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Abstract:
Bacteria can play a deleterious or beneficial role in the distribution or treatment of safe drinking water.
The main mode of growth is sessile, attached to the distribution system pipelines or filter media,
respectively. This report describes efforts to understand the activity of microorganisms growing in
drinking water.

Methods including microscopy, activity measurements, carbon analysis, and rigorous statistical
procedures were used to investigate bacterial growth parameters in model biofilm reactors (annular
reactors). Amino acids, carbohydrates, and humic material were investigated as model growth
compounds at three different concentrations. Control and chlorinated reactors were operated in parallel.
Biologically filtered drinking water was used as inoculum and dilution water for the reactors.
Long-term experiments were run, permitting for development of steady state conditions within the
reactors.

Biomass/biovolume distributions of heterotrophic bacteria resulting from colonization of the reactors
were investigated using mathematical probability distribution analyses. Sixty-eight of seventy-two
datasets comprising approximately 36,000 individual cell volume measurements were found to follow a
3-parameter generalized Pareto distribution. The average biomass (mass/volume) conformed to the
same distribution. These results show that biomass increases with decreasing cell size. An empirical
non-linear model was developed that takes into account practical and theoretical limits for bacterial size
to convert biovolume to biomass.

Activity measurements by microautoradiography and a suite of fluorescent stains were in good
agreement. Substrate type had a larger effect on activity than did substrate concentration and
chlorination had the largest impact.

Bacterial carbon production ranged from 0.003 - 1.74 grams carbon/L•day, yields from 0.034 - 0.25
grams cell carbon/gram carbon, and doubling times from 1 - 15.4 days. Specific growth rates and yields
decreased with increasing carbon concentration. Doubling times were lower in the presence of chlorine
and independent of the bulk fluid substrate concentration in both chlorinated and control biofilms.
Therefore, biofilm growth was zero order. Although humic material is generally considered recalcitrant
we found that control and chlorinated biofilm communities could remove 78% and 58% of the influent
humic concentration at steady state and a hydraulic detention time of 2.1 hours. Biological filtration
was as effective as chlorine in controlling bacterial growth in the annular reactors. 
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ABSTRACT

Bacteria can play a deleterious or beneficial role in the distribution or treatment of safe 
drinking water. The main mode of growth is sessile, attached to the distribution system pipelines 
or filter media, respectively. This report describes efforts to understand the activity of 
microorganisms growing in drinking water.

Methods including microscopy, activity measurements, carbon analysis, and rigorous 
statistical procedures were used to investigate bacterial growth parameters in model biofilm 
reactors (annular reactors). Amino acids, carbohydrates, and humic material were investigated as 
model growth compounds at three different concentrations. Control and chlorinated reactors were 
operated in parallel. Biologically filtered drinking water was used as inoculum and dilution water 
for the reactors. Long-term experiments were run, permitting for development of steady state 
conditions within the reactors.

Biomass/biovolume distributions of heterotrophic bacteria resulting from colonization of 
the reactors were investigated using mathematical probability distribution analyses. Sixty-eight of 
seventy-two datasets comprising approximately 36,000 individual cell volume measurements 
were found to follow a 3-parameter generalized Pareto distribution. The average biomass 
(mass/volume) conformed to the same distribution. These results show that biomass increases 
with decreasing cell size. An empirical non-linear model was developed that takes into account 
practical and theoretical limits for bacterial size to convert biovolume to biomass.

Activity measurements by microautoradiography and a suite of fluorescent stains were in 
good agreement. Substrate type had a larger effect on activity than did substrate concentration 
and chlorination had the largest impact.

Bacterial carbon production ranged from 0.003 - 1.74 grams carbon/L-day, yields from 
0.034 -  0.25 grams cell carbon/gram carbon, and doubling times from I - 15.4 days. Specific 
growth rates and yields decreased with increasing carbon concentration. Doubling times were 
lower in the presence of chlorine and independent of the bulk fluid substrate concentration in both 
chlorinated and control biofilms. Therefore, biofilm growth Was zero order. Although humic 
material is generally considered recalcitrant we found that control and chlorinated biofilm 
communities could remove 78% and 58% of the influent humic concentration at steady state and 
a hydraulic detention time of 2.1 hours. Biological filtration was as effective as chlorine in 
controlling bacterial growth in the annular reactors.
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CHAPTER I 

INTRODUCTION

The overall goal o f the project was to determine the key biodegradable organic 

matter (BOM) constituents responsible for bacterial growth in drinking water distribution 

systems. Three scales o f observation were included in this research plan: (I) full-scale 

monitoring to identify treatment processes which are responsible for the removal o f 

BOM, (2) pilot scale studies to determine the fate of these BOM compounds in 

conventional and advanced treatment processes, and (3) laboratory studies designed 

around the key BOM compounds responsible for microbial growth and determination of 

the kinetics o f growth on these constituents. Synthetic BOM amendments were used in 

the laboratory scale experiments in the presence o f natural organic matter (NOM). Choice 

of carbon substrate amendments were based on their role in bacterial metabolism and 

common presence in a number o f aquatic environments such as lakes, rivers, and oceans.

The primary objective o f the bench scale experiments at MSU was to measure the 

response o f heterotrophie bacterial biofilm communities to different types and 

concentrations o f BOM in the presence or absence o f chlorine. In conjunction with this 

primary aim, the measurement, prediction, and modeling of heterotrophie biomass was a 

principal objective o f this study and is reported in Chapter 2. Chapter 2 is titled “Biomass 

Distributions in Heterotrophie Bacterial Communities”. The authors are Brian D. Ellis, 

Phillip Butterfield, Warren L. Jones, Gordon A. McFeters, and Anne K. Camper. An



abbreviated and condensed version of this chapter has been submitted to the journal . 

Microbial Ecology.

The relation of total biomass to active biomass comprises Chapter 3. This Chapter 

is titled “Relationships Between Total and Active Cells in Heterotrophic Bacterial 

Populations Subjected to Controlled Carbon Sources, Carbon Concentrations, and 

Chlorination.” This chapter will be submitted to the journal Applied and Environmental 

Microbiology. The authors are the same as those for Chapter 2.

Chapter 4 reports on the growth rates, bacterial carbon production, and observed 

yields of the communities subjected to the various treatment factors. This chapter is titled 

“Effects o f Carbon Source, Carbon Concentration, and Chlorination on Growth Related 

Parameters o f Heterotrophic Biofilm Bacteria” and the authors are the same as for 

Chapter 2. An abbreviated and condensed version of Chapter 4 has been submitted to the 

journal Microbial Ecology.

We suspected that a significant amount of sampling would be required to detect 

differences in the response o f bacterial communities to the different treatments. As such, 

we attempted to structure the experiments so that they were amenable to more powerful 

statistical tests than can be ordinarily performed in studies involving environmental 

microbiology. Three major treatment levels were applied: (I) substrate type (amino acids, 

carbohydrates, and humics), (2) substrate concentration (500 ppb C, 1000 ppb C, and 

2000 ppb C), and (3) a base level treatment o f chlorination. All experiments were 

performed in parallel annular reactors with one acting as a control and the other receiving 

chlorine. This experimental design is presented in Figure 1.1 and is amenable to a nested

2



analysis o f variance (ANOVA). With this experimental design, treatment evaluation

3

could be compared both within and between the various treatments and their levels. 

Nesting o f the sampling strategy refers to the fact that all lower level treatments can be 

analyzed within the level or levels of treatment above that level. Thus, sampling level is 

nested within substrate concentration (at 3 levels) and both sampling and substrate 

concentration are nested within substrate (also at 3 levels). This allowed us to analyze the 

differential effects o f 3 levels o f treatment (sampling level, substrate concentration, and 

substrate type) simultaneously or separately.

Substrate Type (3 levels)

I

Substrate Concentration (3 levels)

I
SOOppbC -----► IOOOppbC -----► 2000 ppb C

I I  11 11
control chlorineiiiii mu

sampling level

Figure 1.1 — Schematic o f  the experimental design used to evaluate substrate 
type, substrate concentration, and chlorination in this dissertation. Samples can 
be divided into control and chlorinated which can be nested within the next 
higher level o f  substrate concentration which contained three treatment levels.
This middle treatment level o f  substrate concentration can also be nested within 
the upper treatment level o f substrate type which also contains three treatment 
levels.
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CHAPTER 2

BIOMASS DISTRIBUTIONS IN H ETER O TR O PH IC  BACTERIAL
COM M UNITIES

Introduction

Bacteria play an important role in the turnover and cycling o f elements, in 

addition to providing secondary carbon production in aquatic ecosystems. Microbial 

biomass is most commonly estimated from cell numbers and quite often from biovolume 

measurements (Norland, 1993; Bjomsen, 1986; Lee and Fuhrman, 1987; Nagata, 1986; 

Troussellier, et al., 1997; Fagerbakke, et al., 1996). Direct conversion of cell numbers to 

biomass through use of. mass per cell or conversion of biovolume based on mass per 

volume are the standard methods of choice. In microbial communities comprising highly 

heterogeneous cell sizes, the number of volume measurements needed to adequately 

describe the distribution can become quite large. An ability to predict bacterial biomass 

that does not require an excessive number o f observations o f individual cells would be 

advantageous in elucidating the significance o f heterotrophic bacterial activity in aquatic 

environments. Conversion factors used for adjusting biovolume or cell numbers to 

biomass influence the calculation of turnover rates and nutrient fluxes in almost all 

environmental microbiological studies.
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Variability in the conversion factors for carbon per cell (Cc) or carbon per 

volume (Cv) range over more than an order o f magnitude both between and within 

different studies (Fagerbakke, et al., 1996; Bratbak, 1985). Due to this large variability, 

most investigators have pointed out the advisability o f determining the conversion factor 

for the particular environment under study. An excellent compilation o f biovolume 

conversion factors through 1996 is given in Fagerbakke, et al. (1996). This paper 

provides values corresponding with environment (freshwater, marine, cultured, etc.) or 

organism (native communities, supplemented cells, cultured, etc.). Since 1996 a few 

more studies have added to the literature on conversion factors (Robertson, et al., 1998; 

Fukuda, et al., 1998; Loferer-Kropbacher, et al., 1998; Troussellier, et al., 1997). O f 

particular interest is the study by Trousellier, et al. (1997), where previous speculation on 

the non-linear relationship between bacterial carbon content and cell volume was 

experimentally validated for 10 different Proteobacteria (marine and non-marine) under 

starvation conditions. This correlation, where smaller cells have a higher content o f Cv, 

than larger cells had been tentatively confirmed in previous studies (Norland, 1993; 

Norland, et al., 1987; Simon and Azam, 1989; Lee and Fuhrman, 1987; Kroer, 1994; 

Psenner, 1990). Trousellier, et al. (1997) and Kroer (1994) expressed this relationship on 

a Cv basis, whereas Simon and Azam (1989), Norland, et al. (1987), and Lee and 

Fuhrman (1987) expressed the relationship on a C0 basis. Both methods produce different 

results and give differential weights (i.e. scaling factor) to organisms o f different size.

While most o f the investigations tend to infer that the relationship between 

carbon content and cell size is allometric, this occurs due to the common practice o f
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plotting the data on log-log scales. Allometry refers to the relationship between relative 

growth o f a part in relation to the whole organism. Inherently, the distribution underlying 

the log-log transformation is non-linear and this should not be forgotten when attempting 

to use conversion factors. Given a large variability in conversion factors as well as the 

non-linear relationship it becomes important to determine whether a single conversion 

factor is appropriate or if  a non-linear function that applies differential values to cells o f 

different volumes is more appropriate. A simple allometric relationship would imply that 

the use o f a single conversion factor for individual bacteria in communities and 

populations o f variable biovolume is appropriate; however, doing so can result in either . 

under or overestimation o f the total biomass (Troussellier, et ah, 1997; Lee and Fuhrman, 

1987; Psenner, 1990; Verity, et ah, 1992; Kroer, 1994; Vidondo, et ah, 1997). Modeling 

o f the biomass/biovolume interdependence is generally achieved with a power function 

due to the non-linear form of the relationship. The function normally used to describe this 

type o f data is Cc or Cv = 6Vola, where a is termed the location parameter and 6 is a 

constant that relates the amount o f carbon present at unit volume. Underlying this power 

relationship is a probability distribution o f the Pareto type (Johnson, et ah, 1987; 

Vidondo, et ah, 1997). Log-log plots o f biovolume vs. Cv have generally been used to 

ascertain the correlation between these two variables. Trousellier, et ah (1997) found 

such a relationship between biovolume and Cv, implying that the use o f a single value for 

the conversion o f biovolume to biomass is appropriate for an accurate determination of 

biomass distributions in bacterial communities.
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Similar to investigations o f bacterial biomass, a variety o f models based on 

biomass-size distributions in aquatic organisms such as fish, phytoplankton, and 

zooplankton have been derived (Boudreau, et al., 1991; Borgmann, 1987; Ahrens and. 

Peters, 1991; Gaedke, 1993; Sheldon, et al., 1972; Dickie, et al., 1987; Harris, 1994). 

These models work quite well in describing predator/prey relationships and the. transfer 

o f energy between trophic levels. These models are also of the power form and generally 

presented as log-log plots. Vidondo, et al. (1997) recently showed that by using the 

normalized biomass-size spectra (NB-SS) models in analyzing size distributions, 

investigators have unknowingly been assuming that the underlying probability 

distribution follows a Pareto relationship. Originally, the Pareto distribution was 

developed in order to model income distributions in populations, but it has subsequently 

been used to model the distribution of the largest and smallest values for natural 

phenomena such as waves, pollutant concentrations, demographics, and floods (Castillo 

and Hadi, 1997; Vogel, et al., 1993; Johnson, et al., 1987; Zelterman, 1992; Lewis and 

Chatwin, 1997; Hosking and Wallis, 1987; Vidondo, et al., 1997). Since bacteria are 

considered the smallest o f living organisms (neglecting viruses) and seem to demonstrate 

size extremes, then perhaps, biovolume/biomass can also be modeled by a Pareto 

distribution. As well as noting the equivalency o f the NB-SS and the Pareto distribution, 

Vidondo, et al. (1997) stated that this type o f data should be viewed and analyzed as a 

probability distribution. If  the data conform to a probability distribution then we can take 

advantage o f advances in the analysis, identification, and description o f this type of data. 

For example, methodological advances have been made for identifying and describing the

8
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parameters underlying different types o f probability distributions using L-moment 

diagrams (Vogel and Fennessey, 1993; Hosking, 1990; Wang, 1996; Vogel, et al., 1993). 

L-moments are analogous to conventional moments (i.e. mean, variance, skewness and 

kurtosis), but they can characterize a larger variety o f distributions and are more robust 

against outliers when estimated from samples. The ability to discriminate between 

different distributional hypotheses is made easier with L-moments. They are often 

superior alternatives for summarizing probability distribution in environmental samples. 

In this study we adopted methods used in hydrology for the analysis o f the probability 

distributions o f flood frequencies and applied these to bacterial biovolumes, Cc, and Cv.

While predictions based on the biomass-size spectra models used in 

macroecology are effective at higher trophic levels, bacteria have been difficult to model 

with this method (Gaedke, 1993). The first reason is that the models assume that carbon 

flow proceeds from small to large organisms. Trophic status in bacterial communities can 

be controlled either by top-down pressures due to grazing or bottom-up pressures due to 

resource limitation (Gaedke, 1993; Psenner and Sommaruga, 1992; Gasol, et al., 1997; 

Meyer, 1994; Pemthaler, et al., 1996; Felip, et al., 1996; Emerson, et al., 1994). 

Secondly, the models assume an allometric relationship, which has been investigated and 

shown to occur for cultured cells and bacteria from natural environments. However, data 

in the literature supporting this assumption are scarce. Thirdly, a coupling between
i ■

metabolic activity and biomass, as is also implied by the allometric biomass-size spectra 

models used in oceanography and limnology, has generally not been detected in bacteria. 

Highly variable measurements on the active fraction o f bacteria in aquatic environments
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have been reported by a number o f investigators (Tuomi, et al., 1995; Pemthaler, et al., 

1996; Grossmann5 1994; Kamer and Fuhrman5 1997).

In. this study we investigate the biomass-size probability distribution o f mixed 

heterotrophic bacteria in a semi-controlled, nutrient-supplemented and carbon-limited 

biofilm bioreactor originally intended to model drinking water distribution systems (Van 

Der Wende5 et al., 1989). Oligotrophic drinking water with an assimilable organic carbon 

(AOC) content o f approximately 25 pg acetate carbon equivalents/L was supplemented 

with 3 different, carbon sources comprising those most frequently detected in aquatic 

systems. Investigated substrates included amino acids, carbohydrates, and humics 

supplied in separate experiments at three different carbon loading rates (250, 500 and 

1000 p.g carbon/Lohour) simulating different trophic states. Parallel reactors were run 

simultaneously with one acting as a control and the second receiving chlorine to 

investigate the effects o f chlorine stress on the biomass distribution in the presence o f 

different carbon sources. Probability distributions for biovolume and biomass were 

determined and found to follow a type II 3-parameter generalized Pareto distribution 

(GPD) in 68 o f 72 datasets comprising a total o f approximately 36,000 individual 

measurements. Carbon source, loading rate, and chlorination were found to significantly 

affect the mean and median biovolumes, as well as the parameters that describe the 

biovolume distribution. An empirical relationship between cell volume and Cv is derived 

that takes into account theoretical limitations on bacterial size and Cv. This relationship 

produces estimates that are more reasonable for Cv at the extreme small and large end o f 

the biovolume spectrum when compared to models based on power functions.
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Materials and Methods

Experimental System

The generation o f mixed heterotrophic bacterial populations was accomplished 

with the use o f a model biofilm reactor system comprised o f rotating annular reactors 

(Van Der Wende5 et al., 1989). Polycarbonate based, the reactors consist of a stationary 

outer cylinder with a rotating inner drum forming an annulus space between the inner 

drum and the outer cylinder. Twelve removable polycarbonate slides are located in 

machined grooves in the inside wall of the outer cylinder, forming a relatively smooth, 

even surface between the cylinder wall and the slides. The total submerged surface area 

in the reactors was 0.18 m2 and the liquid volume was 630 mL. The reactor top has 

twelve holes with stoppers that are not in contact with the liquid phase and can be 

removed to allow access to the slides without interrupting reactor operation. The 

rotational speed of the inner drum can be varied to create the desired shear stress on the 

wall o f the outside cylinder. In this study a rotational speed of 30 revolutions per minute 

was used in all work, simulating the shear stress at the wall o f a 4-inch-diameter (102- 

mm-diameter) pipe with a flow velocity o f 1.0 foot per second (0.3 meters per second). 

Draft tubes in the inner rotating drum assist in providing complete mixing within , the 

reactor. These reactors can be modeled as continuously stirred tank reactors (CSTRs). 

The total flow rate to the reactor was set to provide a hydraulic detention time of 2.1 

hours for all experiments. The colonized areas o f the annular reactors were immersed in a
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water bath maintained at 20±1°C utilizing an external cooling device. The influent 

solution to each reactor consisted of dilution water from the biologically activated carbon 

(BAC) filter, plus the substrate and buffer solution (see Figure 2.1).

Biologically
Activated
Carbon

Granular
Activated
Carbon

Tap Water

Chlorinated
Reactor

Control
Reactor

Chlorine

Carbon
Substrate EffluentNitrate + Phosphate 

Buffer

Figure 2.1 - Schematic of experimental setup. The circles with P inside refer to pumps. 
See text for further details.

City o f Bozeman, Montana, USA, drinking water was treated in two columns 

containing granular activated carbon (GAC) media to provide the dilution water at a flow 

rate of 4.5 mL/minute. The first column removed chlorine from the water and contained 

GAC (12 x 40 mesh Nuchar, Westvaco). The second column contained biologically
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activated carbon (BAC) originally obtained from a full-scale water treatment plant (City 

o f Laval, Quebec, Canada), and had been receiving Bozeman drinking water for over 

three years prior to the experiments. The assimilable organic carbon (AOC) level o f the 

effluent from the BAC column was typically less than 25 micrograms per liter (p,g acetate 

equivalents/L) as determine by the method o f van der Kooij (van der .Kooij, et al., 1982) 

as modified by LeChevallier et al. (LeChevallier, et al., 1993). The BAC column effluent 

contained a mixed population o f heterotrophic bacteria (ca. IO4 to IO5 total cells/mL as 

determined by epifluorescence microscopy) that colonized the reactor surface and 

provided a continuous supply of nutrient-limited bacteria to the reactor. Substrate and 

nitrate/phosphate feed solutions were made up in glass carboys using Nanopure reagent 

grade water that had been autoclaved prior to use. All glass carboys were combusted at 

500° C for 4 hours prior to adding Nanopure water and autoclaving; Sterile substrate or 

nutrient solutions were added by syringe to the carboys after the water had been 

autoclaved and cooled to room temperature.

Prior to each experiment the reactors were cleaned and disinfected using a 50 

mg/L free chlorine solution placed in the reactor for at least 24 hours. The reactor top. 

assembly/inner-drum and all tubing (Masterflex L/S silicone) were autoclaved prior to 

reactor assembly and chlorine disinfection. After 24 hours with the inner drum rotating, 

the chlorine solution was drained and a sterile feed of Nanopure water was initiated for 

24 hours. Following the 24-hour flushing, period the reactor effluents were sampled to 

insure there was ho remaining chlorine residual. A sterile sodium thiosulfate solution was 

added to remove any remaining free chlorine prior to inoculation.



14

Nutrient Amendments

Three different carbon source mixtures used in separate experiments were 

composed o f amino acids, carbohydrates, or humic material and were supplied at a rate of 

0.25 mL/minute from concentrated stock solutions. The amino acid mixture was 

composed o f L-glutamic acid, L-aspartic acid, L-alanine, and L- serine. The carbohydrate 

mixture was composed of D(+)-glucose, D-galacturonic acid, D(+)-galactose, and D(-)- 

arabinose. All substrates were HPLC grade purchased from Sigma. Amino acids and 

carbohydrates were supplied as equimolar carbon concentrations o f each individual 

compound in the group. The humic substrates were extracted from Elliot Silt Loam Soil, 

BS102M, purchased from the International Humic Substances Society (IHSS). The 

Vnimies concentration was based on total organic carbon (non-purgeable) analysis o f a 

concentrated stock solution. A concentrated stock solution was prepared by adding IHSS 

humic material (100 g) to I L o f 0.1 N  NaOH solution, mixed for 24 hours, and then 

centrifuged at 10,000 x g and 4° C to remove particulates. The concentrated humic stock 

solution (approx. 1000 mg C/L) was not autoclaved and was stored in the dark at 4° C. 

After addition of the humic stock solution to the sterile Nanopure water, the pH was 

adjusted to approximately 7 (±0.2) using 2N HCL Nitrate (as KNO3) and phosphate (as 

KH2PO4 + K2HPO4) were supplied at a rate o f 0,25mL/ minute at concentrations o f 612 

and 591 pg ZL (9.9 and 6.2 pM), respectively. Carbon feed was controlled in order to 

provide nominal influent concentrations at three different levels: (I) 500 ppb, (2) 1000 

ppb, and (3) 2000 ppb. The reactors were carbon limited under all substrate feed

concentrations.
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Reactor Operation

Figure 2.2 shows the substrate and chlorine feed protocols used during each 

experiment. Initially each reactor was fed a substrate concentration o f 500 pg CZL until it 

reached a pseudo steady state based on total and culturable cell counts (14 to 30 days). 

