0.17
EDTA 14 24.9 25.2 25.1 25.1 0.15

EDTA+Cyclohexim ide 1 24.9 24.9 24.7 24.8 0.12
EDTA+Cycloheximide 2 24.0 23.8 23.9 23.9 0.10
EDTA+Cycloheximide 3 23.7 23.7 23.7 23.7 0.00
EDT A+Cy clohexim ide 4 25.0 24.9 24.7 24.9 0.15
EDT A+Cy clohexim ide 5 25.1 25.0 24.8 25.0 0.15
EDT A+Cyclohexim ide 6 25.2 24.5 24.6 24.8 0.38
EDTA+Cyclohexim ide 7 23.9 23.9 23.6 23.8 0.17
EDTA+Cycloheximide 8 24.1 23.9 23.7 23.9 0.20
EDT A+Cyclohexim ide 9 24.0 23.9 23.8 23.9 0.10
EDTA+Cyclohexim ide 10 24.6 24.6 24.4 24.5 0.12
EDTA+Cyclohexim ide 11 23.5 23.5 23.4 23.5 0.06

EDTA+Cyclohexim ide 12 24.0 24.0 23.6 23.9 0.23
EDTA+Cyclohexim ide 13 24.7 25.1 25.0 24.9 0.21
EDTA+Cyclohexim ide 14 25.0 25.0 24.9 25.0 0.06
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Table A .2. Daily pH  M easurements and Standard Deviations

Trial Number of Days R1 R2 R3 Average s
Reference 1 7.52 7.52 7.52 7.52 0.000
Reference 2 7.50 7.50 7.50 7.50 0.000
Reference 3 7.50 7.50 7.50 7.50 0.000
Reference 4 7.50 7.50 7.30 7.43 0.115
Reference 5 7.30 7.40 7.20 7.30 0.100
Reference 6 7.00 7.10 7.00 7.03 0.058
Reference 7 6.89 7.00 6.70 6.86 0.152
Reference 8 6.89 7.00 6.60 6.83 0.207
Reference 9 6.70 6.98 6.50 6.73 0.241
Reference 10 6.50 6.80 6.40 6.57 0.208
Reference 11 6.40 6.50 6.40 6.43 0.058
Reference 12 5.60 6.00 6.00 5.87 0.231
Reference 13 5.10 5.54 5.50 5.38 0.243
Reference 14 4.85 5.10 4.76 4.90 0.176

Cycloheximide 1 7.52 7.52 7.52 7.52 0.000
Cycloheximide 2 7.50 7.50 7.50 7.50 0.000
Cycloheximide 3 7.45 7.50 7.50 7.48 0.029
Cycloheximide 4 7.40 7.30 7.20 7.30 0.100
Cycloheximide 5 7.40 7.00 7.00 7.13 0.231
Cycloheximide 6 7.30 7.00 7.10 7.13 0.153
Cycloheximide 7 7.00 7.00 6.90 6.97 0.058
Cycloheximide 8 7.00 7.00 6.80 6.93 0.115
Cycloheximide 9 6.80 6.90 7.00 6.90 0.100
Cycloheximide 10 6.70 6.70 6.50 6.63 0.115
Cycloheximide 11 6.50 6.50 5.75 6.25 0.433
Cycloheximide 12 6.20 6.00 5.45 5.88 0.388
Cycloheximide 13 5.43 5.30 4.98 5.24 0.232
Cycloheximide 14 4.81 4.81 4.76 4.79 0.029
Allylthiourea 1 7.49 7.50 7.49 7.49 0.006
Allylthiourea 2 7.92 7.91 7.90 7.91 0.010
Allylthiourea 3 8.10 8.21 8.14 8.15 0.056
Allylthiourea 4 8.18 8.10 8.23 8.17 0.066
Allylthiourea 5 8.19 8.09 8.10 8.13 0.055
Allylthiourea 6 8.38 8.31 8.20 8.30 0.091
Allylthiourea 7 8.56 8.59 8.60 8.58 0.021
Allylthiourea 8 8.64 8.54 8.71 8.63 0.085
Allylthiourea 9 8.64 8.55 8.70 8.63 0.075
Allylthiourea 10 8.66 8.56 8.70 8.64 0.072
Allylthiourea 11 8.67 8.59 8.61 8.62 0.042
Allylthiourea 12 8.69 8.59 8.58 8.62 0.061
Allylthiourea 13 8.71 8.72 8.69 8.71 0.015
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Allylthiourea 14 8.81 8.89 8.91 8.87 0.053
Allylthiourea +  Cycloheximide 1 7.49 7.50 7.49 7.49 0.006
Allylthiourea +  Cycloheximide 2 7.92 7.93 7.96 7.94 0.021
Allylthiourea +  Cycloheximide 3 8.11 8.00 8.26 8.12 0.131
Allylthiourea +  Cycloheximide 4 8.32 8.45 8.32 8.36 0.075
Allylthiourea +  Cycloheximide 5 7.91 8.01 8.02 7.98 0.061
Allylthiourea +  Cycloheximide 6 8.30 8.31 8.27 8.29 0.021
Allylthiourea +  Cycloheximide 7 8.62 8.65 8.59 8.62 0.030
Allylthiourea +  Cycloheximide 8 8.58 8.67 8.62 8.62 0.045
Allylthiourea +  Cycloheximide 9 8.57 8.75 8.65 8.66 0.090
Allylthiourea + Cycloheximide 10 8.50 8.67 8.51 8.56 0.095
Allylthiourea + Cycloheximide 11 8.55 8.54 8.60 8.56 0.032
Allylthiourea + Cycloheximide 12 8.44 8.45 8.45 8.45 0.006
Allylthiourea + Cycloheximide 13 8.56 8.60 8.41 8.52 0.100
Allylthiourea + Cycloheximide 14 8.69 8.78 8.32 8.60 0.244