The substrate concentration was then increased to 1,000 pg C/L, the reactors were 

operated until a new steady-state was attained, and then chlorine addition to one o f the 

two reactors was started. The chlorine dose was slowly increased until a free chlorine 

residual of 0.15 to 0.2 mg/L was measured in the effluent. The reactors were operated 

until another pseudo steady-state was reached, then the substrate concentration was again 

increased to 2,000 pg C/L, the reactors operated until pseudo steady-state was again 

reached, and then the chlorine feed dose was slowly adjusted until the effluent residual of 

the chlorinated reactor was 0.15 to 0.2 mg/L. Triplicate experiments (duplicate for the 

humics) for each of the three substrate groups were performed. Experiments were 

typically run for 90 to 150 days.
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Figure 2.2 -  Carbon and chlorine dosing protocol for all experiments.
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Bacterial Counts

Bacteria in ‘effluent samples were counted during reactor Operation, especially 

during pseudo steady-state, prior to increasing the carbon feed and/or chlorination. 

Bacteria were fixed with 37% filter (0.2 pm nylon syringe filters, Fisher Scientific) 

sterilized formalin (final concentration 0.7%), filtered onto Poretics filters (0.2 pm, 

prestained with Irgalan black), stained with 0.5 mL of 100 mg/L o f 4’,6-diamidino-2- 

phenylindole (DAPI, Sigma) in autoclaved and filtered nanopure water and counted by 

epifluorescence microscopy. Both the dilution water and the reactor effluent were 

monitored in this manner. A minimum of 30 fields or greater than 400 cells were 

counted. An Olympus BH-2 microscope and a Nikon PlanFluor objective (N A ., 1.30) at 

magnifications of 1000-15OOX were used for counting and biovolume determinations.

BiovoIume Determinations

Samples stained for direct counts were also used to determine the biovolumes. 

Image analysis was performed with the use o f a charge coupled device (CCD) camera 

(Optronics, 470T) connected to Image Pro (ver 3.0, Media Cybernetics) computer 

software for archiving of images on CD-ROM. A minimum of 20-30 random images 

w e re" collected and analyzed for morphological parameters (length, width, area, 

perimeter, feret box, roundness, etc.) with the use o f  the freeware image analysis program 

Image Tool (ver. 1.27) from the University o f Texas Health Sciences School at San 

Antonio (UTHSCSA, available at http:Wddsdx.uthscsa.edu/dig/itdesc.html). Since 

bacteria were predominantly rods and cocci, bio volume was calculated as follows: Vol =
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rt/4 x  w2 {l -  w/3) where / is length and w is width (Bjomsen, 1986; Norland, 1993). 

Biovolume determinations were performed on 2 to 5 separate samples from the reactors 

during pseudo steady state operation at the 1000 and 2000 ppb carbon feed levels. 

Calibration for morphometric analysis was performed with a calibration slide etched with 

10 pm wide lines. Comparison of calibration lines to the measurement o f I pm latex 

spheres (Polysciences, Ltd.) showed good agreement (measured diameter = 1 .0  ±0.1 pm 

S.D.). Color images were converted to grayscale and thresholding was performed 

manually. Images were analyzed at a final magnification o f 2000 to 6000X depending on 

cell sizes. Microscopic magnifications of 1000 to 1500x resulted in approximately 10 to 

14 pixels per pm.

Determination of Cell Carbon

Samples for total organic carbon (TOC) were processed immediately upon 

sampling. Water was filtered through sterile 0.2-pm pore-size nylon syringe filters 

(Fisher Scientific), prewashed with 35 mL o f 0.1N HCl followed by 4 separate 35 mL 

washes with sterile Nanopure reagent grade water using a 30 mL sterile, disposable 

syringe that was also used for the sample. The first 10 to 20 mL o f the filtered sample 

was discarded. All total organic carbon samples were acidified prior to analysis using 0.2 

mL o f 2N HCl in 40 mL of sample. All samples were analyzed for non-purgeable organic 

carbon (NPOC) using a Shimadzu TOC 5000A carbon analyzer with high sensitivity 

platinum catalyst by the high temperature combustion method and an auto-sampler. Purge 

times were 5 minutes minimum with medical grade oxygen. Standard curves for the TOC
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5OOOA were developed using 4 concentrations o f potassium hydrogen phthalate 

(Shimadzu), and the resulting linear calibration curve typically had a coefficient o f 

determination (R2) o f 1.00 and never less than 0.98. An external standard (from the 

standards used to develop the standard curve) was always run with each group o f samples 

to correct for any variations in carrier gas flow rate. All glassware was precombusted at 

500 °C for at least 4 hours, whenever possible. Auto-sampler vials were washed for at 

least 12 hours in a solution o f concentrated sulphuric acid + NoChromix (Godax 

Laboratories, Inc.), rinsed 6 times with Nanopure reagent grade water, and precombusted 

at 300 to 400°C for 6 hours, minimum. Glass volumetric flasks and pipettes were acid 

washed (as above) and rinsed 6 times with Nanopure water. Parallel filtered and 

unfiltered samples from the reactor influent and effluent were used to determine the 

amount o f carbon (non-purgeable.organic carbon, NPOC) in the particulate and fluid 

phase. The difference between unfiltered and filtered samples represents the particulate 

organic carbon in the sample and is due to the bacterial cells. This value can be divided 

by the total cell count to give a population average for Cc in the sample. This Cc value can 

then be divided by the average biovolume of the cells in the sample to give a population 

average for Cv. System blanks comprising the reagent grade Nanopure water were run at 

the beginning and end o f each sampling period. The coefficient o f variation (CV) for all 

samples averaged 1.8% (range, 0.07 to 7.4%, n = 215). A minimum of 4 measurements 

was performed on each sample.
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Statistical Analyses

Analysis o f variance (ANOVA) was the main comparative statistical test. All 

ANOVAs were performed with the statistical program Minitab (ver. 12.1, Minitab, Inc.) 

using a general linear model (GLM). Prior to ANOVA, the data were tested for normality 

and homogeneity o f variance. In those cases where transformation was required, the 

method o f Box-Cox was utilized (where Y' = Y x, X being a number which minimizes the 

standard deviation o f the standardized transformed variable, if  X = O it is a Loge 

transformation). Since the transformation is based on what factor (treatment group) is 

used and more than one can provide homogeneity of variance, the best transformation 

was chosen based on a visual inspection of the residuals, resulting from the GLM 

ANOVA. Non-parametric tests were performed when no applicable transformation could, 

be found. Probability distributions were analyzed with a statistical program, 

WQHYDRO, designed for water quality analysis (Aroner, 1994) by the method of 

unbiased probability weighted L-moments (Hosting, 1990; Vogel and Fennessey, 1993; 

Vogel, et al., 1993; Hosting and Wallis, 1987). L-moment diagrams were constructed for 

visual inspection of the data and estimation of the underlying probability distribution. See 

Appendix I, Part I for an in depth description of moments, L-momehts, probability 

weighted moments (PWMs), their relationships with each other and how they apply to the 

generalized Pareto distribution (GPD).

Distributions included in the software, WQHYDRO, are generalized Pareto, 

generalized logistic, lognormal, generalized extreme value, Weibull (EV 3), Pearson 3 

(gamma), Gumbel (EV I), uniform, normal, and exponential. Probability weighted (L-)
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moments (unbiased) were used for parameter estimation of the 3 parameter generalized 

Pareto. The probability density function (pdf) for the GPD is

(1) fx(x) = a 1 [I -K (X -p )/a ]iac^ 

and the cumulative distribution function (cdf) is

(2) Fx(x) =l-[l-K(X-P)/a]^

where a ,  p ,  and k  ^  0 .  k  is referred to as the shape parameter, a  is the location parameter, 

P is the origin parameter and X is the measured biovolume. The program constrains the 

value o f K  between the bounds o f -0.7 and +0.7, which did not affect its applicability for 

any o f the datasets encountered in these experiments. The modified Anderson-Darling 

(AU2) test statistic and r2 values determined for the distributions arise from linearization 

o f the GPD. This can be done for any cdf which is expressible in an invertible manner 

and results in a quantile function for the GPD that is equal to:

(3) Qp = p + HZkH I - P k]

where p is the probability that x > X and Qp is that value o f biovolume (x) which is 

exceeded with probability p. A plot of Qp (y-axis) vs. l-pK (x -axis) will be linear with y- 

intercept equal to P and slope equal to (aZK) if  the distribution follows a GPD. Although 

this plotting point method can be used to estimate the parameters o f  the distribution, the 

unbiased probability-weighted L-moment method was used to estimate the parameters 

and the linearization was used to estimate the goodness o f fit to the theoretical 

distribution. Some properties of this distribution are given below in A-D (also see 

Appendix I).
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A) For K  < O biovolume is bounded below so that (3 < X < oo. For k  > 0, biovolume is 

bounded both above and below, so that p < X < (p + o Vk ) .  If  both P = O and k  = 0, the 

GPD reduces to the exponential distribution. When P = O and K = I  the GPD reduces to 

the uniform distribution.

B) The GPD distribution parameters can be related to conventional product, 

moments, PWMs, or L-moments. If  they exist, the mean, variance, and skewness are,

(J- = P + a/(l+K)

a 2 = a 2/[(l + k)2(1 + 2k)]

Y = .2(l + 2 k)1/2(1 - k)/(1 + 3 k)

Thus, the distribution has infinite variance when K < -1/2, infinite skewness when k < - 

1/3, and infinite kurtosis when k < -1/4 (Hosking and Wallis, 1987; Hosking, 1990). 

Hosking (1990) showed that the L-moments Xr, r = 1,2, . . . ,  of any real-valued random 

variable X exist, if  and only if  X has a finite mean. This implies that a distribution may be 

specified by its L-moments even if some o f its conventional moments do not exist, as is 

the case for several o f the datasets collected in this study. The parameters o f the 

distribution in terms of L-moments are

K = (l-T3)/(1+T3)

a  = Xz(l + k)(2 +k)

P = Xi -  a /( l + k)

where Xr, r = I, 2, 3, are the first three L-moments, T3 is the ratio X3ZXz and is termed the

L-skewness.
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C) For estimation o f parameters, the cdf o f  the GPD can be inverted to obtain the 

quantile function

Xp = P + (a/K)[l-pK]

where p is the exceedance probability and Xp is that value o f the biovolume which is 

exceeded with probability p. Substitution o f sample estimates o f Xr into the above 

equations (B) produces L-moment estimators o f the quantile function. These L-moment 

estimators always produce feasible values for the estimated parameters.

D) Derivation o f the relationship between L-moments and the GPD model 

parameters was performed by Hosking (1990) such that

Xi = P + a /( l  + k )

X2 = a /[(l + k ) ( 2  +  k ) ]

-Cs = (I-K)Z(S-K)

T4 = (1-k)(2-k)/[(3 +'k)(4 + k )] .

where Tg was defined above and and T4 is termed the L-kurtosis and is equal to X4ZX2. 

Hosking also derived an approximate relationship between L-kurtosis and L-skewness, 

which is useful for comparing the theoretical L-moment. relationships with sample 

estimates

T4 = 0.20196t3 + 0.95924t32 -  0.20096t33 + 0.0506 It34 

A second type of Pareto (Type II) distribution that has the . probability density 

function

(3) pdf (x) = c(K + D)c (x + D)"(c +1) 

and a cumulative distribution function
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(4) log[prob(x>X)] = c log(K + D) -  c log(X + D) 

was described by Vidondo et al. (1997) and a similar form can be found in Johnson, et 

al.(1987). This equation can be used to estimate parameters o f the distribution by non

linear regression. This function was used to solve for the parameters c, K, and D by the 

curve-fitting program TableCurve-2D (ver. 4, SPSS Inc.). While the parameters o f this 

distribution are different from the first GPD, it contains similar information. The shape 

parameter is c, the location parameter is K, and D is an additive constant. This function 

was used to compare the distribution o f the average biovolume (^m 3) in the samples and 

provide different estimates for the distribution that can be compared across functional 

groups by using the two different forms for a Pareto distribution. Due to the extreme 

trends in the residuals when performing non-linear regression on the biovolume 

probability distributions, this method could not be used for a comparison of the datasets 

and only the (L-)PWM results are reported for the biomass distributions. Curve fits for 

the bio volume vs. Cy were performed in TableCurve 2D in order to derive an em pirical. 

relationship for predictive purposes. Table 2.1 contains the parameters and method of 

estimation for the different Pareto distributions.

Distribution Shape Location Origin/Constant , Estimation 
Method

GPDl K a P L-moments.
GPD2 C K D non-linear regression

Table 2.1 -  Comparison of distribution type, parameters, and method of analyses.
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Results

Biovolumes were determined for bacterial communities subjected to three 

different treatment protocols. These measurements were m ade for the calculation o f 

bacterial carbon production, observed yields, and growth rates as shown in Chapter 4. 

The treatment factors included substrate type, substrate concentration, and chlorination. 

Control measurements were made from parallel reactors not receiving chlorine. Effluent 

cell volumes were determined at two influent substrate concentrations o f 1000 ppb C and 

2000 ppb C. Concurrent organic carbon (particulate and dissolved) analyses allowed me 

to calculate average Cc and Cv values for the individual datasets. The GPD was found to 

fit 68 o f 72 biovolume datasets as well as the Cv data. Distribution identification 

performed by the method o f L-moments, provided a fast and easily interpretable diagram 

of potential candidate distributions. Both biovolume and Cv probability distributions 

determined from the samples allowed the construction o f probability plots that described 

the datasets very well and provided a predictive capability for both biovolume and Cv.

Distribution Identification

The distribution of a variable such as biovolume can be o f considerable biological 

interest. Asymmetrical distributions can tell us that there may, perhaps, be selection for or 

against organisms falling in one o f the tails o f the distribution. They can also tell us about 

the appropriateness of specific statistical tests for the data in question. For example, 

biovolume can only take on values greater than zero, limiting the suitability o f an
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assumption o f a normal distribution, which by definition is unbounded and ranges from 

.negative infinity to positive infinity. Assuming that a variable such as biovolume follows 

a specific distribution is a mathematical convenience that would allow us to make 

predictions based on the parameters o f the distribution.

See Figure 2.3 for an example o f the percent frequency distributions o f 3 datasets 

(one from each o f the amino acids, carbohydrates, and humics experiments) from both 

the chlorinated and unchlorinated reactors. These histograms are the individual cell 

volumes compiled from three separate samples taken over the course o f three days from 

each reactor. Figure 2.4 shows two individual datasets from the carbohydrates experiment 

fitted to the GPD using unbiased L-moments. The mean observed biovolume for Figure 

2.4 panel A was 0.123 pm  and the mean expected (i.e. from the parameters describing 

the distribution) bio volume was 0.123 pm3. For panel B, the observed value was 0.391 

pm3 and the expected value was 0.391 pm3. This good fit was seen for all datasets that 

conformed to the GPD. The correlation between expected theoretical means (where mean 

=  (3 + [a /(l + k ) ] )  calculated from the fitted parameter values and the observed, measured 

means was 0.9996 (p < 0.0005). Both figures 2.3 and 2.4 show the impact that 

chlorination has on the distribution of cell volume. In order to identify the probability 

distribution that best represented the cell biovolume data, L-moment diagrams were 

constructed and inspected visually. These diagrams are formed by plotting the probability 

weighted L-moments for the skewness (t3 = X3/X2) versus kurtosis (X4 = X4ZX2) on the 

abscissa and ordinate, respectively.
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Figure 2.3 -  Frequency distribution o f  cell volume as a percentage o f  the total 
number o f cells measured. Note the highly skewed nature o f  the data. Panels A-C 
are for the control reactor and panels D-F are for the chlorinated reactors. 
Vertical reference line was arbitrarily set at 0.15 pm3 and the percentage o f the 
population below this volume is indicated above the histogram. Each panel 
consists o f  the cumulative datasets for the sampling period (3 samples/dataset). 
Representative data from one experiment using each o f  the substrates at 1000 ppb 
C/L. Histogram width is 0.05 pm3.
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0.01 :
a  =0.0871  
P =-0.0009  
K =-.2999  
n = 467

a  =0.3904  
P =-0.0500  
K =-0.0941 
n =296

0.001 0.001
0.001 0.01 0.1 

biovolume, (jim3)
0.001

Figure 2.4 -  GPD probability plots, a ,  0, and k  were determined by probability 
weighted L-moments. Solid line is the fit and symbols are the data points. Panel 
A dataset is from a carbohydrate experiment at a carbon concentration o f  1000 
ppb C, chlorinated reactor. Panel B is data from the corresponding control reactor 
from the same sampling period. AU2 = 0.479, r2 = 0.985 for panel A and AU2 =  
1.368, r2 = 0.984 for panel B. Both the modified Anderson-Darling test statistic 
and r2 values refer to the fit obtained from the linearized form for the generalized 
Pareto Quantile (see statistics section, equation (3)). Both the y-axis and x-axis 
are plotted on log scales. Note that the biovolume axis is different between the 
panels.

Figure 2.5 panel B  show s the distribution fit for the converted Cv in units o f  fg  

C /pm 3 T hese values w ere obtained by divid ing the difference for the amount o f  carbon  

betw een  filtered (no ce lls) and unfiltered sam ples. The observed average w as 268 .1 5  fg  

C /pm 3 and the expected  average w as 268 .15  fg  C /pm 3, w ith 57%  o f  the sam ple values  

b elo w  th is average and 90%  o f  the sam ple va lues below  560 fg  C /p m 3. The sam ple  

standard deviation w as 194 fg C /pm 3 w h ile  an estim ate o f  the parametric standard
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deviation  based on the parameters o f  the fitted distribution w as 24  fg  C /pm 3. Figure 2.5  

panel A  is an L-m om ent diagram show ing representative results from  seventy-tw o data 

sets com prising an average o f  382 (range =  112 to 1862) individual volum e estim ations 

on bacteria from the influent and effluent o f  the reactors. Four o f  the seventy-tw o datasets 

gave poor r2 values and high m odified  Anderson-D arling (A U 2) test statistics and w ere  

not included in the subsequent A N O V A s for the Pareto parameters. T w o o f  these datasets 

fo llo w ed  a lognorm al distribution and the other tw o fo llow ed  an extrem e value  

distribution. A ll o f  the relevant values from  the distribution analysis o f  the 68 datasets are 

provided in A ppendix I.

0.6 ■

O influent

□ aa

A cho O o

a  =362.083  
P =6.9577  
K =0.3863  
n = 68

100
fg Carbon/pmL-skewness ( X i = X i l X z )

Figure 2.5 -  Panel A is an L-moment diagram compiled from 72 datasets 
showing the overall trend o f  L-kurtosis vs. L-skewness for bacterial biovolume 
measurements. The solid line is the theoretical distribution o f  L-skewness vs. L- 
kurtosis for the GPD. Open symbols refer to individual datasets. Solid symbols 
refer to the means for each carbon type and the large cross refers to the grand 
mean for all data. Panel B -  Generalized Pareto probability plot, a , P, and k  were 
determined by probability weighted L-moments. Dataset is compiled from all 
biovolume and carbon measurements. AU2 =  0.072 and r2 =  0.9976 for Panel B 
and refers to the linear form for the generalized Pareto Quantile plot.
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Another indication that the GPD was adequately describing the probability 

distribution o f bioyolume can be seen through use o f the equation given by Vogel, et al 

(1993) and shown in the Methods (statistics section D). The correlation between the 

measured sample L-kurtosis and theoretical sample L-kurtosis (of the GPD) calculated 

from the measured sample L-skewness was 0.8983 (p < 0.0005). Inclusive o f the sixty- 

eight datasets the average r2 value was 0.963 (±0.0316 S.D.), and the average AU2 

statistic was 0.965 (+0.874 S.D.).

BiovoIume and GPD Parameter Analysis

As stated above, fitting a probability distribution to observed data does not 

provide for a mechanistic model o f the data. Rather, it is a method that allows one to 

predict events based on the parameters of the distribution. Assuming that a variable such 

as biovolume follows a specific distribution is a mathematical convenience based on the 

approximate resemblance of the data to the distribution. If this assumption is appropriate, 

it would, however allow us to make predictions based on the parameters o f the 

distribution. Table 2.2 contains mean and median volumes separated according to carbon 

source, carbon concentration, and reactor. For both the amino acids and humics control 

reactors mean and median volumes were significantly different at the two different 

carbon feed levels (p < 0.03 for all measures). Conversely, in the presence of chlorine no 

significant difference was detected in either the mean or median volume for any of the 

substrates when the carbon concentration was doubled (average p = 0.445, range = 0.177 

— 0.825, n = 6, see Table 2.1). Both mean and median cell volume were not significantly
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affected by increasing the carbon concentration in the carbohydrate experiments (p = 

0.506 and p = 0.471 respectively).

Parameter Treatment Amino Acids 
1000 2000

Carbohydrates 
1000 2000

Humics 
1000 2000

chlorinated 0.14 0.17 0.3 0.41 0.12 0.15

mean (0.03) (0.03) (0.08) (0.08) (0.02) (0.02)

volume*
0.23 0.34 0.6 - 0.8 0.14 0.31

control (0.03) (0.03) (02) (0.2) (0.04) (0.05)

chlorinated 0.10 0.10 0.13 0.23 0.07 0.06

median (0.02) (0.02) (0.05) (0.05) (0.01) (0.01)

volume*
0.14 0.22 0.3 0.5 0.07 0.15

control (0.02) (0.02) (02) (02) (0.02) (0.02)

n*
chlorinated

3(6 ) 3 (7 ) 2 (7 ) 2 (7 ) 2(6) 2 (3 )

control 3 (6 ) 3 (6 ) 2(6) 2(6) 2(6) 2 (3 )

Table 2.2 - Mean and median volumes for each of the carbon sources at both 
1000 ppb C and 2000 ppb C. Control refers to the unchlorinated reactor. # - 
numbers in parentheses are standard deviations, n* - is the number of 
experiments and the values in parenthesis are the number of individual datasets. 
See text for further details.

Table 2.3 contains the Pareto parameters for carbon type and concentration 

according to the chlorinated or control, reactor resulting from individual analysis. Both 

the shape parameter k and location parameter a were found to be dependent on the type 

o f carbon supplement added to the system. Not surprisingly, the mean and the median 

were highly correlated with the location parameter a (r2 = 0.981 and 0.990, respectively, 

p < 0.0005 for both) and a partial correlation analysis indicated that this was not due to 

the correlation between the mean and the median (r2 = 0.98, p < 0.0005). The origin
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parameter p was negatively correlated with the mean and median (r2 = -0.663 and -0.591, 

respectively, p < 0.0005 for both). The shape parameter k  was negatively correlated with 

carbon type (r2 = -0.536, p < 0.0005), indicating that as the substrate progressed in the 

order - amino acids, carbohydrates, humics - the shape parameter became more negative.

The shape parameter k  was also negatively correlated with both the L-skewness and L- 

kurtosis (r2 = -0.658 and -0.485 respectively, p < 0.0005 for both).

Parameter Amino Acids (ppb) Carbohydrates (ppb) Humics (ppb)
1000 2000 1000 2000 1000 2000

chlorinated 0.12
(0.02)

0.13 
• (0.02)

0.19
(0.07)

.32
(0.07)

0.09
(0.01)

0.07
(0.01)

. OC

control 0.21 0.29 0.6 0.7 .09 0.20
(0.04) (0.04) (0.2) # 2 ) (0.02)i (0 .0 2 )\

. chlorinated
P

control

0.009 . 0.013 -0.011 -0.014 0.0111 -0.001
(0.006) (0.005) (0.005) (0.005) (0.0006) (0.0009)

0.007 0.013 . -0.05 -0.04 0.001 -0.007
(0.006) (0.006) (0.02) (0.02). (0.003) (0.004) '

chlorinated -0.04 -0.12 -0.37. -0.27 -0.30 -0.56
(0.04) (0.04) (0.06) (0.06) (0.03)2 (0.05T

K
control -0.09 -0.11 -0.14 -0.22 -0.26 -0.3

• (0.07) (0.07) (0.04) (0.04) (0.08) (0.1)

Table 2.3- Parameters of the Pareto distribution for biovolume. Numbers in
parenthesis refer to ± standard deviation. See Table 2.2 for n values and text for 
further details. I, p = 0.004 and 2, p = 0.003. All other values are not 
significantly different between carbon levels of IOOOppb and 2000 ppb. P-values 
were determined by a GLM ANOVA (unbalanced) at an oc-level of 0.05 and the 
carbon levels were the factors.

One-way ANOVAs were performed to compare the distribution parameters o f the

different communities at the different treatment levels. Comparison of reactors at the two

carbon levels. indicated that carbon concentration had relatively little effect on the

parameters of the distribution, whereas chlorination had a significant impact in the
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presence o f each carbon source (Tables 2.2 and 2.3). Both individual comparisons and a 

nested analysis (reactors nested within carbon levels) support this conclusion. Carbon 

feed concentration only played a significant role in parameter estimates for a  in the 

humic control reactor (p = 0.004) and k  in the humic chlorinated reactor (p = 0.003). All 

other p-values averaged 0.429 (range 0.102 -  0.813, n = 16). Using the average Pareto 

parameters in Table 2.3 for determination of the theoretical average biovolume and 

comparing these to the observed average biovolumes from Table 2.2 shows good 

agreement. For example, the correlation between the theoretical and observed volumes at 

1000 ppb carbon was 0.930 (p = 0.007) and at 2000 ppb carbon the correlation was 0.993 

(p < 0.0005). Irrespective of the mean volume, the percentage (abundance) o f the 

population biovolume below the mean was consistent at 68 ±4% (n = 12) based on the 

average Pareto parameters.

Overall analyses o f the data by a" general linear model (GLM) ANOVA with 

carbon level (1000 and 2000 ppb carbon) nested within carbon type (amino acids, 

carbohydrates, and humics) and with reactors (control and chlorinated) nested within 

carbon type and carbon level were also used to analyze the parameters o f the Pareto 

distribution. This supported the conclusions o f the separate analysis shown in the 

preceding paragraphs: However, the origin parameter P could not be analyzed by this 

method due to the inability to induce homogeneity of variance between carbon sources. 

The analysis indicated that the carbon source was significantly different for all 

parameters (p < 0.001). In order to satisfy the assumptions inherent to an ANOVA, the 

location parameter a , medians, and means were transformed by the method o f Box-Cox
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to induce homogeneity o f variance. This analysis corroborated the preceding statements 

concerning reactor, carbon level, and carbon type. The same analysis on the measures for 

L-kurtosis and L-skewness, which were normally distributed and had homogeneous 

variances, supported, the conclusion o f the above analysis on the parameters o f the 

distribution. Different carbon sources produced distributions that had significantly 

different (p < 0.001) L-kurtosis and L-skewness whereas carbon levels within carbon 

source were not significantly different (p = 0.667 for T3 and p = 0.590 for T4) .  . No 

significant difference was found for reactors within carbon levels within carbon types (p 

= 0.085 for T3 and p = 0.071 for T4) .  See Figure 2.5 panel A for a graphical representation 

o f the L-kurtosis vs. L-skewness data as determined from the PWMs.

Table 2.4 contains a similar analysis on the parameters o f the GPD for the 

normalized biovolume, data (all volumes in a dataset divided by the smallest volume 

within that dataset). As stated above, the origin parameter p could not be analyzed by this 

method, however, non-parametric tests indicated that there is a significant difference in 

the medians and p-values are reported in the legend for Table 2.4. The shape parameter 

K  for the humics test reactor was significantly different for the two carbon levels, see 

Table 2.3 for these estimates. Probability distribution analysis for the averaged volumes 

from each dataset by non-linear regression [according to equation (4) in the Methods 

section] was significant and since the residuals showed no trend, the estimates for r2 and 

the standard error o f the fit are reliable. This analysis is shown in Table 2.5 and Figure 

2.6 for both the raw and normalized probability distribution data for cell biovolume. The 

shape parameter is independent of normalization and is the same for both graphs. Since



the GPDl (equation I and 2) has been much more extensively studied, there is more 

information that can be derived from this distribution and the parameters used for its 

estimation. The observed average volume was 0.267 pm3 and the average volume 

expected from the fitted parameters o f the distribution was 0.267 pm3 while the average 

normalized volume was 2.29. Sixty-eight percent o f the biovolume measurements were 

below this mean value as determined from the fitted parameters, similar to the value 

determined for the individual datasets. Since the data fit the GPD, the parametric variance 

can be calculated from the formula a 2 = a 2/[(l + k)2(1 + 2k)], k  > -1/2 (Hosting, 1990), 

and is equal to 0.078 so that an estimate of the parametric standard deviation would be 

0.034 pm3, where n = 68 (i.e. population), as compared to the sample S.D. o f 0.25 pm3.

34

Parameter Amino Acids 
mean p-value

Carbohydrates 
mean p-value

Humics
mean p-value

a
chlorinated 34 (12)

0.518
95 (61)

0.022.
71 (15)

0.494
control 43 (10) 208 (34) 87 (15)

P
chlorinated 0.9 (0.06)

0.877
-5 (4 ) * 0.3 (0.9)

0.507
control 0.9 (0.06) -17(4) -0.7 (0.9)

chlorinated -0.10 (0.04)
0.723

-0.32 (0.04)
0.019

na
K

control -0.08 (0.04) -0.18(0.04) -0.28 (0.06)
na

divided by the smallest volume) volume measurements. Reported values are 
means + standard deviation. Shows that the carbohydrates were the only 
substrates that produced a significantly different response in the control versus 
chlorinated reactor. The inability to induce homogeneity o f  variance for the 
parameter (3 (carbohydrates =  *) did not allow for an ANOVA analysis o f  the 
effect o f  chlorination in this system. However, non-parametric analyses (M ood’s 
median and Kruskal-Wallis) indicated that a significant difference (p <  0.0005) 
was apparent for this parameter. Both a  and k were found to be significantly 
different for carbon source type (p < 0.0005 for both), na -  not applicable, see 
Table 2.3 and text for further details.
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Distribution
Parameter a k P D K C

A U 2/
/ G S E

Biovolume
(p m 3)

0.153 0.065 0.0659 0.496 -0.24 4.05
0.952

0.993

0.227

0.035

Normalized
BiovoIume 2.01 0.849 0.865 6.519 -0.24 4.05

0.952

0.993

0.227

0.035

X y u - x  U-111V-LW1 o  X \ J 1  UJlV U IO U IU U U V J U  V l  V V i u n i C  I U l  L llC  L W U

different type II Pareto distributions. Greek letters refer to the generalized Pareto 
distribution (GPD) and English letters refer to the modified original Pareto 
distribution. AU2 is the modified Anderson-Darling test statistic and SE is the fit 
standard error determined by non-linear regression using TableCurve 2D. r2- 
values correspond to the goodness o f  fit statistic on the same horizontal line. 
Note that normalization does not change either o f  the shape parameters k  and c.

The distribution o f Cc fit a 3 -  parameter Weibull (EV 3, where the cdf = I - exp[- 

((X - s)/(P -  s))a] probability distribution at an a-level of 0.01 (r2 = 0.9773, AU2 = 0.348) 

while the distribution o f Cv followed the GPD. A comparison between the distribution 

suggested by Vidondo et al. (1997), represented by the GPD2 (equations 3 and 4) and the 

GPDl (equations I and 2) was performed for the biovolume distribution and is presented 

in Figure 2.6 and Table 2.5 for normalized and raw data. Both the table and figure are 

included for reference and comparison to non-bacterial biomass distributions.

The parameters describing the probability distribution o f biovolume for the 

individual substrates without regard to carbon levels, are graphed in Figure 2.7, Panel A 

(control) and B (chlorinated). Both graphs are predictive in that the probability o f 

measuring a cell equal to or greater than the specified biovolume can be read off o f the 

probability (y) axis. Some examples are provided for each substrate at probabilities 

equivalent to I in 10, I in 100 and I in 100,000 cells respectively. Probabilities for the
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amino acids are provided below the horizontal line to the left o f the curves with the 

humics above the corresponding line to the left o f the curves. Values for the 

carbohydrates are provided to the right of the curves. For reference, the equivalent 

spherical diameter (BSD) is supplied on the biovolume axis. As an example, the 

probability of finding a cell with a biovolume greater than or equal to 1.46 pm3 with 

amino acids as the substrate is 0.01. Conversely, the probability o f measuring a cell with 

a volume less than 1.46 pm3 is 0.99. Note that both axes are plotted on a logic scale. The 

probability scale was extended to include a biologically relevant sample o f I x IO6 cells.

O data0.75 ■ O data 0.75-

GPDl
- -GPD2- -GPD2

0.25 ■

Biovolume (pm3) Normalized Biovolume

Figure 2.6 - Comparison o f  the raw and normalized data fits for the GPDl (see 
equation 2) and the GPD2 (see equation 4). Refer to Table 2.5 for parameters and 
fits for the 2 graphs.



pr
ob

 (x
 >

 X
)

37

I .  

10*1. 0.472 \  _

A

1.770
0.651 A \

'X \
IO*2. 1.34 \ \ 4.49

1.46 A \
\

-3
10 - ---- ♦—  amino acids

IO"4.

control
-# —  carbohydrates 

control
■ - A—  humics control

11.35

5.39

0.001 0.01
T

0.1 10 100 0.001 0.01 0.1

ESD (nm) 0.12 0.57 1.24

Biovolume ((xm3)

Figure 2.7 -  Probability plots on a log-log scale from the average Pareto 
parameters for the control reactor (Panel A) and chlorinated reactor (Panel B). 
Horizontal lines at 10'1, 10"2, and 10"5 indicate the probability o f  finding a cell 
with a volume equal to or greater than the indicated volume. Volumes for the 
humics experiments are above and to the left o f  the curves, for the amino acids 
they are below and to the left o f the curves, and for the carbohydrates they are 
above and to the right o f the curves. Calculated mean biovolumes (observed 
mean biovolume) for amino acids, carbohydrates, and humics are 0.285 (0.260), 
0.731 (0.753), and 0.202 (0.201) pm3 for the control and 0.151 (0.147), 0.361 
(0.278), and 0.131 (0.149) pm3 for the chlorinated communities respectively. 
ESD is the equivalent spherical diameter or the diameter o f a sphere with the 
indicated volume.

A nalogous to Figure 2.7 , irrespective o f  carbon source, carbon leve l, and 

chlorination, the parameters o f  the Pareto distribution derived from  the b iovolum e data o f
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Figure 2 .6  (see  Table 2 .5 ) and Cv data o f  Figure 2.5 panel B w ere used  to construct 

probability plots assum ing that the parameters e ffectively  describe the underlying  

population distribution. This data is show n in Figure 2 .8 . The probability scale is 

extended to include the probability o f  selecting  a cell from a population o f  I x  I O6 cells. 

N o te  that this graph does not indicate any relationship betw een  b iovolu m e and Cv- 

Rather, it indicates that as the b iovolum e increases, the probability o f  detecting a ce ll 

w ith the indicated (or greater) volum e decreases. Sim ilarly, as the Cv increases the 

probability o f  detecting or m easuring a cell w ith  the indicated Cv (or greater) decreases.

iooo *  - -

ioo -

0.536
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0.5 I
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Figure 2.8 -  Probability plots for biovolume and fg carbon/pm3 for the Pareto 
distribution derived from Table 2.5 and Figure 2.6. Plot is derived from all o f  the 
experimental data irrespective o f treatments. Upper curve is fg carbon/pm3 and 
the lower curve is biovolume. Note that all axes are scaled in Iogi0 and no 
relationship between volume and Cv can be inferred from this graph. The 
calculated mean (observed mean) for Cv was 268 fgC/pm3 (268) and for 
biovolume, the mean was 0.316 pm3 (0.298).
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Relationship between Biovolume and C arbon p e r Biovolume

A number o f other investigators have found a relationship between biovolume and 

Cv (or Ce). Identification o f a relationship between biovolume and Cc or Cv would enable 

a more reliable conversion between bio volume and biomass. In our datasets we found no 

relationship between biovolume and carbon/cell, however a significant relationship was 

found between biovolume and Cv. Panel A of Figure 2.9 shows the log-log transformed 

data as normally presented in the literature(Cv = 6VoF or log[Cv] = Iogb + alogVol). The 

values of for a and b conform to the power law relationship normally used to describe 

this type o f data, where a  is the location parameter and 6 is a constant that relates the 

amount o f carbon present at unit volume. Since this is a Model II regression where both 

the x and y variable are subject to error, the ordinary least squares method for 

determining the regression line is inappropriate, although it is included for reference. 

While a number o f alternative methods exist, no one method has been agreed upon by 

statisticians. As such, Sokal and Rohlf (1995) provide 3 alternative methods for 

estimation in Model II cases. These methods include the geometric mean (GM) 

regression, Bartlett’s three-group method, and the slope o f the major (principal) axis 

method. Bartlett’s three-group method provides a slope of -1.083 (95% C.I. is -1.223, - 

0.993), not significantly different from ordinary least squares regression where the slope 

is -1.086 (-1.23, -0.934), The GM method provides a slope o f -1.24 (-1.392, -1.087) and 

the major axis method has a slope o f -1.27 (-1.407, -1.114). The y-intercepts are 1.529, 

. 1.543, 1.434, and 1.407 respectively. Backtransformation of the intercepts provides an 

estimate o f fg carbon at unit volume (i.e. I pm3) and are equivalent to 33.8, 34.9, 27.2,
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and 25.6, respectively. All 4 regression lines are given in figure 2.9 Panel A, although 

they may be difficult to discern due to overlap o f the GM line with the major axis line 

and overlap o f the Bartlett’s line with the ordinary least squares line. Inclusive o f the 

three more acceptable methods for this type o f regression, one (Bartlett’s) provides a 

slope that contains -1.0 within the 95% confidence interval indicating an equal 

distribution of biomass across the measured biovolumes whereas the other two (GM and 

major axis regression) provide a slope significantly different than -1.0 indicating that 

biomass is unequally distributed across the range of volumes measured. Given this 

information and the preeceding results on the probability distributions for biovolume 

(Fig. 2.6 B) and Cv (Fig. 2:5 B) as well as the analysis o f the individual probability 

distributions, we can conclude that the relationship between volume and Cv is both non

linear and unequally distributed. Panel A of Figure 2.9 shows the power relationship 

between biovolume and Cv that has been noted by others on a log-log plot. Due to the 

impractical values for Cv produced by the log-log model of biomass distribution in the 

tails o f the fit, a different, more reasonable approach was investigated through- a weighted 

non-linear regression of the data. Panel.B of Figure 2.9 shows a line fit to the averaged 

biovolumes divided into 7 size classes. This weighted non-linear regression was 

performed on the untransformed variables. Both x and y error bars (standard deviations) 

are included due to pooling of the data for both axes. Pooling of the Cv data into various 

biovolume classes and basing the weight on the inverse variance o f Cv produced a variety 

o f possible fits. The ultimate equation (Cv"1 = a + 6VolL5) was chosen based on the 

behavior o f the residuals (Gaussian), the lowest fit standard error, and the largest F-
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statistic (102.3) The use of different weights (based on the inverse variance o f the 

biovolume or a combination o f the inverse variance o f the biovolume and Cv) did not 

affect the final choice o f fits, since the same function arose from several different choices 

o f weights and division of size classes. Confidence (95%) intervals for a were 0.0005 to 

0.0022 and the confidence intervals for b were 0.017 to 0.043. Better fits were attainable, 

but the tails o f these fit-lines produced results inconsistent with both theoretical and 

practical considerations.

95% Prediction Limits

r2 =0.9534
Fit std. error =24.4

Y 1 = a + b*X15 
a = 0.0013 (S.E = 0.0003) 
b = 0.030 (S.E = 0.005)

E 2.5

£  400

-----Major Axis °  O
- - Bartletts
-  GM
- - Least Squares

M 1.5

-1.25 -0.75 -0.25

log [Biovolume (pm )]

Figure 2.9 -  Relationships between biovolume and Cv. Panel A shows the linear 
fit for the log-log transformed data, implying the power law relationship. Four 
regression lines are shown: GM, geometric mean method, Major axis method, 
Bartlett’s 3-group method, and ordinary least squares. Panel B shows the fitted 
relationship for predictive purposes when the data is grouped into biovolume 
classes (see text). The fit is from a non-linear regression performed on the 
weighted (!/variance) data, n = 68.
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Discussion

Probability Distributions

Vidondo, et al. (1997) noted the equivalence between the normalized biomass- 

size spectra (NB-SS) models used in the ecological analysis of biomass distributions and 

the Pareto distribution. They suggested that size distributions o f organisms should be 

viewed from the standpoint of probability distributions. Analyzing this type o f data 

w ithin the context o f probability distributions would allow ecologists to take advantage o f 

progress in analyzing, identifying, and describing the underlying probability distribution 

based on individual measurements and not on the population (or size class) averages as is 

most common. Their prediction that a 3-parameter, type II Pareto distribution would fit 

biomass-size data better than the normalized biomass-size spectra models (i.e. power 

models) currently in use was borne out in our analysis of mixed microbial communities. 

The ability to analyze the biovolume data as individual measurements rather, than 

community or size class averages allowed us to determine that biovolume did conform to 

a generalized Pareto distribution. As well, biovolume and Cv, as community averaged 

measures also conformed to the GPD while Cc fit a Weibull distribution, another type of 

extreme value distribution.

Using L-moment diagrams, rapid and easy determination o f the probability 

distribution that best fit the biovolume data from both natural and carbon amended
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communities was accomplished. L-moments are analogous to conventional moments but 

are estimated by linear combinations o f the order statistics. As shown by Hosking (1990) 

and Vogel and Fennessey (1993) the ability to discriminate between alternate 

distributional hypotheses is made much easier with L-moments as compared to 

conventional moments. They can characterize a wider range o f distributions and are more 

robust against outliers when estimated from samples. These diagrams have proven to be 

valid and often superior alternatives for summarizing probability distributions in 

environmental samples (Vogel and Fennessey5 1993; Vogel, et al., 1993; Hosking5 1990).

Measurements o f cell volumes in a variety o f habitats have led to estimates o f a 

practical lower limit for bacterial cell volume aound 0.005 pm3 which corresponds to a 

diameter (assuming a coccoid cell) o f OT05 pm (Psenner and Loferer5 1997). While there 

were occasional individual measurements within our datasets below this value in addition 

to reported values in the literature (Loferer-Kropbacher5 et al.5 1998) the only theoretical 

distributions that provided for estimates smaller than this were from both the control and 

chlorinated Vmmics reactors. Using the average biovolumes from all measurements, the 

lower limit to the biovolume GPD was 0.065 pm3 (BSD = 0.136 pm) and the probability 

that an average biovolume measured in any o f the experiments being below this value 

was effectively zero. Lower limits to the biomass distribution were around 7 fg C/pm3, 

from the largest of the cells we measured from the carbohydrates experiments where 

average volumes ranged from 0.6 to 0.8 pm3.

V
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Biovolume Conversion

While our measurements of the average Cv and Cc (42 ±20 fg C/cell) were within 

the range o f previously reported values, the obvious non-linear relationship implied that 

one should use a function for converting biovolume to biomass and not an individual 

value as is most often used. Since the parameters of the power function (a and b) have yet 

to be ascribed to any ecological function, the relationship is essentially empirical and the 

use o f linear regression to fit a line to log-transformed data results in values o f Cv that are 

inconsistent with current knowledge (Norland, et ah, 1987; Bjomsen, 1986; Troussellier, 

et ah, 1997). Using a biovolume from the low end o f the bacterial size distribution can 

illustrate this problem of inconsistent values for carbon per unit volume. As an example, 

i f  we use a cell with a volume of 0.01 pm3, the conversion equation o f Trousellier, et al. 

(1997) would result in a cell with 930 to 2353 fg C/pm3, Kroers' (1994) 2721 fg C/pm , 

and this study 4954 to 5248 fg C/pm3. The range of values given in the previous sentence 

result from using the high and low error values from the particular study. While Kroer 

was the only investigator to explicitly constrain his relationship between the bounds of 

0.08 to 0.22 nm3, this non-linear relationship can be better fit on the untransformed 

variables by any o f a number of non-linear regression programs such as TableCurve-2D 

(SPSS Inc.).

Based on literature values for the dry matter density o f bacteria (1200 to 1600 

fg/pm3) (Troussellier, et ah, 1997; Norland, et ah, 1987; Bjomsen, 1986) values above 

500 fg C/pm3 would comprise 63 to 83% of the dry weight o f a cell, if  we assume that 

50% of the dry weight is carbon, as is commonly done (Loferer-Kropbacher, et ah, 1998;
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Troussellier, et al., 1997; Bjomsen, 1986; Nagata and Watanahe, 1990; Nagata, 1986). 

Using the power function models o f Trousellier, et al. (1997) this value for Cv is attained 

at 0.05 jam3, while Kroers’ (1994) function attains this value at 0.159 jam3, and our 

relationship produces this Cv value at approximately 0.09 pm3. If  we do not assume any 

relationship between dry weight and carbon content the same value o f 500 fg C/pm3 

would only account for 31 to 42% of the dry weight. Values significantly above 500 fg 

C/pm3 have been measured before and at least one suggested conversion factor is above 

this value (Bratbak, 1985). Through use of a weighted non-linear regression (Figure 2.8) 

our data was fit to a non-linear function and this value for Cv is attained at 0.08 pm3. 

However, by constraining the equation at the upper and lower tails, reasonable estimates 

for Cv are attained throughout the size range. For example, the probability distribution in 

Figure 2.8 indicates that the probability of measuring a cell with a Cv greater than 879 is 

less than (or equal to) 0.001. By weighting the upper and lower tails o f the function, 

values for Cv in agreement with literature and theoretical considerations are achieved. 

This function assigns approximately equal weight to the size class range o f 0.005 to 0.01 

(748 to 738 fgC/pm3) but 1.7 times as much weight as for a biovolume o f 0.1 pm3 (440 

fgC/pm3) while Cv at unit volume is 32 fg C/pm3.

Norland, et al. (1987) was perhaps the first to recognize the potential power 

relationship between volume and Cv in bacteria, although data from Bratbak (1985) also 

indicates this potential relationship. However, one must be aware that the linearity 

implied by a log-log plot of the data means that the log transformed variables follow a 

linear distribution but the data itself are related in a non-linear manner. More recently,
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Trousellier, et al. (1997) found an allometric relationship in both marine and non-marine 

Gram negative bacteria in a starvation study. Their relationship, Cv = 25.73’V '0'981, 

indicates a slope not significantly different from -1.0 on a log-log plot and implies a 

constant ratio relationship between volume and Cv. This implies that bacterial biomass 

declines as the reciprocal o f bacterial size with the result that smaller cells have a higher 

Cv content than larger cells. This slope o f -1.0 (on ah abundance scale) also implies equal 

biomass distribution throughout the size classes studied (Harris, 1994).

The relationship found in this study produces similar results for Cv at unit volume 

(33.8, 34.9, 27.2, and 25.6 depending on regression method). However, depending on the 

regression method, the slope o f the line cannot be unequivocally assigned a value o f -1.0. 

The large amount o f data on biovolume distribution from this study indicated that the 

relationship is significantly non-linear. More important in the context of biomass 

estimation, the Cv data also followed a Pareto distribution, indicating significant non

linearity in the relationship between volume and Cv and this has important implications 

for biomass estimations in aquatic environments.

The average Cv measured in this study was 268 ± 1 9 4  fgC/pm3 (n = 68). This 

value is in the range o f the previously reported values by Simon and Azam (1989) (133 - 

400 fgC/ftm3), Kroer (1994) (21 to 1610 fgC/pm3), Fagerbakke, et al. (1996) (32 to 103 

fgC/pm3), Loferer-Kropbacher, et al. (1998) (382 fgC/pm3), Bratbak (1985) (560 

fgC/pm3), Norland et al. (1987) (50 to 100 fgC/pm3), and Bjomsen (1986) (350 

fgC/pm3). A variety o f reasons for this rather large range o f values have been postulated 

including: (I) methodological differences, (2) trophic status, (3) differences in growth
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phase, and (4) species differences. Nagata and Watanabe (1990) found no significant 

difference in conversion factors for native cells and nutrient-amended cultures and 

suggested a conversion factor o f 120 fgC/pm3. Bjomsen (1986) and Trousellier, et al. 