EDTA 1 7.50 7.50 7.50 7.50 0.000
EDTA 2 7.50 7.40 7.50 7.47 0.058
EDTA 3 7.32 7.50 7.50 7.44 0.104
EDTA 4 7.00 6.99 7.20 7.06 0.118
EDTA 5 7.10 7.00 7.00 7.03 0.058
EDTA 6 7.00 6.80 7.00 6.93 0.115
EDTA 7 7.00 6.80 7.00 6.93 0.115
EDTA 8 7.00 6.80 7.00 6.93 0.115
EDTA 9 7.00 7.00 7.00 7.00 0.000
EDTA 10 6.80 6.70 6.90 6.80 0.100
EDTA 11 6.00 6.10 6.00 6.03 0.058
EDTA 12 5.02 5.61 5.50 5.38 0.314
EDTA 13 4.99 4.80 4.70 4.83 0.147
EDTA 14 4.73 4.73 4.66 4.71 0.040

EDTA+Cycloheximide 1 7.50 7.50 7.50 7.50 0.000
EDT A+Cycloheximide 2 7.70 7.50 7.30 7.50 0.200
EDTA+Cycloheximide 3 7.50 7.40 7.00 7.30 0.265
EDTA+Cycloheximide 4 7.30 7.50 7.10 7.30 0.200
EDT A+Cycloheximide 5 7.00 7.20 7.10 7.10 0.100
EDTA+Cycloheximide 6 7.00 7.00 7.00 7.00 0.000
EDTA+Cycloheximide 7 7.00 7.00 7.00 7.00 0.000
EDTA+Cycloheximide 8 6.90 6.90 7.00 6.93 0.058
EDTA+Cycloheximide 9 7.00 7.00 6.80 6.93 0.115
EDT A+Cycloheximide 10 6.60 6.70 6.50 6.60 0.100
EDTA+Cycloheximide 11 5.57 5.23 5.63 5.48 0.216
EDTA+Cycloheximide 12 4.83 5.12 5.13 5.03 0.170
EDTA+Cycloheximide 13 4.70 5.00 4.99 4.90 0.170
EDTA+Cycloheximide 14 4.64 4.71 4.85 4.73 0.107
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Table A.3 Dissolved Oxygen Measurements and Standard Deviations

Trial Number of 
Days

R1
(mg O2 /L)

R2
(mg

O2 /L)

R3
(mg O2 /L)

Average 
(mg O2 /L)

s

Reference 1 8.0 8.0 8.0 8.0 0.0
Reference 4 8.0 8.0 8.0 8.0 0.0
Reference 7 8.0 8.0 8.0 8.0 0.0
Reference 10 8.0 8.0 8.0 8.0 0,0
Reference 14 8.0 8.0 8.0 8.0 0.0

Cycloheximide 1 8.0 8.0 8.0 8.0 0.0
Cycloheximide 4 8.0 8.0 8.0 8.0 0.0
Cycloheximide 7 8.0 8.0 8.0 8.0 0.0
Cycloheximide 10 8.0 8.0 8.0 8.0 0.0
Cycloheximide 14 8.0 8.0 8.0 8.0 0.0
Allylthiourea 1 n/a n/a n/a ii/a n/a
Allylthiourea 4 n/a n/a n/a n/a n/a
Allylthiourea 7 n/a n/a n/a n/a n/a
Allylthiourea 10 n/a n/a n/a n/a n/a
Allylthiourea 14 n/a n/a n/a n/a n/a

Allylthiourea+Cycloheximide 1 n/a n/a n/a n/a n/a
Allylthiourea+Cycloheximide 4 n/a n/a n/a n/a n/a
Allylthiourea+Cycloheximide 7 n/a n/a n/a n/a n/a
Allylthiourea+Cycloheximide 10 n/a n/a n/a n/a n/a
Allylthiourea+Cycloheximide 14 n/a n/a n/a n/a n/a