(1997) found significant differences between marine and non-marine bacteria with 

marine organisms having the higher conversion factor (410 and 218 fgC/pm3, 

respectively). A significant factor for this variability could be the non-linear relationship 

between volume and Cv. Biovolume measurements ranged over approximately 4  orders 

o f magnitude for the various studies reported above while the conversion factor had 

approximately 15 fold variability. Using the data (biovolume and Cv) supplied in these 

papers, there was a significant negative correlation (p = 0.005, r2 = -0.468) between 

volume and Cv (log transformed variables). One reason that some investigators detect a 

potential relationship between volume and Cv while others do not is likely due to the 

measurement o f a small range o f average bibvolumes. Wtule Bjomsen (1986) did not 

specifically state if  he checked for a relationship, data presented in his paper was used for 

a correlation analysis and no statistically significant relationship (correlation) between 

volume and Cv was indicated. This could be due to the smaller range of volumes 

measured in Bjomsens' (1986) studies (0.08 to 0.338 pm3) as compared to those 

measured by Norland (0.01 to 7 pm3) (1987). One can see from Figures 2.7 and 2.8 that if  

the range of data measured were not wide enough a linear relationship would be detected 

at almost any point in the curve. We noted in our data that the removal o f either o f  the 

extreme tails significantly affected estimates o f both the slope and the intercept.
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Table 2.6 shows the effect that choice o f conversion factor or equation has on 

estimation o f the average carbon content and total carbon present in a sample from this 

study. The histogram of biovolumes presented in Figure 2.3, Panel E (carbohydrates, 

chlorinated, n = 1097, mean = 0.16 pm3, and median = 0.07 pm3) was used for generating 

the values in this Table. Shown in the Table are a high (560 fgC/pm3) and a low (50 

fgC/pm3) conversion factor from Bratbak (1985) and Norland, et al. (1987), respectively. 

Conversion equations are from Fagerbakke, et al. (1996), Kroer (1994), Trousellier, et al: 

(1997), Norland (1993), and the weighted non-linear regression derived in this paper. 

Two methods were used to calculate the average Cv and the total carbon content o f the 

1097 cells for which the biovolume was measured.. The first method used the average 

biovolume and the appropriate factor or equation to calculate the average Cv (i.e. mean 

Vol x conversion = mean Cv). Multiplying this by the total bio volume o f the 1097 cells 

gives the total amount o f bacterial carbon present. The second method used the 

conversion factor or equation for converting each individual volume and then calculated 

the average from this array o f values. This average Cv value multiplied by the total 

biovolume provides the total carbon in the sample. The table points out the discrepancy 

between the two methods when a non-linear relationship between volume and Cv is 

present. Depending on the conversion factor or equation used, the final result for the total 

amount o f carbon present in the sample has an 11 to 26 fold difference between the high 

and low estimates, depending on the method o f calculation. These differences can be 

magnified to a larger degree depending on the distribution o f the biovolumes within the 

sample measured.
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Reference
Average Cv (fgC/pm3) Total C arbon (pg.C)

M ethod I M ethod 2 M ethod I M ethod 2
Fagerbakke1, (1996) 58.1 53.4 10.4 9.5
Kroer2, (1994) 477.2 " 1301 85.2 232.2
Trousellier3, (1997) 152.8 843.6 27.3 150.6
Norland4, (1993) 107.9 118.0 19.3 21.1
This study5 304.1 463.8 54.3 82.8
Norland6, (1987) 50 50 8.9 8.9
Bratbaky, (1985) 560 560 99.9 99.9

Table 2,6 -  Dataset from Figure 2.3, Panel E and conversion to average Cv and 
total carbon in the sample. I- the equation is Cc = e(1'12 x Ln(Yol) + 4 2S) and division 
by volume gives Cv. 2 — the equation is Cv = 3.05 x (IO"4'952 x Vo1) x 1000. 3 — the 
equation is Cv = 25.73 x (Vol"0'98'). 4 -  the equation is Cc = 0.09 x (Vol0'9) x 1000 
and division by volume gives Cv. 5 -  the equation is Cv = !/[0.0013 + 0.0299 x 
(Vol1"5)]. 6 and 7 are single value conversion factors and are the same by either 
method of calculation. Method I used the average biovolume to find Cv by. the 
appropriate conversion factor. Method 2 used the conversion factor on all 
biovolumes and averaged these Cv values. Both values for Cv were then 
multiplied by the total biovolume of the 1097 cells measured.

It has been noted by a number o f investigators that reconciling the NB-SS models 

with certain datasets has not resulted in very much success (Gaedke, 1993; Ahrens and 

Peters, 1991; Vidondo, et al., 1997; Gasol, et al., 1991). For bacteria, this has been 

suggested to be due to a variety o f factors inherent in the estimation o f bacterial biomass 

and activity measurements. For example, not all bacteria in a given ecosystem are 

actively respiring and top-down or a bottom-up control o f bacterial biomass can occur in 

different ecosystems. Harris (1994) noted that values for the slope o f the NB-SS in the 

range of -1.2 are often associated with oligotrophic systems where the food chains are 

dominated by small organisms whereas values in the range o f -0.8 are found in eutrophic 

systems dominated by larger organisms. While these biomass-size spectra models are 

generally used across trophic groups, it has also been noted that the slope of the within 

functional groups spectra is steeper than the overall trend o f the slope between functional
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groups (Vidondo, et al., 1997; Gasol, et al., 1997; Thiebaux and Dickie, 1992; Chrost, 

1991; Dickie, et al., 1987; Gasol, et al., 1991).

The use of scaling or conversion factors that assume a simple allometric 

distribution o f biomass with abundance have proven ineffective for the prediction o f 

bacterial biomass. This paper shows that one possible reason for this is that the 

.distribution of bacterial biomass/abundance cannot be effectively described by a linear 

function composed of the shape and location parameters of the simple type I Pareto 

distribution. Sixty-eight o f seventy-two datasets could be effectively modeled with a 

generalized Pareto distribution that is commonly used in hydrology and other extreme 

value distributions (Castillo and Hadi, 1997; Johnson, et al., 1987; Vogel, et al., 1993; 

Hosking and Wallis, 1987; Lewis and Chatwin, 1997; Vogel and Fennessey, 1993; 

Vidondo, et al., 1997). The datasets that did not fit the GPD could be fit quite well by 

either a lognormal or a generalized extreme value distribution as determined from their 

respective L-moment diagrams.

The use o f L-moment diagrams (Fig. 2.5) were shown to be highly applicable to 

identifying the underlying distribution for biomass abundance, whether it was measured 

by biovolume, Cv, or Cc. These diagrams have proven highly effective in the 

identification of the underlying distribution in highly skewed datasets such as those for 

average daily streamflow, flood maxima, and the analysis of other extreme environmental 

events (Vogel and Fennessey, 1993; Hosting and Wallis, 1987; Castillo and Hadi, 1997; 

H osting, 1990; Vidondo, et al., 1997). The identification of the GPD as an underlying 

distribution for bacterial biomass abundance and its potential use for identifying the

/
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underlying parameters that effectively describe other distributions could, as stated by 

Vidondo, et al. (1997) allow for the analysis of biomass abundance across functional 

groups in food webs in a manner that is independent o f the normalized biomass-size 

spectra models now in use. .

T reatm ent Effects

C arbon Source and Concentration While biovolume was affected by all three 

treatments in this study, carbon source and chlorine had a larger effect than substrate 

concentration. As such, the parameters describing the biovolume distribution were not 

significantly affected by the carbon concentration. Individual datasets as shown in 

Figures 2.3, 2.4, and 2.5(A) as well as Table 2.2 and the combined datasets as shown in 

Figure 2.7 convey the highly skewed nature o f the bio volume distribution. Average 

volume measurements were in the range o f those measured by others in natural 

environments, although the carbohydrate-fed communities were in the upper range o f 

reported values at the higher carbon concentration (Fagerbakke, et al., 1996; Bratbak, 

1985; Kroer, 1994; Sommaruga, 1995). Carbohydrates as a carbon source produced cells 

with the highest measured volumes whether or not chlorination was a factor. 

Disregarding the carbohydrates, doubling the carbon loading rate produced a significant 

increase in the average cell biovolume (both mean and median) in the control reactors.

C hlorination Effects Chlorination was the most significant treatment affecting 

the cell volumes within any substrate group a s . well as across substrate types. 

Chlnrination overrides the impact of substrate concentration and there is no significant
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increase in either the mean or median cell volumes for any o f the carbon sources when 

chlorine is present. Cell sizes were approximately 2 times smaller in the presence o f 

chlorine for all carbon sources. This is especially apparent at the higher carbon 

concentration. In the presence o f chlorine, far . more cells are found at the left end o f the 

distribution, but the population is still highly skewed to the right due to the presence o f a 

small number of large cells. The histograms in Figure 2.3 show that chlorination 

selectively removes larger cells from the distribution. Table 2.2 shows that chlorine is 

especially effective at limiting cell size in the presence of carbohydrates and less so when 

the carbon source is humics or amino acids. This occurs despite the maintenance o f a 

continual free chlorine residual at approximately 0.15 mg/L for all experiments. The 

histograms in Figure 2.3 were typical o f the datasets collected in these experiments as 

well as datasets from other studies that show the frequency distribution o f biovolume 

(Vidondo, et al., 1997; Norland, 1993; Norland, et al., 1987). The values next to the y- 

axis in each panel refer to the percentage o f cells below an arbitrarily chosen biovolume 

of 0.15 pm3 (BSD = 0.236 pm). It can be seen that the percentage of the population 

below 0.15 pm3 increases in the presence o f chlorine, especially when the carbon source 

is carbohydrates. This implies one o f two plausible explanations for the observed trends: 

(I) chlorination selectively removes larger cells or (2) chlorination prevents the formation 

of larger cells. Removal of larger cells could simply be due to the larger absolute surface 

area that can react with the chlorine, resulting in cell lysis and the loss of larger cells in 

the planktonic phase. Conversely, it has been noted by many researchers that bacterial 

cells confronting stress often undergo a size reduction (Siegele and Kolter, 1992;
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Kjelleberg, 1993; Troussellier, et al., 1997). In either case, a significant decrease (p = 

0.015) in the data variance occurs and the population becomes more homogeneous, 

although still highly skewed. The overall sample skewness and kurtosis were slightly 

reduced (not significantly) by chlorination compared to the control reactor when the 

carbon source was amino acids or humics. The opposite trend is seen with the 

carbohydrates, where both measures (skewness and kurtosis) were significantly increased 

upon chlorination (p = 0.02 and 0.009 respectively).

While biovolume was affected by all three treatments in this study, carbon source 

and chlorine had a larger effect than substrate concentration. As such, the parameters 

describing the biovolume distribution were not significantly affected by the carbon 

concentration. The probability plots generated from the averaged biovolume GPD 

parameters shown in Figure 2.7 provide a predictive ability with respect to measuring a 

given biovolume from a sample. It can be seen that for 90 to 95% o f the population, 

chlorination reduces cell volumes by a factor o f approximately 2. An interesting note for 

these distributions is that for the largest o f every 100,000 cells from the humics or 

carbohydrate fed communities, the chlorinated communities will produce a larger cell 

than the control reactors. This arises due to the nature of the distribution as well as from 

averaging the values for the individual distributions. In the Methods section we 

mentioned that the skewness and kurtosis become infinite when the shape parameter, k  <  

-1/3 or K  < -1/4 respectively. For the humics and carbohydrates chlorinated reactor, k is - 

0.39 and -0.32 respectively. Thus, the probability of measuring very large cells that cause
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this highly skewed (or kurtotic) distribution will be larger than for the unchlorinated 

reactors.

Conclusions

1) Bacterial biomass-size distributions were modeled extremely well by a 3- 

parameter generalized Pareto probability distribution. Average biovolumes from 

all datasets were adequately described by two different versions o f the Type II

, Pareto distribution. .

2) While average biovolume increased significantly with a doubling o f the carbon 

loading no significant changes in the parameters describing the probability 

distribution o f volume were detected, with the exception o f the location parameter 

for the humics fed control communities.

3) Chlorine overrides the impact of increasing substrate concentration. There was no 

no significant increase in either the mean or median cell volumes for any o f the 

carbon sources when chlorine is present. This negative impact on cell size did not 

translate into major change's in the parameters describing the probability 

distribution o f biovolume, with the exception of the shape parameter for the 

humics-fed communities.

4) While a power function could adequately fit the relationship between biovolume 

and Cv, the slope was significantly different from -1.0, indicating that more 

biomass was present in the population o f cells comprising the lower end of the 

spectrum. Significant non-linearity for the probability distributions, in conjunction
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with the steeper slope mentioned above, indicate that a model other than a power 

function could describe this relationship with a better degree o f certainty in the 

extreme tails o f the size distribution.

5) . Biomass is not independent o f size and smaller cells have a higher Cv content than

larger cells. This also implies that the utilization o f a single conversion factor for 

the estimation o f total biomass in bacterial communities comprising organisms of 

varying sizes produces results that are higher or lower than the true value. This 

over or underestimation is dependent on the shape, location, and scale parameters 

o f the probability distribution describing the relationship between biomass/size 

and abundance.

6) L-moment diagrams were very effective for identifying the biovolume, Cc, and Cv 

probability distributions o f these highly skewed datasets, while at the same time 

being easy to interpret.



Appendix I

Moments and th e ir Meanings

The oldest and most widely understood method for fitting frequency distributions 

to observed data samples is known as the method of moments (MoM). This method 

estimates the parameters of a distribution by equating the sample moments with 

theoretical moments, providing a system of nonlinear equations that can often be easily 

solved. Traditionally, MoM is applied by equating the theoretical product moments 

. mean, p = E[X]

variance, a 2 = Var [X] - E[(X -  p)2] 

skewness, y = E[(X -  |i)3]/a3 

kurtosis, K  = E[(X -  |T)4]/g4 

where E is the expected value, to the sample product moments 

mean,

variance,
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skewness,

G
I

M
J ] 0 , . - m ) 3

/=1

and kurtosis,

* '= 7 —^ ( xZ - m )4n ;=1

where |_i, a 2, y, and k represent the theoretical mean, variance, skewness, and kurtosis, 

respectively, and m, S 2, G, and k  represent the sample mean, variance, skewness, and 

kurtosis, respectively. Both small (n <100) and large sample estimates o f S 2 and G exhibit 

extensive bias and variance (Wallis, 1974). Monte Carlo experiments by Vogel and 

Fennessey (1993) have shown that both G and the coefficient o f variation C v = s/m 

exhibit even more bias for highly skewed populations (y > 2), with both large and small 

sample sizes (n < 5000). In experiments performed to understand the distributional 

properties o f daily streamflow sequences, they found product moments to be o f little 

value for discriminating among potential candidate distributions. They developed a 

simple alternative;, the method of L-moments originally introduced by Hosking (1990). 

Hosking (1990) showed that the method of L-moments is an exact analogue to the 

method o f moments. However, L-moment estimators are nearly unbiased for all sample 

sizes and all distributions. These L-moments are analogous to ordinary moments, in that 

their purpose is to summarize theoretical probability distributions and observed samples. 

They can be used for parameter estimation, hypothesis testing, and interval estimation. 

Several advantages o f L-moments over conventional moments include:
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(1) L-moments are able to summarize and describe a wider range o f distributions (ie. 

those expressible in inverse cumulative distribution function (CDF) form).

(2) Sample estimates o f L-moments are more robust to the presence o f outliers and suffer 

less from the effects o f sampling variability.

(3) L-moments are less subject to estimation bias and are nearly unbiased for all 

underlying distributions.

(4) L-moments often yield more accurate estimates of the parameters o f a fitted 

distribution than do conventional moments..

(5) Sample L-moments are able to take on the full range o f values, as do the L-moments 

o f the underlying population.

Since L-momehts are linear combinations of the ranked observations, they are 

subject to less bias than ordinary product moments, which require squaring, cubing, or 

quadrupling o f the variance, skewness, or kurtosis, respectively. L-moments and 

probability-weighted moments are defined in the next sections.

L-Moments

The first four L-moments are defined as:

X1=LTXm]

A,2 = (l/2)is[X2:2 — Xi :2]

X3 = (1/3)£[X3:3 - 2X2:3+ Xi:2]

X4 = (1/4)E[X4:4 —3X3;4 + 3X2:4 — Xi :4]
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where Xz;m is the ith smallest variable in a sample o f size m and E  stands for expectation • 

(Wang, 1996; Vogel, et ah, 1993; Hosking, 1990; Hosking and Wallis, 1987; Vogel and 

Fennessey, 1993). When the sample consists o f many values, the expectations o f Xi and 

%2 give measures o f location and scale, and 

•X3 =  X3/X2 

T4 =  X4/X2

give measures o f skewness and kurtosis, respectively. The term 

T2 = X2ZXj

can be defined as the L-coefficient o f variation.

The estimation of L-moments has traditionally been carried out through linear 

combinations o f the probability-weighted moments (PWM).

Probability Weighted Moments (PWMs)

. L-moments can be defined in terms of PWMs by the relationships 

Xi = (Bo 

X2 = 2Pi — Po 

X3 = 6 p2 — 6 Pi + Po 

X4 = 20p3 -  30p2 + 12Pi -  Po 

where pr are the PWMs defined as
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where Fx(x) is the cumulative distribution function o f X. When r  = 0, (B0 is the mean 

biovolume jo, as defined above. Unbiased sample estimates o f the PWMs can be 

computed for any distribution from

7 I A
bO = M = - ^ j X i 

% M

6I = Z  
/=1

n -2

(=1

n-3

6S = E

(”-0  
72(72-1)

(72 -  0 ( 7 2  - 7  -1 ) 
72(72 - 1 )(7 2  -  2 )

(7 2  - 0(72 - 2 -  I)(72 - 7 - 2 )  
72 (72 —1)(72 — 2)(72 — 3) v(0

where x (i) represents the ordered biovolumes, with Xm being the largest observation and 

X (n)  the smallest observation (Vogel, et al., 1993).

Direct Estimators for L-Moments

By following the definition o f L-moments, a more logical way o f estimating them 

can be obtained. As an example, consider the calculation of X2 for a sample of finite size 

n. For each combination o f two values from the sample, the difference between the larger 

and smaller value can be found. Following the definition on the previously noted for X2, 

the average for all possible combinations of values in the sample gives the sample X2 

times two. X2 can be calculated in a similar manner by considering all possible 

combinations o f three values from the sample and using the equation shown above. X4, 

likewise, can be calculated in a similar manner by considering all possible combinations
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of four values and applying the equation for A4 previously noted. Direct calculations for 

Ar can be performed by using the following equations and have been shown to produce 

the same values as the PWM method (Wang, 1996).

A
"C1

i , ^ S ( w C1- - lC1)4o

" 2 h C1 - 'C 1 + - 'C 2)x m

4 "C
^ vm C3 - S w C21 iC1 +Sm  C1n̂ C 2- " - iC3);

4 z=l

where xq , i = I, 2 ,..., n, are sample values ranked in ascending order and

_ W  ml
k A: J k \ ( m - k ) \

is the number o f combinations o f any k items from m items and is equal to zero when 

k > m. From this formula it can easily be seen that as the number of observations 

increase, the number o f linear combinations can increase dramatically (see Table I, 

below)



62

Number of Items 
(k)

Number of Observations (m)
10 50 100 150

I 10 . 50 100 150
2 45 1,225 4,950 11,175
3 120 . 19,600 161,700 551,300
4 210 230,300 3,921,225 20,260,275

Table 2.7- Relationship between the number of observations (m) and the number 
of items (k) that produce the increasingly large number of possible linear 
combinations involved in the estimates for the mean (k = I), variance (k = 2), 
skewness (k = 3), and kurtosis (k = 4).

Generalized Pareto Distribution

The three-parameter generalized Pareto distribution has the probability density 
function (pdf)

fx (x) = a"1[l-K(x-P)/0(,](1/K"1) K ^O

and the cumulative distribution function (cdf)

. Fx  (x) = l-[l-K(x-(3)/a]1/K ,K ^ O

For K  < 0 biovolume is bounded below so that |3 < X < oo. For k  > 0, biovolume is 

bounded both above and below, so that |3 < X < (|3 + cc/k). If  both P = O and k = 0, the 

GPD reduces to the exponential distribution. When P = O and k = I the GPD reduces to 

the uniform distribution.

The GPD distribution parameters can be related to conventional product 

moments, probability weighted moments, or L-moments. If  they exist, the mean, 

variance, and skewness are,
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p. = P + a/(l+K) 

a 2 = a 2/ [ ( l + k ) 2( 1 + 2 k ) ]

Y =  2(1 + 2k) 1/2(1 - k)/(1 + 3k) ■

So that the distribution has infinite variance when K < -1/2, infinite skewness when k  <  -  

1/3, and infinite kurtosis when k  < -1/4 (Hosking and Wallis, 1987; Hosting, 1990). 

Hosting (Hosting, 1990) showed that the L-moments Xr, r = 1,2,..., o f any real-valued 

random variable X exist if  and only if  X has a finite mean. This implies that a distribution 

may be specified by its L-moments even if  some of its conventional moments do not 

exist, as is the case for several o f the datasets collected in this study. The parameters o f 

the distribution in terms of L-moments are

K=(l-T3)/(1+T3)

a  =  Xa(l +  k ) ( 2  + k )

P =  X i -  a/(l +  k )

where Xr, r = I, 2, 3, are the first three L-moments.

For estimation o f parameters, the cdf o f the GPD can be inverted to obtain the quantile 

function

Xp = P + (a/K)[l-pK]

where p is the exceedance probability and Xp is that value of the biovolume which is 

exceeded with probability p. Substitution o f sample estimates o f Xr into the above 

equations produces L-moment estimators o f the quantile function. These L-moment 

estimators always produce feasible values for the estimated parameters.
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Derivation o f . the relationship between L-moments and the GPD model 

parameters was performed by Hosking (Hosking, 1990) such that 

i i  = P + a /( l  + k )

A-2 = a /[(l + k ) ( 2  +  k ) ]

t3 = (1-k)/(3-k) . ^

' T4 = (1-k)(2-k)/[(3 + k)(4 + k )]

where T3 and T4 are defined previously. Hosking also derived an approximate relationship 

between L-kurtosis and L-skewness, which is useful for comparing the theoretical L- 

moment relationships with sample estimates

T4 = 0.201 96t3 + 0.95924t32 -  0.20096t33 + 0.05061t34 

With the above definitions for T3 and T4 it becomes apparent that an L-moment diagram 

for the GPD depends only upon the important shape parameter k . Estimates o f a(hat) and 

K(hat) from the PWMs can provide for a method o f determining the variances of these 

parameters. Namely, the variance-covariance matrix is defined by

M var
a I (z2(7 + 18/c + l l / r 2 +2zr3) cr(2 + sr)(2 + 6/c + 7/c2 + 2/c )

jc_ (I + 2k)(3 + 7K) ^ ck( 2  +  fir)(2  + 6/r + I k 1 + 2 at3) (I+  0 ( 2 +  0 ( 1 +  a: +  2  a: 2 )

Thus, by placing the measured values o f a  and k  into the above matrix, estimates on the 

variance and covariance can be obtained (Hosking and Wallis, 1987). From the variances, 

the standard deviations for a  and K are easily computed, where S.D. = (var/n)'/2.