EDTA 1 8.5 8.5 8.5 8.5 0.0
EDTA 4 8.5 8.5 8.4 8.5 0.1
EDTA 7 8.0 8.0 8.0 8.0 0.0
EDTA 10 8.0 8.0 8.0 8.0 0.0
EDTA 14 8.0 8.0 8.0 8.0 0.0

EDT A+Cycloheximide 1 8.5 8.5 8.5 8.5 0.0
EDTA+Cycloheximide 4 8.5 8.5 8.5 8.5 0.0
EDTA+Cycloheximide 7 8.0 8.0 8.0 8.0 0.0
EDT A+Cycloheximide 10 8.0 8.0 8.0 8.0 0.0
EDTA+Cycloheximide 14 8.0 8.0 8.0 8.0 0.0
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Table A.4 Batch Reactor COD Measurements and Standard Deviations

Trial Number of 
Days

R1
(mgOjTL)

R2
(mgOj/L)

R3
(mgOi/L)

Average
(mgOj/L)

s

Reference 1 121 118 121 120 1.73
Reference 4 93 71 119 95 23.77
Reference 7 54 54 55 54 0.53
Reference 10 58 58 62 60 2.15
Reference 14 35 26 35 32 5.20

Cycloheximide i 121 118 121 120 1.73
Cycloheximide 4 250 250 249 249 0.67
Cycloheximide 7 217 217 225 220 4.53
Cycloheximide 10 249 250 249 249 0.67
Cycloheximide 14 36 36 36 36 0.00
Allylthiourea 1 138 141 141 140 1.77
Allylthiourea 4 122 123 121 122 1.00
Allylthiourea 7 92 92 92 92 0.56
Allylthiourea 10 55 64 77 65 11.30
Allylthiourea 14 57 56 56 56 0.53

Allylthiourea+Cycloheximide 1 138 141 141 140 1.77
Allylthiourea+Cycloheximide 4 233 - 205 233 223 16.13
Allylthiourea+Cycloheximide 7 126 141 136 134 7.73
Allylthiourea+Cycloheximide 10 96 102 104 101 4.06
Allylthiourea+Cycloheximide 14 82 82 72 79 5.48

EDTA 1 170 164 162 165 4.07
EDTA 4 183 212 236 210 26.36
EDTA 7 165 170 189 175 12.81
EDTA 10 174 200 214 196 20.39
EDTA 14 149 171 216 179 33.85

EDTA+Cycloheximide 1 170 164 162 165 4.07
EDTA+Cycloheximide 4 420 420 357 399 36.75
EDTA+Cycloheximide 7 305 320 305 310 8.36
EDTA+Cycloheximide 10 320 270 284 291 25.71
EDTA+Cycloheximide 14 238 256 210 235 22.93
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Table A.5 Batch Reactor Ammonia Measurements and Standard Deviations

Trial Number of 
Days

R1
(mg

NH,/L)

R2
(mgNHj/L)

R3
(mgNHs/L)

Average
(mgNH]/L)

s

Reference 1 18.26 18.44 18.44 18.38 0.10
Reference 4 18.32 22.84 19.41 20.19 2.36
Reference 7 21.70 27.82 24.95 24.82 3.06
Reference 10 21.10 26.45 20.90 22.82 3.15
Reference 14 32.71 32.62 29.59 31.64 1.78

Cycloheximide 1 18.26 18.44 18.44 18.38 0.10
Cycloheximide 4 12.78 16.08 15.62 14.83 1.79
Cycloheximide 7 18.44 17.80 19.18 18.48 0.69
Cycloheximide 10 20.21 20.12 22.57 20.97 1.39
Cycloheximide 14 20.30 26.10 27.57 24.65 3.84
Allylthiourea 1 28.32 28.37 31.88 29.52 2.04
Allylthiourea 4 43.87 46.67 52.20 47.58 4.24
Allylthiourea 7 46.54 57.11 55.18 52.94 5.63
Allylthiourea 10 46.77 55.90 56.89 53.19 5.58
Allylthiourea 14 50.00 52.11 45.69 49.26 3.27

Allylthiourea+Cycloheximide 1 28.32 28.37 31.88 29.52 2.04
Allylthiourea+Cycloheximide 4 36.18 37.08 42.74 38.66 , 3.56
Allylthiourea+Cycloheximide 7 47.80 54.01 60.53 54.11 6.37
Allylthiourea+Cycloheximide 10 58.98 50.44 57.25 55.56 4.52
Allylthiourea+Cycloheximide 14 51.49 49.75 40.64 47.29 5.83