Data Tables

n [Cl rt a 3 k a* K* X1 X2 med ' k l O2 h U Ta T4
226 .1 I 0.063 0.001 -0.115 0.007 0.061 0.073 0.072 0.047 0.038 0.007 0:382 0.271 0.313 0.151
244 I I 0.161 0.001 -0.532 * * 0.288 0.344 0.142 0.234 -1.825 0.660 0.546 0.621 0.454
288 I I 0.091 0.001 -0.339 0.009 0.067 0.139 0,139 0.077 0.083 0.059 0.514 0.353 0.503 0.321
503 I I 0.083 0.005 -0.296 0.006 . 0.046 0.125 0.123 0.068 0.069 0.034 0.657 0.504 0.599 0.428
518 I I 0.082 0.001 -0.159 0.006 0.038 0.089 0.089 0.062 0.053 0.014 0.556 0.410 0,479 0.297
190 I I 0.063 0.001 -0.115 0.007 0.061 0.073 0.072 0.047 0.038 0.007 0.705 0.497 0.705 0.559
414 I 2 0.064 0.001 -0.376 0.005 0.063 0.104 0.103 0.052 0.063 0.042 0.459 0.345 0.387 0.211
497 I 2 0.088 0.001 -0.360 0.007 0.055 0.139 . 0.138 0.074 0.084 0.068 ' 0.558 0.411. 0.524 0.344
484 I 2 0.108 0.001 -0.366 0.008 0.056 0.172 0,171 0.083 0.104 0.108 0.544 0.400 0.515 0.334
304 I 2 ■ 0.102 0.001 -0.173 0.009 0.050 0.125 0.125 0.080 0.068 0.023 0.531 0.435 0.408 0.229
376 I 2 0.075 0.001 -0.240 0.006 0.049 0.100 0.099 0.062 0.056 0.019 0.480 0.333 0.415 0.236
456 I 2 0.074 0.001 -0.309 0.006 0.045 0.109 0.108 0.057 0.063 0.030 0.523 0.373, 0,449 0.268
988 2 I 0.155 -0.021 -0.605 * * . 0.327 0.370 0.090 0.281 -0.728 0.551 0.405 0.486 0.304
161 2 I 0.213 0 -0.318 0.028 0.086 0.313 0.313 0.178 0.186 0.269 0.575 0.439 0.519 0.338
202 2 I 0.234 0.001 -0.069 0.025 0.058 0.252 0.252 0.175 0.130 0.073 0.506 0.365 0.492 0.310
586 2 2 . 0.099 0.001 -0.515 * * 0,204 0.204 0.779 0.137 -1.352 0.423 0.279 0,365 0.192
452 2 2 0.085 0.001 -0.499 0.041 0.588 0.171 0.170 . 0.071 0.113 11.90 0.661 0.493 0.610 0.440
500 2 2 0.029 -0:004 -0.654 * * 0.070 0.078 0.017 0.062 -0.022 0.670 0.466 0.670 0.514

Table 2.8 -  Individual data values determined from the biovolume distribution with humics as the carbon source, n -  number of 
cells in dataset, [C]- carbon concentration in ppm, rt-1 is control (unchlorinated), 2 is test (chlorinated), a  - location parameter, P - 
origin parameter, K -  shape parameter, a* - parametric variance for a, p* - parametric variance for P, X1 -  computed mean 
biovolume, X2 -  observed mean biovolume, med -  median (observed), X23- L-moment measure of dispersion, a 2 -  parametric 
variance of the mean, Z3 -  L-moment sample skewness, -  L-moment sample kurtosis, T3 -  L-moment parametric skewness, T4 -  L- 
moment parametric kurtosis. * - value does not exist



n [Cl rt a P k a* K* X1 med V a2 As A-S .At At
222 I I 0.482 - 0.077 - 0.301 0.053 0 .070 0.580 0.613 0.252 0.406 1.196 0 .482 0.199 0.482 0.300

188 I I 0.386 - 0.053 - 0.153 0.044 0.063 0.394 0.403 0.180 0.247 0.299 0 .405 0.131 0.405 0.227

205 I I 0.224 0.0004 - 0.132 0.024 0 .060 0.258 0.258 0.165 0.138 0.091 0.395 0.212 0.395 0.218

296 I . I • 0.390 0 .050 - 0.094 0.035 0 .049 0.376 0.381 0.191 0.226 0 .229 0 .377 0.115 0.377 0.202

303 I I 0,830 - 0.077 - 0.09 0.073 0 .048 0.827 0.835 0.509 0.478 1.016 0.375 0.16 0.375 0.200

637 I I 1.018 - 0.043 - 0.045 0.062 0.033 1.021 1.023 0.695 0.545 1.247 0 .354 0.187 0.354 0.183

270 I 2 0.166 - 0.012 - 0.114 0.016 0.051 0.173 0 .174 0.083 0.099 0 .045 0 .386 0.132 0.386 0.210

467 I 2 0.087 - 0.001 - 0.300 0.006 0.039 0.123 0 .124 0.059 0.073 0 .039 0.481 0.266 0.481 0.299

170 I 2 0.107 0 .002 - 0.386 0.014 0 .102 0.177 0.175 0.087 0.108 0 .132 0 .547 0.386 0.53 0.350

190 I 2 0.105 0 .002 - 0.543 * * 0.233 0.231 . 0.092 0.157 - 0.605 0.653 0.502 0.628 0.462

438 I 2 0.467 - 0.039 - 0.295 0.036 0 . 049 ; 0.607 0.623 0.308 0.388 1.070 0 .479 0.266 0.479 0.297

201  ' I 2 0.229 - 0.015 - 0.479 0.046 0.212 . 0.411 0.425 0.157 0.289 4 .592 0 .587 0.393 0.587 0.413

391 I 2 0.196 - 0.012 - 0.441 0.020 0.092 0.329 0.338 0.128 0.225 1.038 0.563 0.345 0.563  . 0.386

324 2 I 0.391 - 0.035 - 0.093 0.033 0.046 0.393 0.397 0.235 0.226 0.228 0 .376 0.178 0.376 0.201

360 2 I 0.117 - 0.001 - 0.402 0.011 0.075 0.194 0.195 0.099 0.123 0.197 0.540 0.367 0.540 0.360

371 2 I 0.262 - 0.022 - 0.270 0.022 0.051 0.330 0.338 0.195 0.208 0.280 0.465 0.270 0.465 0.283

1862 2 I 0.250 0.001 - 0.258 0.009 0.022 0.338 0.338 0.189 0.194 0.235 0.513 0.374 0.459 0.277

658 2 I 1.671 - 0.030 - 0.157 0.101 0.034 1.946 1.951 1.226 1.075 5.714 0.407 0.233 0.407 0.228

629 2 I 1.647 - 0.133 - 0.109 0.101 0.034 1.699 1.715 1.054 0.978 4.373 0.384 0.178 0.384 0.208

364 2 2 0.145 - 0.008 - 0.416 0 .014 0.081 0.236 0.241 0.117 0.157 0.370 0.548 0.389 0.548 0.370

399 2 2 0.078 - 0.005 - 0.449 0.008 0.098 0.133 0 .136 0.058 0.091 0.195 0.568 0.380 0.568 0.392

377 2 2 0.195 - 0.006 - 0.065 0.015 0.043 0.202 0 .202 0.143 0.108 0.050 0.363 0.201 0.363 0.190

1362 2 2 0.341 - 0.019 - 0.128 0.014 0.023 0.370 0.373 0.226 0.209 0.206 0.393 0.211 0.393 0.216

237 2 2 0.650 - 0.030 - 0.076 0.065 0.054 0.670 0.673 0.455 0.365 0.583 0.368 0.188 0.368 0.195

408 2 2 0.251 - 0.027 - 0.486 0.041 0.180 0.436 0.461 0.154 0.322 8.335 0.591 0.363 0.591 0.418

220 2 2 0.554 - 0.006 - 0.278 0.060 0.068 0.758 0.761 0:455 0.445 1.324 0.47 0.307 0.469 0.287

Table 2.9 -  Individual data values determined from the biovolume distribution with amino acids as the carbon source. See Table 2.7 
for an explanation of symbols.



n [ C ] r t a P k a * K* X1 m e d V CJ2 f - s /-S / - t T4-t
240 I I 0.198 0.002 0 .078 0.020 0.053 0 .186 0.186 0.131 0.089 0.029 0.372 0.208 0.299 0.141

615 I I 0.101 0.001 - 0.211 0.006 0.037 0.128 0.128 0.070 0.071 0.028 0 .470 0.281 0.434 0.253

287 I I 0.166 0.009 - 0.330 0.016 0 .066 0 .234 0.238 0.118 0.148 0.180 0.498 0.297 0.498 0.316

973 I I 0.280 0.004 - 0.018 0.014 0 .026 0.289 0.286 0.187 0 .144 0.084 0 .457 0.320 0.341 0.173

489 I I 0.241 0.033 0.081 0.017 0 .037 0 .254 0.256 0 .187 0.107 0.043 0.445 0.320 0.298 0.140

500 I I 0.242 0.012 - 0.131 0.017 0.038 0.292 0.290 0.171 0.149 0,105 0.601 0.501 0.394 0.217

316 I 2 0.129 0.002 0 .002 0.011 0 .046 0.130 0.137 0 .099 0.064 0.016 0.333 0.227 0.333 0.166

512 . I 2 0.112 0.001 - 0.092 0 .008 0 .037 0 .124 0.133 0 .077 0.064 0.019 0.403 0.214 0.375 0.201

'  423 I 2 0.110 0.002 - 0.095 0.008 0.041 0.124 0.130 0 .099 0.064 0.018 0 .427 0.236 0.377 0.202

1019 I 2 0.141 0.001 - 0.016 0 .007 0 .026 0.145 0.145 0 .094 0.072 0.021 0 .482 0.363 0.340 0.172

491 I 2 0 .130 0.023 0.015 0.009 0.037 0.151 0.152 0 .109 0.064 0 .016 0 .436 0.319 0.327 0.161

494 I 2 0.123 0.025 - 0.033 0.008 0.037 0.153 0.152 0.113 0.065 0.017 0.475 0.376 0.348 0.178

647 2 I 0 .280 0.004 - 0.003 0 .017 0.032 0 .284 0.285 0.225 0.141 0 .079 0.350 0.201 0.334 0.168

640 2 I 0.165 0.007 - 0.458 0.015 0.085 0.318 0.312 0 .136 0.197 1.111 0.582 0.379 0.574 0.398

241 2 I 0.303 0.007 0.051 0.030 0.053 0.295 0.295 0.263 0.141 0 .076 0.375 0.279 0.311 0 . 15 0 .

1021 2 .1 0.476 0.001 - 0.059 0.023 0.026 0 .507 0.461 0.305 0.260 0.29 0.479 0.346 0.360 0.188

495 2 I 0.211 0.043 0 .004 0.014 0.037 0.253 0.253 0 .176 0.105 0 .044 0.460 0.327 0.332 0.165

500 2 I 0.305 0.015 - 0.216 0.021 0.041 0.408 0.404 0 .232 0.218 0 .267 0.630 0.520 0.437 0.256

456 2 2 0 .084 0 .004 - 0.245 0.006 0.050 0 .116 0.115 0.066 0.063 0 .024 0.542 0.400 0.452 0.270

229 2 2 0 .090 0.003 0 .057 0.009 0.054 0.087 0.088 0 .057 0.041 0.006 0.480 0.34 0.308 0.148

174 2 2 0.065 0.003 - 0.230 0.008 0.071 0 .089 0.088 0.048 0.048 0.013 0.444 0.214 0.444 0.263

1013 2 2 0.187 0.008 - 0.117 0.009 0.027 0.220 0.219 0.133 0.112 0.058 0.499 0.348 0.388 0.211

501 2 2 0.169 0.015 0 .060 0.011 0.036 0.173 0.174 0.124 0.077 0.023 0.461 0.341 0.307 0.147

501 2 2 0.210 0.046 - 0.235 0.015 0.042 0 .334 0.327 0.196 0.156 0.143 0.568 0.409 0.447 0.265

Table 2.10 -  Individual data values determined from the biovolume distribution with amino acids as the carbon source. See Table 
2.7 for an explanation of symbols.
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CH A PTER 3

RELATIONSHIPS BETW EEN TOTAL AND ACTIVE CELLS IN ' 
H E T E R O T R O P m C  BACTERIAL POPULATIONS SUBJECTED TO 

CONTROLLED CARBON SOURCES, CARBON CONCENTRATIONS, AND
CHLORINATION

Introduction

Bacterial activity measurements and the enumeration o f the active fraction o f a 

bacterial community are important objectives in the field of microbiology. Enumeration 

o f the metabolically active component o f microbial communities is required for the 

accurate estimation o f productivity, biomass turnover and nutrient cycling. A number o f 

methods have been developed for activity assays, including viable plate counts, 

microautoradiography, direct viable counts, and fluorescent stains (Nybroe, 1995; 

Poulsen, et al., 1993; Porter, et al., 1996; Kogure, et al., 1979; Peele and Colwell, 1981; 

Kamer and Fuhrman, 1997; Meyer-Reil, 1978). However, no single technique has proven 

adequate for all ecosystems or organisms.

Severe underestimation of the active fraction of heterotrophic bacteria in natural 

samples occurs when attempts are made to culture the organisms (Peele and Colwell, 

1981; Byrd, et al., 1991; Barcina, et al., 1997; Nystrom, 1998; McDougald, et al., 1998; 

Bloomfield, et al., 1998). The presence of viable but nonculturable bacteria (VBNC) or 

sub-lethal injury due to expsure to stressors exacerbates the difficulty of enumerating
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active bacteria. Attempts to utilize culturable plate counts as a surrogate for the 

enumerating active bacteria have met with limited success (McDougald, et al., 1998; 

Bloomfield, et al., 1998; Amann, et al., 1995).

Direct viable counts (DVC) by the method o f Kogure, et al. (1979) have been 

used by a number o f investigators to measure the response o f planktonic, and biofilm 

bacteria in nutrient supplemented samples (Peele and Colwell, 1981; Yu, et al., 1993; 

Smith, et al., 1994; Singh, et al., 1990; Byrd, et al., 1991). Long incubation periods, 

resistance to cell division inhibitors, selective substrate responsiveness, and the difficulty 

in determining cell elongation in microbial communities containing diverse morphologies 

has hampered its use in natural ecosystems (Boon, 1992; Peele and Colwell, 1981; 

Rodriguez, et al., 1992).

Fluorescent stains can target basic metabolic processes com m on to all 

heterotrophic bacteria. Some of these targets include membrane potential, membrane 

permeability, respiration and intracellular esterases (Porter, et al., 1996; Lopez-Amoros, 

et al., 1995; Diaper and Edwards, 1998; Davey and Kell, 1996; Porter, et al., 1996; 

Deere, et al., 1995). Rhodamine 123 (Rhl23) detects the presence o f a membrane 

potential whereas the oxonols detect the absence o f a membrane potential. A number of 

workers have indicated that the oxonols [e.g. bis-(1,3)-dibutylbarbituric acid) trimethine 

oxonol, DiBAC4(3)] are more appropriate than Rhl23 for the determination of viability 

in both Gram negative and Gram positive bacteria. This is mainly due to the need for 

treatment of Gram negative bacteria with Tris-HCl and EDTA (i.e. TE buffer) in order to 

permeabilize the outer membrane and allow entry o f Rh 123 (Deere, et al., 1995; Lopez-
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Amoros, et al., 1995; Lopez-Amoros, et a l, 1997; Ratinaud and Revidon, 1995). Other 

investigators have shown good correlations between, culturability and viability when 

using either stain on a variety o f organisms. Oxonols and Rhl23 are inherently 

fluorescent and dye accumulation is dependent on the magnitude o f the membrane 

potential. Therefore, a distribution o f fluorescence intensity is observed in the cells. Other 

fluorescent stains such as carboxyfluorescein diacetate (CFDA) require the passive entry 

o f a non-fluorescent substrate into the cell, cleavage by non-specific esterases and the 

production o f a fluorescent analog o f fluorescein within the cell (Diaper and Edwards, 

1998; Davey and Kell, 1996; Porter, et al., 1996).

Chemchrome B is also a Ruorogenic ester that has been shown superior to 

fluorescein derivatives for the staining o f a variety of bacteria (Gram positive and 

negative). In a study of Klebsiellapneumoniae survival in sterile lake water, staining with 

Chemchrome B was found to correlate well with DVC and total cell counts whereas 

culturability decreased dramatically over an 80 day period (Diaper and Edwards, 1998). 

For these dyes, fluorescent cells indicate the presence of both an intact membrane and 

active enzymatic activity.

5-cyano-2,3-ditolyl tetrazolium chloride (CTC) is a non-fluorescent tetrazolium 

salt that is reduced by various dehydrogenases within a cells respiratory chain and the 

accumulation o f a fluorescent deposit within the cells indicates active respiratory 

functionality. Schaule, et al. (1993) used CTC to quantify respiring planktonic and sessile 

bacteria in drinking water. Their estimate o f 1-10% actively respiring organisms agrees 

well with other studies that have utilized CTC in natural waters (Rodriguez, et al., 1992;
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Ullrich, et al., 1996; Kamer and Fuhrman, 1997). Reduction o f CTC requires active 

respiration in the target cells and it has been shown that this dye is detrimental to cellular 

integrity o f the, possibly due to the accumulation o f precipitated CTC crystals (Ullrich, et 

al., 1996). These rather low estimates for activity are in contrast to microautoradiographic 

methods that generally provide estimates for active cells in the range o f 10 to 80% o f the 

total population (Grossmann, 1994; Meyer-Reil, 1978; Kamer and Fuhrm an,. 1997; 

Schuppler, et al., 1995; Kamer and Fuhrman, 1997; Pemthaler, et al., 1996; Tabor and 

Neihof, 1985; Ramsay, 1974). Live/Dead BacLight (Molecular Probes, Eugene, OR) is a 

dual stain that contains propidium iodide (PI) and Syto-9. The live fraction o f cells are 

stained by the membrane permeable Syto-9 while PI is impermeable to a cell with an 

energized membrane.

Microautoradiography (MAR), first introduced by Brock and Brock (1968a; 

1968b) for studies in microbial ecology more than 30 years ago may still be the most 

applicable for enumerating the active microorganisms in aquatic samples. Problems such 

as substrate selectivity and standardization still exist, yet the method has proven to be 

sensitive for organisms active in the uptake of specific compounds (Knoechel and Kalff, 

1976; Meyer-Reil, 1978; Paerl, 1991; Tabor and Neihof, 1985; Kamer and Fuhrman, 

1997; Ramsay, 1974; Nilsson and Sundback, 1996; Andreasen and Nielsen, 1997; 

Grossmann, 1994; Tuomi, et al., 1995; Pemthaler, et al., 1996; Fuentes, et al., 1998). 

These studies have investigated active organisms in samples such as activated sludge, 

sediments, sea ice, seawater, and freshwater.
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Studies o f bacterial activity in natural ecosystems can be confounded by changing 

variables such" as temperature, pH, or carbon and energy source. These variables can 

change between sampling periods, resulting in the inability to precisely determine 

causative effects. In this study, we have used a semi-controlled experimental system to 

generate heterotrophic bacterial biofilm communities in a continuous flow reactor. The 

bacterial source is a colonized biologically activated carbon (BAC) filter that had been in 

place for 3 years prior to the initiation of these experiments. Organisms from the BAC 

filter effluent colonize the reactors. Carbon supplementation was initiated in order to 

study the community response to substrates typically found in a.quatic environments. In 

separate experiments, the supplements included amino acids, carbohydrates, humics, and 

a mixture o f the 3 substrates. Bacterial communities grown on amino acids were found to 

have the highest number o f active cells as well as the highest fraction of active cells v 

Substrates were supplied at three different concentrations and chlorination o f one 

community provided a third level of treatment that could be compared to a control 

community. At the two higher carbon levels during pseudo-steady state growth, activity 

measurements were made by MAR and a suite of fluorescent stains. Carbon 

concentration had a relatively small impact oh the fraction o f active cells and the total 

number o f active cells. Chlorination was found to severely reduce the ability of the cells 

to grow on agar plates without causing a major decrease in the active fraction of cells.

This method has not been applied to the heterotrophic microorganisms present in 

drinking water and as far as we know, no MAR study as yet has estimated the active 

fraction o f a bacterial community under conditions of controlled carbon limitation,
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differential substrate -supply and chlorination stress. Comparison between MAR and 

fluorescent stains for detection of the active fraction allowed us to determine that a 

combination o f any two stains that did not include CTC was effective for enumerating the 

total population as determined from direct DAPI (4 ’ ,6-diamidino-2-phenylindole) 

staining. Both total cell counts and plate counts were used as methods for normalizing 

and comparing the activity measurements across treatment levels.

Materials and Methods

Experimental System

See Chapter 2 for an overview of the experimental system, media, and reactor 

operation. For each carbon substrate (amino acids, carbohydrates, humics) utilized in this 

study one o f the replicate experiments was used to investigate the activity o f the effluent 

bacteria from the annular reactors. One additional experiment was performed for which 

the substrate was a mixture o f the 3 different carbon sources. In this case the carbon 

source comprised a 2:1:1 equimolar (as carbon) mixture o f humics + amino acids + 

carbohydrates respectively. Samples were collected from the reactor effluents prior to 

increasing the carbon concentration from 1000 ppb to 2000 ppb as well as at the end of 

the experiments when the reactors were receiving 2000 ppb C.
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Sampling Protocol

Microautoradiography was the main activity measurement used, however several 

fluorescent stains that assess different physiological activities were also tested. 

Approximately 100-200 ml o f reactor effluent was collected in fired (500°Cfor at least 4 

hours) Erlenmeyer flasks. These were dechlorinated with 20 pL o f a filter sterilized 

solution o f sodium thiosulphate where appropriate (chlorinated reactor only) and 

homogenized with a Tekmar tissue homogenizer for one minute at the maximum setting. 

Five mL subsamples were aliquoted into 7 mL acid cleaned and fired (as above) vials in 

triplicate. One 10 mL sample was collected for total cell counts and spread plating on 

R2A agar (Reasoner and Geldreich, 1985) in triplicate. R2A plates were incubated for 7 

days at room temperature (approximately 22°C) prior to enumeration.

Fluorescent Activity Stains

Five hundred pL subsamples were aliquoted from the aforementioned 100 mL 

effluent sample into a 1.5 ml microcentrifuge tube containing 500 pL of the respective 

stain. See Table 3.1 for particulars o f the stains and protocols used.
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Stain Final
Concentration

Incubation
Time

Stock
Solution

W orking
Solution

CTC 5 mM 4 - 6  hours fresh (2x). water 
(pH 6.8) .

DiBAC4(S) 20 pM 30 minutes I mg/mL in 
ethanol (-20°C)

water 
(pH 6.8)

R hl23 0.013 mM 30 minutes 0.5 mg/mL in 
PBS (pH 7.5)

TE
(pH 7.5)

BacLight * 30 minutes * *
Table 3.1 -  Fluorescent activity stains used. Final concentration refers to the 
concentration that samples were incubated in for the indicated amount of time. 
DiBAC4(S) was stored in ethanol at -20°C. The Rh 123 working solution was TE 
(10 mM Tris-HCl, I mM disodium EDTA5 pH 7.5) and the stock solution was 
stored in phosphate buffered saline (PBS) at pH 7.5. * - BacLight was used as per 
the manufacturers instructions.

M icroautoradiography (MAR)

MAR was performed according to.the technique (MARG-E) devised by 

Tabor and N iehof (1985). Briefly, microautoradiographic emulsion (Kodak, NTB-2) was 

coated onto acid-cleaned (cone. H2SO4 + NoChromix, (Godax Laboratories, Inc.)) 

microscope slides in a darkroom. Preliminary experiments were performed in Order to 

determine the amount of radioactivity added, time of incubation with the isotope, and the 

length o f time for the exposure of the sample to the emulsion. Three concentrations of 

radioactivity (0.25, 1.0, and 5.0 pCi/mL), two incubation periods (2 and 4 hours), and 

two exposure times (3 and 5 days) were tested. These preliminary experiments also 

indicated that 4% formalin was inadequate for the killed controls. These killed controls 

contained cells that were approximately ten times higher in dpm/mL (scintillation counts) 

compared to blank controls, and in addition showed increased background counts oh the 

autoradiography emulsions (compared to blanks). Based on these results, 5% ice-cold
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trichloroacetic acid (TCA) was used to kill the cells, prevent uptake, and avoid abiotic 

. adsorption. This did not interfere with the detection o f cells as indicated by the various 

controls employed, including killed samples, samples incubated without added isotope, 

and separate subsamples from the original sample fixed, stained, and counted separately.