EDTA 1 29.40 32.84 30.71 30.98 1.74
EDTA 4 15.95 23.77 22.92 20.88 4.29
EDTA 7 24.66 21.15 26.19 24.00 2.58
EDTA 10 31.18 25.86 24.73 27.26 3.45
EDTA 14 26.27 31.60 32.81 30.23 3.48

EDTA+Cycloheximide 1 29.40 32.84 30.71 30.98 1.74
EDTA+Cycloheximide 4 18.70 19.00 11.73 16.47 4.11
EDTA+Cycloheximide 7 19.27 16.31 16.60 17.39 1.63
EDTA+Cycloheximide 10 25.19 27.07 19.50 23.92 3.94
EDTA+Cycloheximide 14 32.06 30.65 27.30 30.00 2.45
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Table A.6 Batch Reactor Nitrite Measurements and Standard Deviations

Trial Num ber o f  
Days

R1
(m gNOj/L)

R2
(mgNOz/L)

R3
(m gNOj/L)

Average
(m gNO i/Ll

5

Reference 1 2.10 2.10 2.10 2.10 0.00
Reference 4 2.41 2.29 2.22 2.30 0.10
Reference 7 2.61 2.61 2.58 2.60 0.02
Reference 10 2.59 2.69 2.66 2.65 0.05
Reference 14 0.46 0.46 0.26 0.39 0.12

Cycloheximide 1 2.10 2.10 2.10 2.10 0.00
Cycloheximide 4 2.09 2.11 2.10 2.10 0.01
Cycloheximide 7 2.11 2.02 2.05 2.06 0.05
Cycloheximide 10 2.10 2.10 2.13 2,11 0.02
Cycloheximide 14 0.21 0.28 0.21 0.24 0.04
Allylthiourea 1 1.01 1.03 1.02 1.02 0.01
Allylthiourea 4 0.11 0.11 0.16 0.13 0.03
Allylthiourea 7 0.10 0.24 0,15 0.16 0.07
Allylthiourea 10 0.42 0.46 0.47 0.45 0.03
Allylthiourea 14 1.48 1.44 1.31 1.41 0.09

Allylthiourea+Cycloheximide 1 1.01 1.03 1.02 1.02 0.01
Allylthiourea+Cycloheximide 4 0.19 0.28 0.19 0.22 0.05
Allylthiourea+Cycloheximide 7 0.35 0.35 0.30 0.34 0.03
Allylthiourea+Cycloheximide 10 0.31 0.35 0.36 0.34 0.02
Allylthiourea+Cycloheximide 14 12.92 7.85 7.99 9.59 2.88

EDTA 1 3.66 3.71 3.63 3.67 0.04
EDTA 4 1.37 1.76 1.76 1.63 0.22
EDTA 7 3.84 4.30 4.23 4.12 0.24
EDTA 10 0.43 0.3! 0.33 0.36 0.06
EDTA 14 0.83 1.11 0.95 0.96 0.14

EDTA+Cycloheximide I 3.66 3.71 3.63 3.67 0.04
EDT A+Cycloheximide 4 1.95 1.94 1.57 1.82 0.21
EDTA+Cycloheximide 7 3.00 2.42 3.49 2.97 0.54
EDTA+Cycloheximide 10 0.90 0.81 1.05 0.92 0,12
EDTA+Cycloheximide 14 0.06 0.07 0.16 0.09 0.06
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Table A.7 Batch Reactor Nitrate Measurements and Standard Deviations

Trial N um ber o f  
Days

R1
(mgNOj/L)

R2
(mgNOj/L)

R3
(m gN O ,/L)

A verage
(mgNOs/L)

s

Reference 1 1.11 1.11 1.11 1.11 0.001
Reference 4 1.44 1.45 1.47 1.45 0.015
Reference 7 1.56 1.57 1.58 1.57 0.010
Reference 10 1.90 1.91 1.91 1.91 0.006
Reference 14 2.50 2.54 2.56 2.53 0.031

Cycloheximide 1 1.11 1.11 1.11 1.11 0.001
Cycloheximide 4 1.09 1.10 1.10 1.10 0.004
Cycloheximide 7 1.06 1.04 1.05 1.05 0.010
Cycloheximide 10 1.02 1.03 1.05 1.03 0.013
Cycloheximide 14 0.99 0.98 0.98 0.98 0.008
Allylthiourea 1 1.39 1.37 1.44 1.40 0.040
Allylthiourea 4 0.91 0.73 1.20 0.95 0.237
Allylthiourea 7 1.19 1.12 1.37 1.23 0.127
Allylthiourea 10 0.98 1.18 1.12 1.09 0.103
Allylthiourea 14 0.72 0.87 0.96 0.85 0.121

Allylthiourea+Cycloheximide 1 1.39 1.37 1.44 1.40 0.040
Allylthiourea+Cycloheximide 4 0.68 0,93 0.81 0.81 0.124
Allylthiourea+Cycloheximide 7 0.89 1.10 1.23 1.07 0.169
Allylthiourea+Cycloheximide 10 0.86 0.89 0.90 0.89 0.023
Allylthiourea+Cycloheximide 14 0.36 0.43 0.45 0.41 0.051

EDTA 1 1.03 1.02 0.95 1.00 0.046
EDTA 4 12.66 12.95 12.59 12.73 0.190
EDTA 7 74.04 74.37 73.64 74.02 0.369
EDTA 10 78.31 79.20 81.89 79.80 1.862
EDTA 14 49.51 52.08 50.89 50.82 1.287

EDTA+Cycloheximide 1 1.03 1.02 0.95 1.00 0.046
EDT A+Cycloheximide 4 11.88 12.28 12.49 12.21 0.309
EDTA+Cycloheximide 7 74.77 75.59 72.00 74.12 1.880
EDTA+Cycloheximide 10 75.85 70.93 73.24 73.34 2.461
EDT A+Cycloheximide 14 52.04 49.76 51.93 51.24 1.282
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Table A.8 Batch Reactor Total Nitrogen Measurements and Standard Deviations

Trial Number of 
Days

R1
(mgTN/L)

R2
(mgTN/L)

R3
(mgTN/L)

Average
(mgTN/L)

s

control 1 32.4 32.1 32.1 32.2 0.17
control 4 90.4 105.4 95.5 97.1 7.62
control 7 101.5 109.7 120.1 110.4 9.29
control 10 117.2 116.0 118.0 117.1 1.02
control 14 122.1 155.1 136.1 137.8 16.53

Cycloheximide 1 32.4 32.1 32.1 32.2 0.17
Cycloheximide 4 48.3 74.9 61.6 18.78
Cycloheximide 7 91.1 89.3 92.2 90.9 1.50
Cycloheximide 10 112.5 112.5 111.7 112.2 0.47
Cycloheximide 14 100.2 127.1 110.5 112.6 13.56

allylthiourea 1 39.8 38.3 39.8 39.3 0.87
allylthiourea 4 36.9 32.2 41.2 36.8 4.51
allylthiourea 7 38.6 37.7 39.2 38.5 0.75
allylthiourea 10 60.7 66.3 79.1 68.7 9.45
allylthiourea 14 92.7 92.4 101.1 95.4 4.91

allylthiourea+cycloheximide 1 39.8 38.3 39.8 39.3 0.87
allylthiourea+cycloheximide 4 31.1 24.6 31.1 28.9 3.77
allylthiourea+cycloheximide 7 27.7 26.2 29.2 27.7 1.47
allylthiourea+cycloheximide 10 56.5 56.1 56.1 56.2 0.19
allylthiourea+cycloheximide 14 53.1 43.5 48.9 48.5 4.80

EDTA 1 38.6 33.1 37.4 36.4 2.87
EDTA 4 72.0 71.7 74.6 72.8 1.61
EDTA 7 89.9 89.9 93.9 91.2 2.29
EDTA 10 93.9 107.0 112.1 104.3 9.42
EDTA 14 108.3 127.2 135.1 123.5 13.80

EDTA+cycloheximide 1 38.6 33.1 37.4 36.4 2.87
EDTA+cycloheximide 4 64.7 79.3 70.9 71.6 7.33
EDTA+cycloheximide 7 92.4 72.8 92.4 85.8 11.29
EDTA+cycloheximide 10 100.6 98.5 89.9 96.4 5.67
EDTA+cycloheximide 14 102.3 127.2 118.5 116.0 12.65
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Table A.9 Bacterial Cell Counts and Standard Deviations

Trial N um ber of 
Days

R1
(cells/m L)

R2
(cells/m L)

3
(cells/m L)

Average
(cells/m L)

s

Reference 1 1.71E+07 1.75E+07 1.84E+07 1.77E+07 6.66E+05
Reference 7 9.90E+07 8.60E+07 7.50E+07 8.67E+07 1.20E+07
Reference 14 2.86E+08 3.50E+07 4.50E+07 1.22E+08 1.42E+08

Cycloheximide 1 1.71E+07 1.75E+07 1.84E+07 1.77E+07 6.66E+05
Cycloheximide 7 1.36E+08 1.40E+08 5.57E+08 2.78E+08 2.42E+08
Cycloheximide 14 1.15E+09 8.25E+08 4.01E+08 7.92E+08 3.76E+08
Allylthiourea 1 2.00E+07 4.60E+07 2.40E+07 3.00E+07 1.40E+07
Allylthiourea 7 2.80E+08 1.60E+08 1.40E+08 1.93E+08 7.57E+07
Allylthiourea 14 1.60E+08 4.40E+08 1.80E+08 2.60E+08 1.56E+08