Based on the above results the MAR samples were incubated for 4 hours in the 

presence Of3H-Ieucine (5 ml total volume, I pCi/mL »  7 nM) and uptake was stopped by 

adding ice-cold TCA at a final concentration o f 5%. Samples were filtered on black 

polycarbonate 0.2 pm filters (Poretics), rinsed with 15 mL ( 3 x 5  mL) ice-cold TCA (5%) 

followed by 8 rinses with 5 mL phosphate buffered saline (PBS, pH 7.2) containing 0.13 

g/L nonradioactive carrier leucine. Filters were air dried and applied to emulsion dipped 

slides (in the presence o f 15W red darkroom light, Kodak), placed on a cold metal plate 

to solidify the emulsion and incubated for 3 days in the dark with desiccant at 9°C prior 

to developing in Kodak D -19 developer. Development was as per the manufacturer. The 

developed slides were stained in DAPI for 30 minutes, rinsed in Nanopure water for 3 

minutes, dipped in 1% glycerin to facilitate filter removal from the emulsion, and allowed 

to dry prior to gently peeling the filter off of the emulsion.

Aliquots were also removed at various time intervals and counted by liquid 

scintillation (Packard, Tri-Carb 1900CA, Liquid Scintillation Analyzer) in order to follow 

the turnover o f leucine in the samples taken for MAR. These samples were collected and 

processed as described above (without DAPI staining) but 0.2 pm  pore size white 

polycarbonate filters (Nucleopore) Were used in place of the black-stained polycarbonate

filters.
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Epifluorescence microscopy was used to quantitate DAPI stained cells and 

transmitted light microscopy for exposed silver grains with an Olympus BH-2 

microscope. Samples were observed at a magnification'of I OOOX to 1500X depending on 

the number o f cells per field o f view with a 1.3 N A . Nikon PlanFluor objective. A 

charge-coupled device (Optronics, 4701) was used to record images o f random fields of 

view for all specimens under UV and transmitted light. Superposition o f the images 

allowed for correlating direct counts o f cells with the exposed silver grains, indicating 

active incorporation o f the radioactive leucine. Active cells were sorted in two subgroups:

(1) low activity cells with one or two exposed silver grains within I pm of the cell and

(2) high activity cells with 3 or more silver grains within I pm of the cell.

Statistical Analyses

Sampling was performed in triplicate for all experiments and reported values are 

the mean and standard deviation for active cells as determined by MAR unless otherwise 

indicated. Triplicate subsamples from each sample were taken for scintillation counting at 

time intervals such that 3 to 4 samples were taken over the course o f the four hour 

incubation period. All samples were analyzed by ANOVA with the statistical program 

Minitab (ver 12.1, Minitab Inc.) at an a-level of 0.05. Factors in the ANOVA were the 

treatments (see Chapter I, Figure 1.1), which were broken down into three levels: (I) 

substrate type, (2) carbon concentration, and (3) reactor. The “substrates” used for the 

ANOVA were (I) amino acids, (2) carbohydrates, and (3) mixture. The “carbon 

concentrations” were (I) 1000-ppb carbon and (2) 2000 pp2 carbon as the specific
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substrate type. The base level treatment was “reactor” and could be split into two 

treatments. (I) unchlorinated (control) and (2) chlorinated (test). With this experimental 

protocol, the carbon concentration could be nested within the substrates and the reactors 

could be nested within the substrates and carbon concentrations. Given that some o f the 

measured parameters were balanced while others were unbalanced due to the different n- 

values for different techniques, a general linear model (GLM) ANOVA was used to 

analyze all data. All variables were checked to ensure they conformed to the inherent 

assumptions for an ANOVA and, if  not, appropriate transformations were performed 

prior to analysis. Reported values are the back-transformed means and 95% confidence 

intervals. Turnover rates were analyzed by analysis o f covariance (ANCOVA) and the 

slopes were compared with time as the covariate..

Activity D eterm ination

One common problem with microautoradiography is the determination of active 

cells when a background level o f exposed silver grains will always occur due to abiotic 

causes. Some investigators will only score cells as active when they are associated with 

multiple exposed silver grains, more than likely erring on the conservative side and thus 

underestimating the active proportion of the population. Others will score all cells as 

active if  they are associated with an exposed silver grain. Depending on background 

exposed silver grain density and the area determined to be associated with a cell this 

could produce a very liberal estimate o f activity with no basis in quantitative 

observations. Thus, we looked for a statistical basis for scoring active cells. In our case



84

cells were scored as active if they were associated with I or 2 (low activity) or > 3 (high 

activity) developed silver grains within I pm distance from a cell. One can treat the two 

images (UV for DAPI stained cells and transmitted light for silver grains) obtained from 

a sample as independent, randomly (normally) distributed samples in the same field o f 

view. In the case of low activity cells, where the problem of deciding if they are indeed 

active is the greatest, they (i.e. the two images) can be treated as a binomial sample. In 

this case, one can define the density of background grain formation as

X = density = (# of grains)/pm2

based on the killed sample observations. The area associated with a cell can be defined as

A = area associated with a cell = n (r)2 

where r is the radius of the defined area, which is I pm.

N = # of cells with 0, I, or 2 grains associated.

X = # of cells with I or 2 grains associated (random variable)

As a binomial sample the expected value for X is

a m  =

N * e - U AA +
2

\ + AA +
(A A f

2
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and the realized (observed) value for X is Xr, which is the value enumerated from the 

samples. From this, the best estimate of the number of cells (low activity) with uptake 

and incorporation becomes

.' X R -E (X )

Thus, the silver grains formed in the killed samples act as a background control. This 

correction would only apply in cases where: (I) a very heavy background grain count was 

observed in killed samples, (2) the area associated with a cell was excessively large, or

(3) the number o f cells per field o f view was high. Since our background never exceeded 

7.5 grains per 1000 pm2 and averaged 4.4 (±2.1) grains per 1000 pm2 the correction was 

deemed negligible. Therefore, as long as the area associated with a cell is not too large, 

then E(X) is sufficiently small (rarely exceeded 0.5 per field o f view in our samples) and 

can be neglected. In this study the value o f X r -  E(X) was <4% of the low activity cells 

(<1-2% o f  total active cells) in the sample and therefore the correction for mistakenly 

identifying a cell as active when it was not would be negligible. This method of analysis 

has the potential o f adding a level of standardization to the technique o f MAR. It would 

also add a statistical/quantitative basis to MAR that is currently lacking, removing some 

o f the subjectivity and resulting in a higher level o f confidence in the results.

Results

Measurements o f potential microbial activity in aquatic habitats are normally 

limited to the planktonic fraction due to the difficulty in measuring surface associated 

activity. The annular reactors in these experiments were sampled during steady-state



86

reactor operation (2.1 hour detention time) and the bacteria in the effluent consist o f two 

populations. One population results from the organisms that are in the dilution water from 

the GAC/BAC filter (reactor influent): The second population o f bacteria result from 

biofilm growth and detachment in the experimental system. In these experiments we 

studied the recently (i.e. within 2.1 hours) detached planktonic fraction o f a bacterial 

biofilm community in a model biofilm reactor. Activity was measured by viability (plate 

counts) and MAR while potential activity was estimated using five different fluorescent 

stains. Total cell counts were used as a basis for comparing the results o f the different 

methods, in addition to controls for the MAR results. The turnover rates, total cells/mL, 

dpm/cell, cfu/mL, and active cells/mL were all logic transformed and ANTOV As were 

performed to determine the response o f the cells to chlorination, substrate type, and 

concentration. All measurements were significantly different for the chlorinated vs. 

control reactors (p = 0.05, < 0.0005, <0.0005, < 0.0005, and 0.019 respectively). 

Appendix II (Tables 3.4 and 3.5) contains a summary of all results from the control and 

chlorinated treatments respectively.

Figure 3.1 shows the results for dpm/cell and total cells/mL. The results indicated 

that all factors (substrate, carbon level, and reactor) were significantly different (p < 

0.0005) when a fully nested, GLM ANOVA was carried out for these parameters. Based 

on these results the dataset was broken down into individual substrates and reanalyzed 

according to carbon levels and reactors.

This analysis indicated that for the substrate mixture, total cells/mL were 

significantly different for the two carbon feed levels (p < 0.0005) for both the chlorinated
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and control reactors (see Figure 3.1). The mixture was the only substrate to produce 

results that were not significantly different between the two reactors at 2000 ppb C (p = 

0.089) with respect to total cell counts. Increasing the carbon loading produced no change 

in total cell counts for either reactor when the substrate was amino acids whereas the 

carbohydrate chlorinated reactor had significantly less total cells/mL at 2000 ppb C (p < 

0.0005). No significant change was detected in cell counts for the carbohydrate control 

reactor at the two carbon feed levels (p = 0.069).

The carbohydrate control reactor shows the only increase in the dpm/cell with 

increased carbon loading (p = 0.016) whereas there was no significant change for the 

chlorinated reactor (p = 0.41). Chlorination in the presence o f amino acids produced the 

only significant increase in the dpm/cell (p < 0.0005) when the carbon loading was 

increased. In the unchlorinated reactors dpm/cell were highest for the amino acids and 

similar for the other substrates, except the humics (at 2000 ppb C) which were the lowest 

by an order o f magnitude. Figure 3.2 shows the results of an ANOYA. comparing the 

control and chlorinated reactors.Chlorination was the most significant treatment for 

turnover rates, total cells, active cells and culturable cells and
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Figure 3.1 -  Panel A, radioactivity counts per cell and Panel B, total cells per mL 
according to reactor, substrate, and carbon concentration. Error bars are 95% 
confidence intervals and plotted values are the back-transform ed geom etric
m eans.
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turnover dpm/cell
(% hr )

0.1 -
□  control
□  chlorinated0.01 -

0.001 J

Total cells plate counts active cells

Figure 3.2 -  Panel A shows the turnover rates and dpm/cell for the chlorinated 
and control reactors. Turnover rates and dpm/cell were significantly different (p 
= 0.006 and < 0.0005, respectively) between control and chlorine. Panel B shows 
the total cells, plate counts and active cells for the chlorinated and control 
reactors. All values were significantly different in the two reactors (p =  0.017, <  
0.0005, and 0.005 respectively). Error bars are 95% confidence intervals.

3 [H ]-Leucine uptake w as linear for all sam ples over the labeling period, indicating  

that significant changes in the com position  o f  the com m unity in the subsam ples did not 

occur over the incubation period. Figure 3.3 show s an exam ple o f  the turnover curves for 

ce lls  from the effluent o f  the carbohydrates experim ent. Panel A  sh ow s the m axim um  

leucine uptake norm alized to the total ce lls  in the sam ple (i.e. dpm /cell) and the turnover 

rate (0Zohr"1) for the control reactor. Panel A  show s the results for ce lls  from  the effluent 

o f  the chlorinated reactor and Panel B show s results for the control reactor. Table 3.2  

contains the turnover rates and cfu/m l according to the reactors, substrates, and carbon
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levels used in the experiments. Two separate MAR samples were taken from the amino 

acids control reactor at 1000 ppb C while 3 independent samples were taken at 2000 ppb 

C. The turnover rates were 0.163 and 0.129 hr'1 at 1000 ppb C and an ANCOVA 

indicated no difference in the slopes (p = 0.286). At 2000 ppb C the turnover rates were 

0.251, 0.258, and 0.229 hr"1 and an ANCOVA indicated no difference in the slopes (p = 

0.528). Therefore, Table 3.2 shows the average o f these individual measurements. The 

average turnover rate for the control reactor was 1.4.5 (±0.7%, S.D.) and 25 (±1.0%) at 

1000 and 2000 ppb C respectively. Both reactors showed an increase in the turnover rate 

upon increased carbon loading for all carbon sources. This increase was significant 

between the two carbon levels for the amino acids only (p < 0.0005 for both reactors). 

This is in contrast to the carbohydrates and. mixture reactors where the turnover rates 

within reactors between carbon levels did not change significantly. While substrate 

concentration had a modest affect on the turnover rates, chlorination decreased the rates 

by I to 3 orders o f magnitude depending on the substrate. The native influent cells arising 

from the BAC column and used for colonization of the reactors were measured on 2 

separate occasions and turnover rates were low (0.09 ±0.01%) as were dpm/cell (0.044 

±0.02). These values, in addition to the active fraction determined by MAR (46 ±6.8%) 

were comparable to the chlorinated carbohydrates, humics reactors, and mixture reactors.
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Figure 3.3 -  An example o f the linear uptake o f tritiated leucine in cells from the 
effluent o f the carbohydrates-fed reactors at 2000 ppb carbon. Solid lines and 
diamonds refer to the percentage turnover (hr'1) o f the labeled leucine while the 
dashed line and squares refer to the normalized (dpm/cell) amount o f label 
incorporated. Error bars are standard deviations. Panel A is for the chlorinated 
reactor while Panel B is for the control reactor.
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1000 ppb Carbon 2000 ppb Carbon
Control Chlorinated Control Chlorinated

rate cfu rate1 cfuz rate1 cfu2 rate1 cfir
aa3 14.4.

(0.7, 0.94)'
8.7
(2.3)

1.58
(0.02, 0.999)

. 0.9 • 
(0:09)

25.0 
(I, 0.93)

8.1
(2.0)

5.5
(0.2,0.98)

8.2
(0,6)

cho4 1.4
(0.1,0.90)

3.75
(0.9)

0.025
(0.004, 0.77)

0.06
(0.01)

3.8
(0.2, 0.96)

1.82
(0.09)

0.017
(0.002, 0.85)

0.09.
(0.02)

mix5 1.19
(0.03, 0.996)

2.0
(0.4)

0.12
(0.01, 0.94)

0.12
(0.01)

1.7
(0.1,0.95)

7.5
(LI)

0.17
(0.02, 0.85)

0.5
(0.1)

hu6 nd nd nd nd 1.7 .
(0.02, 0.998)

3.6
(0.05)

0.006
(0.001, 0.64)

0.02
(0.004)

Table 3.2 -  Summarized data according to carbon level, reactor, and substrate.I - 
rate is the turnover rate o f labeled leucine in percentage o f  the total amount o f  
added radioactivity, numbers in parenthesis are the standard deviation o f  the rate 
and revalues respectively. 2 -  colony forming units/m L(xl05) on R2A agar, 
parenthesis are standard deviations. 3 -  amino acids, 4- carbohydrates, 5- 
mixture, and 6- humics, nd -  not determined.

Active cells/mL were not significantly different for the carbohydrates between 

carbon levels, and the distribution o f cells between high and low activity did not change 

when the carbon loading was increased (see Figure 3.4, Panels A and B). The amino 

acids showed a significant difference in active cells between carbon levels for both 

reactors (p < 0.002 for both) while the numbers of high activity cells decreased 

significantly (p = 0.016) for the control reactor at the higher carbon feed level. Activity 

enumeration by MAR in the mixture reactor was significantly different for the reactors at 

the different carbon feed levels (p < 0.008 for both) and the distribution o f both the high 

and low activity cells changed significantly in both reactors (p < 0.001 for both reactors 

and activity distribution). As a fraction o f the total population, active cells were highest in 

the amino acids experiment and lowest in the carbohydrates as shown in Figure 3.5.
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Figure 3.4- Panel A -  active cells/mL in reactor effluents. Panel B shows the 
distribution o f  activity in the high and low activity classes. Results are back- 
transformed geometric means resulting from an ANOVA. Error bars are 95% 
confidence intervals.

Data analysis after norm alization to total cell counts show ed that the high and low  

activ ity  fractions, had different distributions for all substrates (see  Figure 3 .5). The am ino  

acids-fed  control reactor w as the only treatment that produced m ore ce lls  in the h igh ly
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active fraction. The high activity fraction included 72 ± 2% more o f the population than 

the low activity fraction for the amino acid grown communities. This can be compared to 

the other two substrates where activity was approximately evenly divided between high 

and low fractions (44 and 51% for the carbohydrates and mixture respectively). The 

active fraction o f cells for the amino acids fed communities decreased by 20% with the 

increase in the carbon feed concentration whereas the carbohydrates increased by 10% 

and the mixture showed an insignificant increase of 3%. The fraction o f active cells in 

both categories did not change significantly for the substrate mixture within any of the 

treatments (carbon level and chlorination). Overall, under chlorination, the fraction of 

active cells scored as low activity were always higher than the fraction scored as highly 

active. This trend suggests that chlorination depresses bacterial activity as measured by 

tritiated leucine uptake and is supported by the turnover rates (Table 3.2 and Figure 3.1) 

and the results from the amount of radioactivity incorporated per cell (i.e. dpm/cell, 

Appendix II, Tables 3.4 and 3.5)

I

CI
•I

0.8

0.6

0.4

0.2

0

amino acids 

□  control high

carbohydrates

□  control low g  chlorinated high

mixture

I chlorinated low

Carbon, ppm

Figure 3.5 -  Activity distribution normalized to total cell counts and separated into high 
and low fractions according to treatments.



95

The ANOVA results presented above were supported by a correlation analysis, 

the results for which are reported in Table 3.3. For this analysis, active cells/mL in the 

high and low fraction were summed for the total number o f active cells/mL. No 

correlations were detected between carbon concentration and any o f the measured 

parameters. Significant correlations were detected between substrate type (and reactors) 

and the measured parameters. These correlations as well as the ANOVAs indicated that 

all o f the measured parameters are lower for the chlorinated reactor.

substrate reactor turnover (%,hr"1) Total cells/mL dpm/cell cfu/mL

turnover 
(%, h r 1)

-0.62 
(0.003) ■

-0.583
(0.006)

ns ■

Total
cells/mL

-0.121
(0.6)

-0.514
(0.017)

0.588
(0.005)

dpm/cell -0.685
(0.001)

-0.471
(0.031)

0.91
(<0.0005)

0.419
(0.059)

cfu/mL ns
-0.752'
(<0.0005)

0.752
(0 .0 0 0 5 )

0.711
(0 .0 0 0 5 ) •

0.561
(0.008)

active
cells/mL ns

-0.592
(0.005)

0.634
(0.002)

0.959
(0 .0 0 0 5 )

0.344
(0.077)

0.784
(0 .0 0 0 5 )

Table. 3.3 -  Pearsons Correlation matrix for the various measurements and
factors. Substrates were ranked in the order: (I) amino acids, (2) carbohydrates, 
(3) humics, and (4) mixture. Reactors were ranked in the order: (I) control, (2) 
chlorinated. Numbers in parenthesis are p-values. ns -  not significant.

In order to compare the various fluorescent stains with MAR, all of the active cell 

counts were normalized to total cell counts determined by DAPI staining. With this 

normalization a comparative analysis between the stains that indicate activity and MAR 

could be performed in order to assess the potential o f the different stains with respect to 

MAR. Due to the sensitivity o f radioisotopic methods, MAR was assumed to be the most
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sensitive indicator o f active cells as compared to fluorescence. Since the cells must 

incorporate the 3[H]-leucine into protein during the incubation period, this demonstrates 

active cells and not potentially active cells.

Since two of the fluorescent stains used in this study enumerate the inactive cells, 

conversion to active cells could be made by subtracting these counts from the total cell 

counts. This allowed us to compare: all of the stains with respect to their ability to 

enumerate the active population o f cells in the samples. Conversion o f the cell counts for 

the “dead” activity stain DiBAC^S) and the BacLight “dead” activity stain PI into active 

cells by subtracting the “dead” counts from the total counts allows for a comparison 

between all o f the activity stains used in these experiments. All data for the various stains 

normalized as described above are shown in Figure 3.6. A significant difference was 

detected between the stains (p = 0.003) and this difference was entirely due to CTC 

underestimating the number of active cells as compared to all o f the other stains. 

Removal o f CTC from the analysis indicated that the other methods produced equivalent 

results (p = 0.589). Therefore, enumeration o f active bacterial cells was equivalent 

between MAR and the fluorescent stains. Utilization of these fluorescent stains is much 

simpler and faster and the results are obtained quickly compared to the more difficult and 

tedious technique o f MAR.
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Figure 3.6 -  Activity measurements by the various methods, normalized to the 
total cell counts as determined by DAPI staining. PI andDiBAC4(S) counts were 
converted to active cells by subtraction from the total cells prior to normalization. 
Error bars are standard deviations.

Various combinations of the activity detection methods can be summed to get an 

estimate of the best combination of “live + dead” detection methods used in these 

experiments with respect to the total cell counts (see Figure 3.7). Based on these results, 

any combination of fluorescent stains, that does not include CTC, produces similar 

values. The four combinations including -  BacLight (PI + SYTO-9), Rhl 23 + PI, SYTO- 

9 + DiBAC4(S), and RM23 + DiBAC4(S)- accounted for 94, 93, 92, and 91% of the total 

cell counts respectively. This is in contrast to CTC + DiBAC4(S) and CTC + PI which 

only accounted for 58 and 60% of the total population enumerated by DAPI direct 

counts, respectively.
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-----------1
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Figure 3.7 -  Activity stains as a function o f  the various combinations o f live plus 
dead components o f the individual methods. Error bars are standard deviations.

Discussion

Statistical Models

The overall treatment that had the greatest effect on the measurements of total, 

culturable, and active cells/mL in addition to the leucine turnover rates and dpm/cell was 

chlorination, followed by substrate type and carbon concentration respectively. This can 

be seen readily in Figures 3.1 to 3.4. The individual variance components resulting from 

the ANOVAs can provide more information on treatment effects. The treatment effect of 

chlorination accounted for 93, 57, and 49%, o f the total variance for the total cells, 

dpm/cell, and active cells respectively. The unexplained error components were 1.5, 0.8,
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and 1.9%, for each of the above variables respectively. This indicates good 

reproducibility between subsamples for MAR. With this analysis, a model can be 

compiled with 3 nested factors (see Appendix II). The model was inadequate to explain 

the culturable cell counts results since the carbon levels within substrates were not 

significantly different. In this case, a simpler design with reactor nested within substrates 

was sufficient to model the data and the reactors accounted for 62% o f the total variation 

with the unexplained error component comprising 22% of the total. The remaining 

variance (16%) can be attributed to the substrates indicating that substrates had a 

comparatively small impact on the viability of the bacteria with respect to culturability.

Activity M easurem ents

Activity measurements can be made by a variety of methods that target different 

cellular physiologies. Some o f these targets include membrane potential (Rhl23, 

oxonols), respiration (CTC and INT), isotope incorporation (labeled leucine, thymidine 

glucose, etc.), ATP, and intracellular esterases. While the use o f M AR suffers from 

problems such as standardization and difficulty, it allows for the measurement of 

turnover rates and differentiation of subpopulations rather easily. Through a statistical 

analysis o f the MAR results, as described in the Materials and Methods section, I think 

that less subjectivity in the interpretation and reporting of MAR results can be achieved. 

This could allow for a more appropriate basis o f comparison between studies using this 

technique across different environmental conditions. In this study, MAR was the main 

technique, however, dyes that target membrane potential [R hl23 and DiBAC-iQ)], 

permeability (BacLight), and respiration (CTC) were also used. No nutrient
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supplementation was used for any of the assays (except the leucine for MAR) since we 

were interested in the activity o f the organisms in the reactor.

Aquatic environments have been reported to have concentrations o f amino acids 

in the range o f 0.01 to 5 juM (Volk, et ah, 1997; Nilsson and Sundback, 1996; Jorgensenj 

et ah, 1998). These values are contributions from the dissolved free amino acids (DFAA), 

dissolved combined amino acids (DCAA) and humic bound amino acids (HBAA). Thus 

in this study the addition of labeled leucine at a final concentration o f 7 nM can be 

considered a trace supplement and would not likely affect a change in community 

composition or activity over the relatively short incubation period o f 4 hours. As 

indicated by the linear uptake o f the 3H-Ieucine over the incubation period, there was no 

change in the manner in which isotope was taken up over the course o f the incubation 

period. The organisms in the effluent of the reactor can be considered recently detached 

surface associated bacteria although there is a constant influx of bacteria from the BAC 

column that constitutes the dilution water. These influent organisms generally comprised 

20% (range 4-44%) o f the effluent cells as total cell counts. The high value of 44% arises 

due to the effect o f chlorine on the carbohydrate fed community. Chlorination had a 

much larger impact on the number of cells in the effluent o f the carbohydrates grown 

bacteria than for the other substrates (see Figure 3.1).