Allylthiourea+cycloheximide 1 2.00E+07 4.60E+07 2.40E+07 3.00E+07 1.40E+07
Allylthiourea+cycloheximide 7 1.62E+08 3.36E+08 1.52E+08 2.17E+08 1.03E+08
Allylthiourea+cycloheximide 14 3.02E+08 2.90E+08 2.96E+08 8.49E+06

EDTA 1 6.40E+07 4.00E+07 3.00E+07 4.47E+07 1.75E+07
EDTA 7 3.14E+08 3.08E+08 3.36E+08 3.19E+08 1.47E+07
EDTA 14 3.20E+08 3.06E+08 3.20E+08 3.15E+08 8.08E+06

EDTA+Cycloheximide 1 6.40E+07 4.00E+07 3.00E+07 4.47E+07 1.75E+07
EDTA+Cycloheximide 7 3.40E+08 3.60E+08 3.46E+08 3.49E+08 1.03E+07
EDT A+Cyc loheximide 14 3.50E+08 3.50E+08 3.56E+08 3.52E+08 3.46E+06
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a p p e n d i x  b : f l u o r e s c e n t  i n  s i t u  h y b r i d i z a t i o n  c o m b i n e d  w i t h

C O N F O C A L  L A S E R  M IC R O S C O P Y  D A TA
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Table B .l  FISH /C SLM  Data for Probe Combo EUB+A21

Trial Day A 21D m ax((im ) [ EUB 338 Dmax (pm) A21 Amount (/4) EUB Amount (/4) 'loc depth (pm) 'loc Diam (pm)
Control 1 40.97 40.97 2 4 55.1 198.75

14.86 14.86 1 1.5 18.05 85.24
22.54 24.3 1 1.5 47.9 177.75

7 13.31 13.31 1 2 31.95 165.62
29.1 27.28 2 2 1 43.05 193.1

43.34 25.09 3 4 54.75 151.49
14 38.75 26.25 3 4 57.75 141.39

31.52 45.04 3 4 63.05 140.98
25.8 33.17 2.5 3 51.6 182.5

Cycloheximide 1 40.97 40.97 2 4 55.1 , 198.75
14.86 14.86 1 1.5 18.05 1 85.24
22.54 24.3 1 1.5 47.9 1 177.75

7 23.12 23.12 2 3.5 46.25 167.25
23.35 27.6 2 3.5 50.95 159.97
31.15 31.15 3 3 53.4 185.42

14 38.25 51 2 4 59.5 188.65
19.56 19.56 1 2 45.65 138.56
38.25 43.5 2 4 59.5 179.37

Allylthiourea 1 10.45 13.44 2.5 4 20.9 188.65
11.57 14.45 2.5 4 20.25 157.54
11.78 15.2 2.5 4 22.8 154.3

7 11.9 14.66 3 4 22.8 188.25
10.94 9.57 2 4 19.15 95.34
8.53 9.74 2.5 3.5 17.05 149.46

14 13,65 15.6 3.5 4 27.3 166.43
17.2 19.35 3.5 4 30.1 176.13
13.43 15.11 3 4 23.5 191.48

Allyl+Cyclo 1 1 10.45 13.44 2.5 4 20.9 188.65
11.57 14.45 2.5 4 20.25 157.54
11.78 15.2 2.5 4 22.8 154.3

7 7.14 7.14 2.5 4 12.5 155.98
15.45 15.47 3 4 30.95 142.61
20.31 31.97 2 4 37.3 188.65

14 12.69 14.27 3.5 4 22.2 171.68
9.32 9.32 3.5 4 18.65 165.62
11.45 13.06 3 4 22.85 189.96

EDTA 1 18.57 23.21 3.5 4 32.5 119.6
13.97 15.97 3.5 4 27.95 178.95
18.51 20.57 3.5 4 28.8 151.09

7 19.9 21.89 4 4 27.86 146.64
19.75 21.73 4 4 27.65 148.25
10.48 10.48 4 4 16.3 136.96

14 16.89 19 3 3.5 29.55 155.93
11.68 13.62 3 4 27.25 154.26
12.55 1 16.14 2 4 25.1 185.42

EDTA+Cyclo I 18.57 23.21 1 4 32.5 ! 119.6
13.97 15.97 3.5 4 27.95 1 178.95
18.51 20.57 3.5 4 28.8 151.09

7 9.51 10.7 3 4 16.6 178.55
7.69 10.26 3 4 17.95 101.8
11.37 12.79 3 4 19.9 138.98

14 10.86 10.86 2.5 4 19 153.91
11.38 12.64 3.5 4 17.7 182.59
10.99 12.21 3 4 17.1 180.97
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Table B.2 FISH/CSLM  Data for Probe Combo A21+ NBIOOO

T ria l D ay A 21 D m ax  (Î m ) NblOOO D m ax  (! m) A 2I A m o u n t (/4) Mb 1000 A m o u n t (/4) 1Floe D e p th  ( I  m ) l o c  D ia m e te r  (Î m)
R eference 1 23.1 25.42 2 3 41.49 185.01

22.5 22.5 2.5 3.5 49 173.31
28.28 22.63 2 4 45.25 183.4

7 39.87 39.87 2 2 79.95 174.51
18.79 28.18 1 1 75.15 185.82
16.78 18.3 2 2 36 .6  t 141.79

14 27.89 26.89 4 3 6 2.75 154.31
31.8 31.8 4 3 55.63 125.63

35.53 40 .6 2 1 71.05 164.82

C v clohex im idc 1 23.1 25.42 2 3 41.49 185.01
22.5 22.5 2.5 3.5 49 173.31

28.28 22.63 2 4 45.25 183.4

7 28.9 30.97 1 2.5 49.55 141.79
18.49 18.49 2.5 3 63.4 134.12
8.82 8.82 1 1 26.45 134.11

14 21.26 21.26 2.5 1 4 5.52 170.89

33.07 3 3.07 2.5 1 66.15 102.64
31.91 31.91 3.5 2 55.85 147.04

A lly lth io u rea 11.38 11.38 3 2 22.75 189.46
12.05 12.05 2 1 24,1 188.65

15 15 3 2 28.6 188.32
7 10.56 10.56 2.5 2.5 24.65 188.29

9.75 9.75 3 3 19.5 189.89
8,71 8.71 2 2 15.25 153.11

14 11 11 2 2 11 188.65
9.69 10.9 1 16.95 197.16
8.26 8.26 1 12.85 157.97

A llyl+C yclo 1 11.38 11.38 3 2 22.75 189.46
12.05 12.05 2 1 24.1 188.65

15 15 3 2 28.6 188.32

7 10.58 10.58 3 2.5 21.15 182.59

7.61 7.61 3 1 14.8 104.6
10.51 10.51 3 2.5 21.7 180.6

14 7.8 9 .75 2.5 2 13.66 189.08
8.71 9.8 3 1 15.25 188.65
9.13 9.13 3 1 18.25 1 172.19

ED T A 1 8.1 8.1 3 1 16 130
6.3 6 .3 3.5 I 12.6 155.93

13.97 11.98 3 I 27.95 177.75
7 11.94 16.42 3 2 20.9 179.97

13.11 14.42 3 1.5 18.35 170.47
16.71 18.39 3 1 23.4 170.08

14 13.95 17.05 3 2 21.7 182.21
14.8 14.8 3 1 25.9 169.26

12.74 14.34 3 2 22.3 9 7 .76

E D T A + C yclo 1 8.1 8.1 3 1 16 130
6.3 6.3 3.5 I 12.6 155.93

13.97 11.98 3 1 27.95 177.75

7 15.7 17.19 3.5 I 20 .06 157.14
13.52 13.52 3 1 27.05 142.62
11.71 12.89 3 1 16.4 148.25

14 10 12.22 3 1 15.55 139.37

5.89 5.89 3 1 10.3 156.35
16.04 16.04 2 1 22.45 179.38
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Table B.3 FISH/CSLM  Data for Probe Combo A21 +  NSV443

T rial Day A21 D m ax (pm) N SV  443 Dm ax (pm ) A21 am ount (/4) NSV443 am o u n t (/4) | Floe D epth  (p m ) | Floe D iam ter (pm )
Reference 1 22.99 14.63 2 2 50.15 1 184.61

24.49 24.49 1 1 35.04 1 182.5
8.97 8.91 1 1 22.15 1 I5E.24

7 13.21 13.2 2.5 2.5 46.25 164.41
15.25 8.71 2.5 2 30.5 178.15
15.1 15.1 3 1 30.2 i 27.65

14 33.72 33.72 3 1 78.69 190.26
18.49 20.8 3 2 32.35 125.64
20.94 20.94 2 1 48.85 189.86

Cyclohexim ide 1 22.99 14.63 2 2 50.15 184.61
24.49 24.49 1 1 35.04 182.5
8.97 8.91 1 1 22.15 188.24

7 11.07 22.14 3 1 38.75 96.55
15.41 17.98 3,5 3.5 35.95 145,43
15.92 15.92 3 3 37.15 187.03

14 32.94 37.06 3 1 57.65 182.19
26.91 35.89 3 I 62.8 100.18
27.02 34.75 2 ! I 54.05 98.57

AUylthiourea U 14.14 3 0.5 22 173.71
13.3 17.1 3 2 26.6 189.87
6.81 6.8 3 1 15.9 185.42

7 11.18 4.47 3 15.65 170.07
5.67 5.67 3 2.5 11.35 132.91
6.57 6.57 3.5 3.5 13.15 164.41