Data for the active fraction of cells and the dpm/cell agree quite well with other 

published information for aquatic ecosystems where 3H-Ieucine (or amino acid mixtures) 

was used as the radioactive tracer (Kamer and Fuhrman, 1997; Tabor and Neihbf, 1985; 

Kirchman, et ah, 1985). Although turnover rates and dpm/cell were significantly less for
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the carbohydrates, mixture, and humics than for the amino acids, the fraction o f the 

population that was active did not change as dramatically when compared to dpm/cell 

and turnover rates (Figures 3.1 panel A, 3.4 panel A and Table 3.2). This is also apparent 

for the dilution water from the BAC filter where low uptake rates and dpm/cell were 

measured, yet approximately 50% o f the cells were active by MAR. For the humics 

reactors at 2000 ppb carbon, the difference in both dpm/cell (0.1 vs. 0.001 dpm/cell, 

control vs. chlorinated) and turnover rate was 2 to 3 orders o f magnitude, the largest 

difference detected, indicating that chlorination had a highly significant impact. There 

was no significant correlation (r = 0.344, p = 0.077) between the fraction of MAR active 

cells and the dpm/cell, indicating that the methodology employed was sensitive to the 

lowest per-cell activity levels in the samples (Grossmann, 1994). This implies that the 

lowest counts o f active bacteria (carbohydrate fed populations) did not result from a 

substantial number o f organisms that incorporated isotope in amounts below the 

threshold for autoradiographic detection. This is also supported by the results from the 

other activity stains, excepting CTC, which consistently underestimated the active 

fraction. Presumably, this is due to the deleterious effects that CTC has on cellular 

respiration (Ullrich^ et al., 1996; Rodriguez, et al., 1992; Smith, et al., 1994).

Kamer and Fuhrman (1997) and Ullrich, et al. (1996) compared MAR with CTC 

activity counts in marine and freshwater samples. Their conclusion that CTC regularly 

underestimates potential activity was confirmed in our study. While Kamer and 

Fuhrmann (1997) measured CTC reduction from 0 to 4.6 % o f the MAR fraction in 

marine waters, Ullrich, et al. (1996) determined that 2.6 to 9.6 times as many cells were
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detected by MAR as compared to CTC in freshwater. Both papers, as well as several 

others indicate that the fraction o f the population detectable by CTC reduction is on the 

order o f I to 30%, although higher values have been measured (Kalmbach, et ah, 1997; 

Schaule, et ah, 1993; Rodriguez, et ah, 1992; Choi, et ah, 1996). In our experiments, 47% 

o f the control communities and 27% of the total cells in the chlorinated communities 

were actively reducing CTC. All carbon sources consistently produced a significantly 

higher number o f active cells in the control vs. chlorinated reactors. The control amino 

acids were the only substrate that produced a significantly higher number of active cells 

in the high activity subpopulation.

In contrast to CTC active cells, MAR activity counts are generally in the range of 

10 to 60%, with exceptions at either end of the spectrum. These exceptions can have 

different meanings, including:(l) genuinely low or high activity, (2) underestimation due 

to only scoring cells with multiple silver grains, (3) cells that do not incorporate the 

particular isotope used, and (4) populations that disproportionately incorporate the 

isotopic tracer used. In an examination o f bacterial communities in sea ice, Grossman 

(1994) measured activities as low as 3 to 5%. Kamer and Fuhrman (1997) measured 

activities from 33 to 76% by MAR in marine waters. Ullrich, et al. (1996) detected 

activities from approximately 35 to 80% (estimated from Fig.I in (1996)), in fresh and 

brackish waters. Meyer-Reil (1978) measured activities by MAR in the Kiel Fjord, 

Germany at 4.5 to 56.2% which compares well with the measurements o f Ullrich, et al. 

(1996), in the same Fjord (38 to 78%, estimated from Fig. Ib in (Ullrich, et al., 1996)) 

with the exception of the one low value by Meyer-Reil. In samples from Chesapeake

102
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Bay, Tabor and Niehof (1985) determined that 50% of the cells were active in amino acid 

uptake by M A R ..

Interestingly, the percentage o f the total cells detected with any combination o f 

the putative “live” and “dead” stains was fairly consistent when normalized to the total 

cell counts. Stains that are intended to include only the active fraction include R hl 23 and 

SYTO-9 (BacLight active component) whereas the inactive fraction could be enumerated 

with PI (BacLight inactive component) or DiBAC4(S). As such, four combinations can be 

generated to estimate the total population of cells. These combinations are BacLight (PI + 

SYTO-9), Rhl23 + PI, SYTO-9 + DiBAC4(S), and Rhl23 + DiBAC4(3). The various 

combinations, when divided by the total cell counts accounted for 94, 93, 92, and 91% of 

the total cell counts respectively. This is in contrast to CTC + DiBAC4(S) and CTC + PI 

which only accounted for 58 and 60% of the total cell counts, respectively.

Plate counts were significantly higher in the control reactor and averaged 

approximately 30% of total cell counts whereas chlorination reduced culturability to 10% 

of total cell counts. These percentages are generally higher than values reported for other 

aquatic environments which range from approximately 0.01-10%. This could be due to 

the fact that R2A agar was developed for drinking water, a seven day incubation at room 

temperature, or a combination of these factors (Reasoner and Geldreich, 1985). The 

culturability of the organisms entering the reactors was 20 ±12% which was not 

significantly different than culturability in the control effluent for all substrates. 

Conversely, substrate type had a major impact on the culturability o f the organisms in the 

chlorinated reactors. After chlorination, culturability drops to 3% when the amino acids
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are not included in the analysis. From Table 3.2, it can be seen that chlorination did not 

have as large an effect on the culturability o f the organisms grown with amino acids as 

compared to the other substrates.

Control vs. chlorinated culturable cells for the amino acids were 55 and 59% of 

the active fraction, respectively. For the carbohydrates, culturable cells were 25 and 3% 

of the active fraction, while for the mixture 70 and 5% of the fraction was active, 

respectively: MAR activity measurements indicated that approximately 35 times as many 

cells were active in the chlorinated reactor effluents than grew on the R2A plates, and for 

the control, reactor this decreases to about 2 times. For the amino acids, active cells were 

approximately 3 times and 2 times the culturable cell counts for the chlorinated and 

control reactors respectively. For the mixture experiment, active cells vs. culturable cells 

were 19 times and 1.5 times for the chlorinated and control reactors respectively. The 

carbohydrates produced the second highest difference in activity and culturability 

between the chlorinated (58 times) and control treatments (4 times). Data for the humics 

was only available at the higher carbon concentration but indicated that chlorination 

affected culturability to the largest degree. Active cells in the chlorinated reactor were 

122 times greater than culturable cells while the control reactor produced results similar 

to the other substrates at 1.5 times as many active cells compared to culturable cells.

All o f the data indicate that while chlorination can severely inhibit growth on agar 

plates, the carbon source utilized influences culturability. While activity measurements 

(by MAR or fluorescent stains) are significantly affected by chlorination, a much larger
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fraction o f the community is enumerated by activity as compared to plate counts. In 

either case substrate concentration played a relatively minor and insignificant role.

Conclusions

1) Chlorination had the most significant impact on the activity measurements.

2) Substrate type had a larger impact on all measured parameters (turnover rates, 

dpm/cell, active cells/mL, total cells/mL, and cfu/mL) than substrate concentration. 

This is especially apparent when evaluating turnover rates (Table 3.2 and Table 3.3) 

and dpm/cell (Figure 3.1, A), parameters that cannot be measured by the use o f a 

fluorescent activity stain.

3) Amino acids produced the most active populations. Proportional activities (i.e. active 

cells normalized to total cell counts) in the chlorinated amino acids reactor exceeded 

or equaled the activities in the control reactors for all other substrates tested.

4) Neither chlorination nor substrate concentration affected the proportion o f active cells 

when the substrate was a mixture of amino acids, carbohydrates, and humics (average 

51 ±  7%, n =  12).

5) Any combination o f live/dead fluorescent stains that does not include CTC produces 

cell counts similar to the total cell counts determined by DAPI staining of bacterial 

communities in this study.
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6) Culturable cells were effective in estimating the active population under certain 

conditions (e.g. control amino acids and mixture grown communities) but severely 

underestimated the active component in the presence of chlorine.
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Appendix II

Statistical Model for Active and Total Cells/mL

Carbon concentration is nested in substrate type and reactors are nested within substrates 

and concentration such that the final statistical model is

Y (p z )  =  p  +  CCz +  (By-(Z) +  Kzz(;y) +  S /(p ).

Each measurement (average) for any of the above paramaters is denoted by Y(pz), where 

i, the number o f the treatment (substrate, I is amino acids, 2 is carbohydrates, and 3 is 

mixture) runs from I to a  (tz = 3). The grand mean p, is the overall mean for all 

substrates, concentrations and reactors, j ,  the number of treatments in the first nested 

variable (carbon concentration, I is Ippm and 2 is 2 ppm) runs from j  to 6 (6 = 2). k , the 

number o f the treatment in the second nested variable (chlorinated or control) runs from k  

to c (Jc= 2). I is the observation number which runs from / to n (n = 3) from the k 

experimental unit subjected to t h e / h carbon concentration receiving the Zth substrate. For 

example, consider the active cells: is the mean number o f active cells/mL from the I

(3) observations from the treatment level k  at the carbon concentration j  that was 

receiving the carbon substrate i. Practically, if  we consider the amino acids (i = I) control 

reactor (k = I) receiving carbon at a concentration of 1000 ppb (j = I) we get the 

following results. The grand mean (in logic transformed units) p is 5.862 (±0.0009), a ;  is 

0.129 (+0.013),. Pz(Z) is 0.061 (±0.016), K ^  is 0.233 (±0.023) arid zm  is 0.00312. 

Addition o f all these values gives us the least squares mean o f 6.285 (±0.032) which fits 

the observed value o f 6.285 (±0.01) very well.



Summarized Data

Substrate Concentration
IOOOppb 2000 ppb

Substrate
turnover1
0A h r 1

dpm/ceil
Total

cells/mL
(xlO5)

Active2
(cells/mL)

cfu/mL
(xlO5)

turnover1
C A h r 1) dpm/cell

Total
cells/mL

(xlO5)

Active2
(cells/mL)

cfu/mL
(xlO5)

amino acids

16.4
(0.8, 0.97)

0.54 19.7
14.4
(2 2 )

6.3 25.1
(2.3, 0.91)

0.45 22.6 ' 14.9
(7.0) 6.5

12.9
(0.5, 0.99)

0.68 19.7
14.0
(0.7) 6.3

25.8
(1.4, 0.97) 0.49 22.6 8.9

(18.0) 6.5

nd nd nd nd nd 22.9
(1.7, 0.92) 0.36 57.9 40.5

(4.9) 31.

carbohydrates
1.4
(0.1,0.90)

0.006 14.4 -
7.7
(5.2)

1.14
3.8
(0.2, 0.96)

0.0095 17.1 9.33
(5.0) 3.3

humics nd nd nd nd nd
1.7
(0.02, 0.998)

0.1 8.9 5.2 .
(8.0) 3.6

mixture

1.19
(0.03, 0.996)

0.03 10.6
5.6
(8.0) 3.73

1.7
(0.1,0.95) 0.016 37.3 19.7

(5.0) 14.1

0.9
(0.05, 0.98)

0.03 9.1
6.7
(6.8) 2.70

4.3
(0.3,0.94) 0.065 22.8 16.6

(5 2 ) 7.3

Table 3.4 -  Control reactor results for MAR experiments. I -  the numbers in brackets refer to the standard 
deviation (in %) o f the slope and the r2 value for the fitline respectively. 2 -  the number in parenthesis is the 
standard deviation in percentage o f total active cells. cfu/mL is colony forming units on R2A agar.



Substrate Concentration
1000 ppb 2000 ppb

Substrate
turnover1 
(%, h r 1)

dpm/cell
Total

cells/mL
(xlO5)

Active2
(cells/mL)

cfu/mL
(xlO5)

turnover1
(0A h r 1)

dpm/cell
Total

cells/mL
(xlO5)

Active2
(cells/mL)

cfu/mL
(xlO5)

amino acids 1.58
(0.02, 0.999).

0.061 8.0
5.3
(6.4) LI 5.5

(0.2,0.98) 0.19 9.1 4.73
(4.4) 4.6

carbohydrates
0.025
(0.004, 0.77)

0.0017 8.9
2.7
(0.3)

0.13 0.017
(0.002, 0.85) 0.0012 6.03 2.8

(2 2 ) 0.03

humics nd nd nd nd nd 0.006
(0.001, 0.64) 0.0006 5.4 2.4

(7.4) 0.02

mixture

0.12
(0.01, 0.94)

0-0074 6.5
3.0
(3.4)

0.15 -0.17
(0.02, 0.85) 0.0019 29:6. 15.7

(8.4) 0.87

3.5
(0.4, 0.93)

0.165 8.6
4.3
(2.3)

0.90 1.27
(0.07, 0.97)

0.018 24.1 12.4
(2.3)

0.44

Table 3.5 -  Chlorinated reactor results for MAR experiments. I -  the numbers in brackets refer to the standard 
deviation (in %) o f the slope and the r2 value for the fitline respectively. 2 -  the number in parenthesis is the 
standard deviation in percentage o f total active cells. cfu/mL is colony forming units on R2A agar.
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CH APTER 4

EFFECTS O F CARRON SOURCE, CARBON CONCENTRATION, AND 
CHLORINATION ON G ROW TH RELATED PARAM ETERS OF 

H ETER O TR O PH IC  B IO FILM  BACTERIA

Introduction

Microbial utilization o f dissolved organic carbon (DOC) in natural freshwater 

ecosystems has mainly been studied in terms of planktonic bacteria (Amon and Benner, 

1996; Chrzanowski, et ah, 1995; Coveney and Wetzel, 1992; Currie, 1990; Gremm and 

Kaplan, 1997). Traditionally, low molecular weight organics such as amino acids and 

carbohydrates have been estimated to be responsible for a significant fraction o f net 

carbon production in planktonic bacterial communities from a variety o f lakes and rivers 

(Jorgensen, et al., 1998; Jorgensen and Jensen, 1994; Hanisch, et ah, 1996). Conversely, 

in recent years, high utilization of DOC material other than the simple compounds 

mentioned above has been estimated to comprise a large fraction o f net bacterial carbon 

production in freshwater and marine ecosystems (Amon and Benner, 1994; Volk, et al., 

1997; Amon and Benner, 1996; Tranvik, 1993; Tranvik, 1988). Amon and Benner (Amon 

and Benner, 1994; Amon and Benner, 1996) and more recently Volk, et al. (Volk, et al., 

1997) have demonstrated that the high molecular weight fraction o f dissolved organic 

matter (DOM) is less recalcitrant than previously thought. .
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While most studies have mainly focused on the planktonic component o f the food 

web, a number of investigations have implicated surface-associated communities as being 

responsible for significant carbon turnover rates (Volk, et al., 1997; Bryers, 1987; Paerl 

and Pinckney, 1996; Kaplan and Newbold, 1993; van Loosdrecht, et al., 1990; Wolfaardt, 

et al., 1994). These bacterial communities have been shown to contribute 

disproportionately to nutrient turnover rates as compared to their planktonic counterparts. 

Nitrogen, carbon, and sulphur cycles can be compressed into linear zones comprising 

millimeters in microbial mats, trickling filters, and sediments as compared to meters and 

tens o f meters in lakes and oceans. Kaplan and Newbold (Kaplan and Newbold, 1993) 

(and references therein) estimated that benthic populations in streams and rivers are 

significant sites for DOC utilization and are the primary mediators o f DOC diagenesis. 

This pool o f natural organic matter (NOM) contains the reduced organic carbon required 

for the production o f energy and biomass during heterotrophic bacterial metabolism. 

Utilization of NOM can result in the growth of bacteria in both natural and engineered 

aquatic environments.

An area o f applied microbiology that is significantly impacted by the presence o f 

utilizable carbon is drinking water; Excess organic material in drinking water is 

associated with bacterial growth, increased chlorine demand in finished waters, and the 

formation of disinfection by-products in distribution systems (LeChevallier, et al., 1987; 

LeChevallier, et al., 1991; Putnam and Graham, 1993; McFeters, 1990; Sobsey, et al., 

1993; LeChevallier, et al., 1992; Glaze, et al., 1993). While the measurement of specific 

. utilizable components o f NOM has not been the focus o f drinking water research,
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measurement o f the total utilizable fraction has encompassed a significant amount of 

research in the last 10 years (van der Kooij5 et al., 1982; van der Kooij5 1992; Frias5 et al.5 

1994; Lucena5 et al.5 1990; Ribas5 et al.5 1995; Kaplan and Bott5 1990; Huck5 1990). A 

number o f methods have been applied to measure the fraction of NOM present in aquatic 

systems, which can be divided into two basic groups: (I) assimilable organic carbon 

(AOC) and (2) biodegradable organic carbon (BDOC).

AOC is generally measured by the method o f van der Kooij (van der Kooij5 et a t ,  

1982; van der Kooij5 1992), whereas BDOC is generally measured by the method o f 

Servais5 et al. (Servais5 et al.5 1987). While there are differences in the application, 

utilization, and interpretation of the two methods, ultimately, the major difference 

between the two is the parameter measured. AOC measures biomass/cell number changes 

over time utilizing a known inoculum and represents the potential o f the water source to 

support bacterial growth (van der Kooij5 et al., 1982; Shirey and Bissormette5 1991; 

Bradford5 et al., 1994; Kaplan and Bott5 1990). BDOC measures a change in the 

TOC/DOC content o f the water over time utilizing an indigenous inoculum. Biomass/cell 

number (AOC) measurements are generally used when the concern is bacterial growth 

whereas BDOC is used when the concern is a reduction in the chlorine demand or 

formation of disinfection by-products (DBFs). Both methods can be time consuming and 

laborious, with a significant amount of time passing before the results are known. 

Lucena5 et al. (Lucena, et al., 1990) introduced a BDOC method that utilizes surface 

attached, indigenous bacterial communities continually supplied with the water of interest 

and provides results within 2 to 3 hours (Kaplan and Newbold5 1995; Frias5 et al., 1994;
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Volk, et al., 1997, Kott, et al., 1997; Ribas, et al., 1995). While there are problems with 

this approach, such as the potentially extended period o f adaptation required for 

colonization o f the inert support in the columns, it has been used for estimation o f kinetic 

constants (eg. Km and Vmax), growth rates, and BDOC component identification. Volk, et 

al: (1997) used this method as an aid in determining the contribution o f different 

components o f the BDOC responsible for a decrease in DOC across these reactors. None 

o f these studies has investigated the effects o f chlorine on the communities present in the 

columns, drinking water, or distribution systems.

In this study, we utilized a biofilm reactor system (annular reactors) to study 

community response to three o f the commonly accepted primary DOC components in 

aquatic environments. Three different organic substrates comprising amino acids, 

carbohydrates, and humics were separately tested for their ability to support heterotrophic 

bacterial communities under varying trophic conditions. A bC -“ffee” drinking water was 

generated by use o f granular activated carbon/biologically activated carbon (GAC/BAC) 

filtration and used as dilution water for the reactors. This dilution water entered the 

reactors at a maximum carbon loading rate o f 1.0 mg C/L.day, whereas the reactors 

themselves had carbon loading rates of approximately 6, 12, and 24 mg C/L0day. These 

values were comparable to the mean BDOC loading rate entering (i.e. finished drinking 

water) the GAC/BAC filters, which was 18 mg C/L0day. Chlorinated and control reactors 

were operated in parallel to examine the effects o f oxidative stress and nutrient limitation 

on growth parameters. Operationally, the annular reactors could be viewed as biological 

filters similar to BDOC columns, but they are much easier to model as continuously
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stirred tank reactors (CSTRs). th is  allowed us to measure specific growth rates (SGRs), 

observed yields/growth efficiency, bacterial carbon production (BCP), and biomass/cell 

density at different substrate loading rates. BDOC columns and a carbon unsupplemented 

(negative) control annular reactor were used to measure the BDOC content o f the 

AOC-“free” water.

Materials and Methods

See Chapter 2 for the specifics o f experimental setup and general protocols o f the 

experimental procedures.

Experimental Overview

A total o f nine experiments were run, with amino acids (n = 3), carbohydrates (n 

= 3), humics (n = 2), and a mixture (n = I) o f the three substrates. From these 

experiments, 5 individual samples (n = 5 x 3 = 15) were used for substrate evaluation 

with respect to total direct counts (TDC) and colony forming units (cfu) in the effluent 

and biofilm at 3 different carbon loads: (I) 500 ppb, (2) 1000 ppb, and (3) 2000 ppb. The 

same samples were used to determine SGRs, BCP, and observed yields. The reactors 

were designated as control (no chlorination), or test (chlorination at 1000 and 2000 ppb 

C) on a random basis. Since both reactors are receiving the same treatment at the 500 ppb 

C concentration, evaluation of bacterial density in the effluent and biofilm was used to 

assess the reproducibility o f the annular reactors.
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The substrate mixture experiment was designed to complement the other 

experiments, but with a few changes in protocol. Carbon feed was initiated at a 

concentration o f 250 ppb (equimolar as carbon, 2:1:1 mixture o f humics, amino acids, 

and carbohydrates respectively) and chlorination was started at this stage.

An additional annular reactor was operated as a negative control without 

supplemental carbon feed. Buffer was supplied to this reactor (as nitrate and phosphate, 

612 and 591 ^gZL respectively) and sampling was performed periodically over the course 

o f twelve months.

Since the effluent from the GAC/BAC columns was used for colonization o f the 

annular reactors as well as a supply o f dilution water, background carbon in the drinking 

water could have been a confounding factor in substrate evaluations. Therefore, tap water 

influent and effluent o f the GAC/BAC columns was sampled for DOC removal in order 

to ascertain the amount of carbon removed across these biological filters.

An additional control used BDOC columns and were operated as described by 

Ribas, et al. (1995). Briefly, SIRAN glass bead (Schott Glassworks) filled 

chromatography columns (Kontes) were operated (in the dark) for the measurement of 

the BDOC present in the AOC “free” water. These columns (in series) were maintained 

on the influent water (i.e. GAC/BAC effluent) used for the annular reactors for 3 months 

prior to initiation o f sampling (sampling period o f 261 days). Prior to this the columns 

had been operating separately (i.e. in parallel) for I year on City o f Bozeman tap water. 

Hydraulic detention time for the BDOC columns was set to be equivalent to the annular
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reactors (2.1 hours) while the hydraulic detention time in the GAC/BAC columns was 15 

minutes.

TOC M easurem ents

All TOC measurements were made on the nonpurgeable organic carbon (NPOC) 

fraction o f the water.