14 8.05 10.35 3 1.5 16.1 187.03
6.28 8.96 3 12.55 181.88
7.1 9.15 3 13.19 186.64

Allyl+Cyclo 1 11 14.14 3 0.5 22 173.71
13.3 17.1 3 2 26.6 189.87
6.81 6.8 3 1 15.9 185.42

7 12.2 12.2 3.5 2 21.35 166.03
8.88 8.88 3.5 2 16.39 175.73
13.46 13.46 2.5 1 23.55 186.25

14 4.71 4.71 2 I 8.25 162.52
9.67 9.67 3 1 15.05 189.06
6.09 6.09 2 1 10.65 165.62

EDTA 1 21.61 21.61 3 1 1 27.5 181.38
11.27 20.66 3 I 26.3 184.62
13.92 17.01 3 1 21.65 180.57

7 12.03 13.74 3 1 22.33 173.5
12.86 14.5 3 1 22.55 185.82
19.13 19.13 2 1 21.35 185.82

14 19.54 21.99 2 3 34.2 148.66
18 18 3 2 36 135.73

14.51 14.51 2 2 25.4 171.3
EDTA+Cyclo ! 21.61 21.61 3 1 27.5 181.38

11.27 20.66 3 1 26.3 184.62
13.92 17.01 3 1 21.65 180.57

7 10.29 13.71 3 1 16 1 130.89
11.41 11.41 3 I 17.75 156.75
7.83 7.83 3 I 13.7 154.73

14 12.51 12.51 2 1 21.9 113.93
10.91 15.01 2 I 17.75 94.53
11.89 13.21 3 I 18.5 135.33
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Table B.4 FISH /C SLM  Data for Probe Combo NSO 190+NSM 156

Trial Day N S O 390D m ax  (pm) NSM 156 Dm ax (pra) NSO190 Am ount (/4) NSM 156 A m ount (/4) Floe D epth  (pm) Floe D iam eter (pm)
Control I 19.81 27.7 1.5 2.5 31.7 178.9

22.4 23 1 3 35.8 18C.3
13.6 18.9 3 3 21.7 186.3

7 12.3 14.42 2 2.5 20.6 129.7
12.2 15.1 1.5 2 21.6 176.3
13.4 15.4 2 2.5 22 180.4

14 11.7 12.6 2 2 12.6 129.08
12.9 14.4 2 2 25.7 177.9
14.7 15.2 2.5 3 27.1 180.06

Cycloheximide 1 19.81 27.7 1.5 2.5 31.7 178.9
22.4 23 I 3 35.8 180.3
13.6 18.9 3 3 21.7 186.3

7 13.1 14.2 2 3 23.4 187.9
?4.8 15.9 2 3 26.7 165.3
31.5 33.1 2.5 2.5 56-2 175.2

14 19.3 21 3 3 34.1 180.98
14.1 15.2 1 2 27.3 134.2
12.2 13 2 3 25.9 167.9

AUylthiourea 4.61 6.45 1.5 3 12.9 177.75
12.86 12.86 1 3 22.5 184.66
9.89 9.89 1 3 L 20,5 187.54

7 11.89 11.89 3 2.5 20.8 183.4
7.03 7.91 3 2 12.3 136.14
7.35 7.35 14.7 134.12

14 9.35 9.35 2 3 18.7 188.65
8.57 8.57 3 3 15 185.82
13.89 13.89 1 3 20.45 153.96

Allyl+Cyclo 1 4.61 6.45 1.5 3 12.9 177.75
12.86 12.86 1 3 22.5 184.66
9.89 9.89 1 3 20.5 187.54

7 9.66 9.66 2.5 3 22.55 185.08
11.51 11.51 2 3 20.15 186.24
13.63 13.63 3.5 3.5 21.2 168.45

14 7.62 7.62 3 3 15.25 189.49
8.49 8.49 3 3 14.85 179.76
7.97 7.97 2 3 13.95 181.76

EDTA I 10.96 10.96 2 2.5 17.05 130.2
9.51 9.51 2 2.5 16.65 137.75
9.64 9.64 2 2 15 161.99

7 8.67 11.15 2 3 17.35 179.55
18.6 13.95 2 3 32.55 155.53
9.37 10.54 I 2.5 16.4 (18.36

14 11.34 11.34 3 2 19.85 184.22
12.54 12.54 3 2 21.95 110.68
15.65 15.65 3.5 3 24.35 104.63

EDTA+Cyclo 1 10.96 10.96 2 2.5 17.05 130.2
9.51 9.51 2 2.5 16.65 137.75
9,64 9.64 2 2 15 161.99

7 10.63 10.63 2.5 2.5 18.6 170.07
14.75 14.75 3 3.5 22.95 156.74
20.79 20.79 2 4 29.1 182.6

14 12.92 12.92 3 3 20.1 181.79
8.2 8.2 3 3 15.23 148.68

8.71 8.71 3 3 15.25 1 142,6
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