C arbon Balance Across Reactors. NPOC was* determined as described above 

for all input parameters (AOC-“ffee” dilution water, buffer and carbon supplement) and 

reactor output. The following designations are utilized:

1) AOCf is the filtered AOC dilution water (DOC)

2) AOCnf is the unfiltered AOC dilution water (TOC)

3) Bnf is the unfiltered buffer solution (TOC)

4) Cf is the filtered carbon solution (DOC)

5) C„f is the unfiltered carbon solution (TOC)

6) C-outf is the filtered carbon in the reactor effluent (DOC)

7) C-outnf is the unfiltered carbon in the reactor effluent (TOC)

The total amount o f soluble carbon entering the reactors was determined from the 

relationship

Carbon in = (4.5/5.0)*(AOCf) + (0.25/5.0)*(Bnf) + (0.25/5.0)*(Cnf) . (I)

where the numbers refer to the flow rates (mL/min) for each solution. Similarly, the total

amount o f soluble carbon in the reactor effluent is
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Carbon out = C-outf '

Both the buffer and the AOC dilution water (AOCf) were assumed to be unavailable for 

bacterial utilization and are summed to give the non-utilizable fraction as shown below: 

Non-utilizable = (0.25/5.0)* (Bnf) + (4.5/5.0)*(AOCf) (2)

C-outf represents the total concentration o f DOC that was not removed across the annular 

reactor. If  the non-utilizable fraction was wholly represented in both the influent and 

effluent carbon measurements, it could be subtracted from the total amount of dissolved 

carbon in the reactor effluent (i.e. C-outf). This difference represents the amount o f the 

supplemental dissolved organic carbon substrate feed that was not removed across the 

reactors. Subtracting this difference from the supplemental substrate feed concentration 

in the influent gave us the amount of the supplemental feed carbon that was removed 

across the reactors. The supplemental substrate feed concentration was determined 

directly from the feed carboy. The difference between the unfiltered (TOC) and filtered 

(DOC) solutions gave us the amount of particulate organic carbon (POC). This POC 

arises from the bacterial cells in the water and was used to determine an average value for 

carbon/cell when divided by the appropriate total cell count for that sample. One to three 

carbon determinations were made at the pseudo-steady state stage of duplicate 

experiments and, average carbon substrate removal amounts were computed from these 

samples. Similar measurements were used to determine the amount o f carbon removed 

across the BDOC columns, GACZBAC filter, and negative control reactor.
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Carbon Source Utilization

Biolog GN microplates (Hayward, CA) are 96. well microtitre plates. Each well 

contains a redox indicator (tetrazolium violet) and a single dehydrated carbon substrate as 

well as all other essential nutrients. A Bio-Rad (Richmond, CA) Model 450 Microplate 

Reader equipped with a 570 ran interference filter was used for all measurements using 

the dual wavelength mode. At the biofilm sampling stages (1000 and 2000 ppb C only) 

for duplicate experiments a 0.15 mL inoculum from each reactor (scraped and 

homogenized biofilm) was introduced into each well in triplicate plates. Inoculum density 

was approximately 5 x IO6 cells/mL as determined by direct microscopic count o f 4 ’,6- 

diamidino-2-phenylindole (DAPI) stained cells prior to inoculation. Time series readings 

o f the Biolog plates were taken every 24 hours for 4 to 5 days (until the response in the 

' wells had leveled off) and the baseline response in the blank well was subtracted from all 

other absorbance readings. This baseline reading is for a negative control well which 

contains the redox dye (+ nutrients), but no carbon substrate. For our application, the 

plates contained the 4 amino acids.and 3 carbohydrates chosen as model substrates for 

this study. One carbohydrate substrate used in our experiments (D -  arabinose) was 

represented in the Biolog plates as the L-epimer (L-arabinose). The response to these 

substrates were compared to evaluate the potential effect o f priming the communities 

grown in the reactors for the particular set o f substrates that they had been utilizing. 

Namely, would growth on amino acids affect the rate of carbohydrate utilization in the 

Biolog plates? Conversely, would growth on carbohydrates affect amino acid utilization 

in the Biolog plates?
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Influent and Effluent Cell Sampling

Routine cell sampling o f the reactors included samples o f the dilution water (i.e. 

reactor influent from the GAC/BAC filter) and effluent from each reactor for total and 

culturable cells. Samples for total cell counts were fixed using formalin (0.7% final 

concentration) for 24 hours at 4°C. Fixed samples were filtered onto 0.2 pm pore size 

black polycarbonate filters (Poretics), stained on the filter using DAPI (0.1 pg/ml) for 30 

minutes and rinsed with 5 ml o f filter sterilized Nanopure water. Culturable cell counts 

were determined by spread plating dilutions in triplicate on R2A agar medium and 

incubating at room temperature (22 - 23°C) for 7 days. Chlorine concentrations were 

determined using the N,N-diethyl-p-phenylenediamine (DPD) colorimetric method and a 

digital colorimeter (LaMotte). Both total free residual and combined residuals were 

determined in the effluent as well as chlorine dosage levels applied to the reactors.

Specific Growth Rates, Yield, and Bacterial Carbon Production

In order to determine SGRs3 observed yields, and BCP the reactors were, modeled 

as CSTRs such that mass balances across the reactors can be solved for the particular 

parameters, assuming complete mixing and uniform conditions with the reactor. The 

mass balance for planktonic cells gives the following equation:

dX
V-^L = F(X0 -X j+ p X iV  + rdXbA (I) 

where .

V = liquid volume (cm-3)

Xi = planktonic cell concentration in reactor liquid (mass cm"3)



124

Xq = planktonic cell concentration entering the reactor (mass cm"3)

Xb = biofilm cell density (mass cm"2)

F = volumetric flow rate through reactor (cm3 hr"1) 

p = specific growth rate o f planktonic cells (hr"1) 

rd = specific biofilm detachment rate (hr"1)

A = surface area for biofilm accumulation in reactor (cm2)

A mass balance for the biofilm cells gives the following equation:

= X kA - I dX bA. (2)

where,

Pb = specific growth rate o f biofilm cells (hr"1)

At steady state all derivatives are assumed to equal zero such that equations (I) and (2) 

simplify to:

| ' ( X 1- X 0) = MX1+rdXl ^  (3)-

M-a =  r d (4)

If  the hydraulic residence time is short enough to preclude significant planktonic growth, 

the term pXi can be neglected such that equations (3) and (4) can be solved, thus 

obtaining the kinetic parameters for the biofilm cells. The term ra can be solved using the 

following equation:

^-(X1- X 0H 1X1A (5)
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Equation (4) can then be used to solve for the specific growth rate o f  the biofilm cells 

(Pb)- Assuming steady state conditions and minimal planktonic growth an observed yield 

(Yobs) can be calculated for the reactors using the following equation:

(X1- X 0)

■ (S0 -S 1)
where,

So -  substrate concentration in the reactor influent and Si = substrate concentration in the 

reactor effluent.

Bacterial carbon production (BCP, pg Cell carbon/cm2ehr) Can be calculated using 

the biovolume and carbon/pm3 information obtained from Chapter 2 (weighted nonlinear 

regression equation) in conjunction with the physical parameters o f the reactors and 

operating protocols. Assuming that the difference between influent and effluent total cell 

counts at steady state is due to biofilm growth in the reactor, a simple subtraction (Xi -  

Xo) gives the number o f bacteria produced from the biofilm and conversion to biomass 

provides BCP.

Biofilm Sam pling

The biofilm in the reactors was sampled by removal of a polycarbonate slide (area 

o f approximately 30 sq. cm) and aseptically scraping the biofilm from the slide into a 

sterile buffer solution. The biofilm/buffer solution was then homogenized for I min using
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a tissue homogenizer (Tekmar) at the maximum setting. This suspension was then 

analyzed for total and culturable cell counts as described in previous paragraphs. 

Evaluation o f the homogenization procedure was performed by direct microscopic 

examination. Cell clustering was not a factor and the homogenization procedure was 

effective in dispersing the cells in the biofilms.

Statistical Analyses

A general linear model (GLM) analysis of variance (ANOVA) was used to 

analyze all data with nested treatments designated as chlorination/control, substrate type, 

and carbon feed level (Sokal and Rohlf, 1995; Minitab, 1998; Dunn and Clark, 1974) (see 

Chapter I, Figure 1.1). In addition, Tukey’s pairwise comparisons were used when one 

factor had more than 2 levels and data analysis was within one treatment factor. A one 

sample t-test was. used where specific means were being compared. Acceptance or 

rejection o f the null hypothesis was based on an a -level o f 0.05 in all cases. The 

statistical program Minitab (1998) was used for all analyses. Model II regressions were 

carried out by the method o f geometric means as detailed in Sokal and Rohlf (1995)

126
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Results

GAC/BAC F ilter and BDOC Column Perform ance

The BDOC columns were operated as separate parallel units on unsupplemented 

tap water for over one year. Carbon removal across the two columns was generally lower 

than for the GAC/BAC filter. There was no significant difference between the two BDOC 

columns, the first column removed 9.2 ±4.8 %, (n =11 ,  ±S.D,) while the second column 

removed 10.0 ±4.7 % (n = 10) of the influent native DOC. Both were significantly 

different from the GAC/BAC filter where carbon removal averaged 18 ±4.7 % (n = 19) of 

the influent native DOC. In terms of absolute carbon removal the BDOC columns 

averaged 93 ±51 pg C/L while the GAC/BAC filter removed an average o f 157 ±86 pg 

C/L over the same sampling period. These differences are magnified when one considers 

that the hydraulic residence time in the GAC/BAC filter was 15 minutes compared to 2.1 

hours for the BDOC columns. For all samples (773 days) the GAC/BAC filter removed 

an average o f 190 ±178 pg CZL (17 ±10%). When the BDOC columns were run in series 

and receiving AOC “free” water the percentage removal of utilizable carbon was 2.4 

±5.4% and equated to 32 ±38 pg C/L. This compares to the negative control reactor 

operated with the AOC “free” water where supplementation with nitrate and phosphate 

produced no net (average) removal across the reactors of -3.3 ±7.4% or -11 ±38 pg C/L 

(n = 7). Neither o f these values was significantly different than zero (p = 0.28 and 0.67,
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respectively) by a one-sample t-test where the null hypothesis mean was zero(i.e., H0 =

0). The GAC/BAC filter released bacteria at a steady rate with the total cell counts 

producing less variability than the cultufable cells. There did tend to be a seasonal 

component with total cells decreasing in the order March-May > June-August > 

September-November > December-February. Over the course o f the experiments, cell 

numbers in the influent (i.e. GAC/BAC effluent) to the annular reactors averaged 3.89 x 

IO5 total cells/ml (95% Cd., 3.64 x IO5 -  4.15 x IO5, n = 247) and 5.66 xlO4 cfu/ml (4.19 

x IO4 -  6.53 x IO4, n = 260).

C ontrol Stage (500 ppb C arbon Feed Level) A nnular Reactors

Effluent. Frequent sampling was performed at this stage o f the study in order to 

evaluate the reproducibility of the carbon supplemented annular reactors within any one 

experiment. Figure 4.1 shows the results from biofihn and effluent sampling at the 

control stage o f the experiments. A GLM ANOVA was used to analyze the effluent data 

from the amino acids (n = 15), carbohydrates (n = 15), and humics (n = 10). The mixture 

experiment was not included in this analysis due to the different protocols used (initial 

feed concentration was 250 ppb C) and the lack o f true replication. However, the means 

and standard deviations (n = 5) for the unchlorinated mixture control reactor are shown 

for comparison. Determination of steady state at this stage (500 ppb C) was made by the 

equivalency of total and culturable cells with respect to time in the reactor effluent. The 

GLM ANOVA (n = 5), effluent averages from the low carbon feed level o f each
i

experiment (3 experiments gives n = 15, or 2 experiments gives n = 10) and subsequent
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analysis showed that the individual reactors were equivalent within substrates for both 

total cells (p = 0.581) and culturable cells (p = 0.178). Based on these results, the within 

substrate data was pooled and both the total cell counts (tdc) and culturable cell counts 

(cfu) were significantly different between substrates (p < 0.0005 for both cfu and tdc, n  = 

30, 30 and 20). Tukey’s pairwise comparisons indicated that the substrates supported a 

significantly different number o f total and culturable cells (p < 0.0005 for both), but 

culturable cells were equivalent for the amino acids and carbohydrates. The percentage 

variance in the data for the unexplained error components was 1.5% for total cells and 

3.2% for culturable cells and the between experiments variance component was 10.7%

. for total cells and 8.8% for culturable cells. Most of the data variance occurred at the 

level o f substrate. As a measure o f the culturability within individual substrates we can 

look at the percentage o f culturable cells with respect to total cells (i.e. cfu/tdc x 100) in 

the reactor effluents. This ratio and the correlation between culturable and total cells are 

reported in Table 4.1 for paired samples from the control and test stage o f the 

experiments. All three supplements produced a significant increase in the ratio o f cfu/tdc 

(p < 0.0005) over that measured in the influent.

Biofilm. Biofilm sampling was performed once for each o f the amino acids and 

carbohydrates experiments (n = 3). The humic experiment was performed twice and two 

samples were obtained from one o f the experiments giving a pseudo-replication o f n = 3. 

The mixture experiment was performed once and the results are based on 3 separate 

samples for the total cells (n = 3) and culturable cells (n = 3). Biofilm sampling at this 

stage also indicated that the reactors within any one substrate were equivalent for total
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and culturable cells (p = 0.088 and 0.868, respectively) prior to increasing the carbon 

loading and initiation of chlorination.

[5] total cells/sq.cm  QcfuZsq-Cm g  total cells/m L ggcfu/m L

am ino acids carbohydrates hum ics m ixture

Figure 4.1 -  Cell counts in the effluent and biofilm  from the control stage o f  the 
experiments separated by substrate type. Total cells/m L are significantly different 
for all substrates w hile the amino acids and carbohydrates are equivalent for 
culturable cells/m L  (Tukey’s pairwise comparisons), n =  30, 30, 20 , and 5 for the 
amino acids, carbohydrates, humics, and mixture respectively for the cells/m L  
data, n for the biofilm  data is 6 for all substrates except the mixture (n =  3). See 
text for further details.

Test Stage (1000 and 2000 ppb Carbon Feed Levels) Annular Reactors

Figure 4.2 Panels A and B show the total cells and cfu per square 

centimeter in the biofilms for the control and chlorinated treatments at the carbon 

loading levels of 1000 and 2000 ppb. Reported values are means and standard 

deviations resulting from a GLM ANOVA, with carbon levels nested within 

substrates, performed on the separate reactors. Response to the substrates in the 

control reactor was compared at the three carbon levels (Figures 4.1 and 4.2). In 

the presence of chlorine, comparison between substrates was analyzed at the mid 

and high carbon feed levels due to the added treatment of chlorination.
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Control Chlorine

Substrate M easure 500 ppb C Test Level 1000 ppb
C 2000 ppb C

amino acids r 2 0.593 (71) 0.763 (100) 0.667 (72) 0.424' (46)
cfu/tdc(% ) 49 (26) 42 (21) 23(16} 21(15)

carbohydrates T 2 0.511 (47) 0.675 (60) 0.684 (42) 0.5087 (16)
cfu/tdc(% ) 41 (22) 42 (23) 8(12) 5(14)

humics T 2 0.424' (63) 0.366 (90) 0.565 (51) 0.365* (48)
cfu/tdc(% ) 35(31) . 36(16) 8(14) 1.5 (2.5)

Table 4.1 -  Pearson product moment correlation, coefficients (rz) between total 
cell counts and culturable cells and the percentage of culturable cells normalized 
to total cells in reactor effluents at the two stages of analysis. 500ppb C refers to 
the control level of the experiments and is the combined results for both reactors. 
Test level is the 1000 and 2000 ppb C loading levels, p < 0.0005 for all 
correlations except I - p = 0.005, 2 - p = 0.037, and 3 -  p = 0.011. Numbers in 
brackets for r2 are n-values and numbers in brackets for ratio are standard 
deviations in percent, n was the same for both r and ratio. Influent cells had a 
percentage culturability of 25 (21) and r2 = 0.349 (185). Control effluents were 
not significantly different at the mid and high carbon loading levels.

Biofilm. All substrates supported higher biofilm cell numbers with increasing 

carbon feed levels in the control reactor although the only significant increases in the 

total (p = 0.001) and culturable cells (p < 0.0005) were from the humics and mixture 

experiments. The carbohydrates and amino acids biofilm cell numbers (total and 

culturable cells) did not change significantly between the three carbon loading levels (p = 

0.093, p = 0.403, and p = 0.502 and p = 0.003 respectively). Total and culturable cells in 

the biofilm were significantly impacted by chlorination in the presence o f carbohydrates 

(p = 0.001 and p < 0.0005, respectively) and humics (p = 0.001 and p < 0.0005, 

respectively) resulting in decreased cell numbers compared to the low carbon feed level. 

Increased carbon loading (1000 ppb to 2000 ppb) had a relatively minor affect on the 

total cell density in the biofilm such that cell numbers stabilized in the presence of



132

chlorine for humics and carbohydrates whereas the mixture and am ino acids showed 

increased population densities. Chlorination did not affect the culturable biofilm cell 

density in the presence o f amino acids. Comparing substrates within the control reactors 

indicated that total cell counts in the biofilm were equivalent (p = 0.246) while the 

culturable cells were significantly different (p = 0.005). This difference is due to the 

humics, which supported a significantly lower amount of culturable cells. Culturable cells 

in the biofilm were significantly different (p < 0.0005) for all substrates once chlorination 

was initiated. While the mixture experiment was performed only once, it was the only 

carbon source that produced significantly higher total cell densities at each carbon level 

(p < 0.0005). Similar to the amino acids, chlorination had no affect on the number of total 

cells (p = 0.080) when carbon concentrations were increased (i.e. 1000 ppb to 2000 ppb) 

in the presence o f the mixture. The negative control reactor had 2.45 x IO6 total cells/cm2 

(95% C.I. 1.97 x IO6 - 3.01 x IO6) and 4.36 x IO4 cfu/cm2 (1.87 x IO4 -  1.02 x 105) in the 

biofilm determined on two separate sampling dates. This can be compared to the 

maximum cell density in the carbon supplemented reactors for the mixture experiment at 

2000 ppb C [1.06 x IO8 total cells/cm2 (4.36 x IO7 -  2.57 x IO8)] and the amino acids 

experiments at 1000 ppb C [9.12 x IO6 cfu/cni2 (6.8 x IO6 -  1.22 x IO7)]. .
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Figure 4.2 -  Total and culturable cells per square cm in the biofilm  for the four 
substrates and tw o higher carbon feed levels. Reported values are means and 
standard deviations resulting from a GLM  A N O V A  on the separate reactors. 
Panel A  is the control reactor and Panel B in the chlorinated reactor. Error bars 
are standard deviations. See text for further details.

Effluent. Effluent cell measurements were required for the determination of 

growth rates, yields, and BCP as shown in the Materials and Methods section in addition 

to the biofilm cell densities shown above. See Figure 4.3 panels A and B for effluent 

culturable and total cells from the replicated experiments and Table 4.1 for percent 

culturable cells and correlations between total cells and culturable cells at this stage o f the 

study. There was no significant difference in percent culturable cells between the two
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higher carbon feed levels in the control reactors. While culturability tended to decrease as 

chlorination time proceeded, this decrease was not significant. The substrates and carbon 

levels within substrates were significantly different for total and culturable cells (p < 

0.002 for all four) in both the control and chlorinated reactor effluents. Total and 

culturable cells in the control reactor effluents generally increased over the course o f the 

experiment, however, significant increases were only noted for the 1000 to 2000 ppb C 

levels. These increases were only significant for the amino acids and carbohydrates (p < 

0.002) whereas the humics did not support a significantly different number of effluent 

cells at any of the carbon feed levels. Increased carbon loading in the amino acids 

chlorinated reactor (from 1000 to 2000 ppb C) did not have a significant effect on the 

total or culturable cells in the effluent, whereas the carbohydrate cell counts decreased 

upon increased carbon loading in the presence o f chlorine. The humics were the only 

substrate that produced significantly higher cell counts (2-sample t-test, p = 0.022 and p = 

0.0001 for total and culturable cells, respectively) in the presence o f chlorine when the 

carbon feed was increased between the mid and high levels. As an indication that the 

responses we were measuring were due to the added carbon supply and not utilization o f 

organic carbon in the AOC “free” water from the GAC/BAC columns, we compared the 

influent and effluent cell numbers in the negative control reactor. There was. no 

significant difference in either the total or culturable effluent cell counts in the negative 

control over the course o f 250 days when compared to the influent cell numbers (p = 

0.223 and 0.237 respectively, n = 16). Effluent total cells were 2.90 x IO5 cells/ml (95%
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C L, 2.18 x lO5 -  3.86 x IO5) while culturable cells were 1.03 x IO5 cfu/ml (6.00 x l O 4 -  

1.79 x IO5).

A B

=  5 .5  -

amino acids 
carbohydrates 
humics_____

20002000

[Carbon], ppb[Carbon], ppb

Figure 4.3 — Total and culturable cells per mL in reactor effluents. Panel A  is 
control reactor effluent and Panel B is the chlorinated reactor effluent. Solid lines 
are total cells/m L  and dashed lines are cfu/mL.

G row th Rates, Yields, and Bacterial C arbon Production

Data collected during operation of the annular reactors was used to obtain the 

information necessary to determine specific growth rates (SGR), substrate flux, observed 

yield, and bacterial carbon production (BCP) for the biofilm organisms. The data 

collected included influent, effluent and biofilm cell numbers (tdc and cfu), cell volumes, 

influent and effluent DOC concentrations (as NPOC).

The overall response for the data from all substrate groups (combined data) was 

first analyzed to determine general trends. Line plots for SGR, BCP, and observed yields

for the control and chlorinated biofilms broken down into substrate and carbon levels are
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presented in Figures 4.4 and 4.5. P-values indicate the results from a one-way ANOVA 

for the carbon levels, with the control reactors compared at 500, 1000, and 2000 ppb C 

while the chlorinated reactors were compared at 1000 and 2000 ppb C. There were 

significant differences for all three parameters between substrate groups (p < 0.0005) and 

carbon levels within substrate groups (p < 0.0005). The only exceptions were the 

chlorinated SGRs where the carbon levels within the substrates were not significantly 

different (p = 0.409). A one-way ,ANOVA indicated there was a significant difference 

between reactor biofilm growth rates within substrate groups (p < 0.0005) and that there 

was no significant difference between amino acids and carbohydrates. However, th e re . 

was a significant difference between SGRs on the humics and the Other two substrates 

(Tukey’s pairwise comparisons). In general, SGRs for the humics reactors were less than 

those from the carbohydrates and amino acids reactors. SGRs in the presence o f chlorine 

were significantly different (p = 0.006) and greater than those in the absence o f chlorine. 

There was a significant difference between carbon levels (p < 0.0005), with the low level 

significantly different from the mid and high levels (Tukey’s pairwise comparisons) but 

no significant difference between the mid and high level. Reactor biofilm SGRs at the 

500 ppb C level were greater than both the 1000 and 2000 levels. The 500 level was 

always prior to the commencement o f chlorination. There was a significant negative 

correlation between SGR and the biomass areal density in the biofilm for both the control 

and chlorinated communities (r2 = -0.637, p = 0.001 and r2 = -0.570, p = 0.021, 

respectively). No correlations were detected between SGR and influent or effluent

substrate concentration.
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Figure 4.4 -  Line plots showing observed yield (pg cell C /pg C), bacterial carbon production (BCP, pg C/cm2ehr, xlO 3), and 
specific growth rate (SGR, hr"1) vs. nominal carbon feed concentration with respect to the separate substrates for the control 
reactors. Error bars are 95% confidence intervals. Data points are back-transformed means from the log transformed data. 
Values for n are 15, 15, 10, and 5 for the amino acids, carbohydrates, humics, and mixture respectively. P-values are the 
results from a one-way A N O V A  (Tukey’s pairwise comparisons) with carbon concentration as treatment levels (500, 1000, 
and 2000 ppb). Stars indicate where the significant difference arises between the carbon feed levels.
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Figure 4.5 - Line plots showing observed yield  (pg cell C /pg C), bacterial carbon production (BCP, pg cell C/cm2.hr, xlO3), 
and specific growth rate (SGR, hr"1) vs. nominal carbon feed concentration with respect to the separate substrates for the 
chlorinated reactors. Error bars are 95% confidence intervals. Data points are backtransformed means from the log 
transformed data. Values for n are 15, 15, 10, and 5 for the amino acids, carbohydrates, humics, and mixture respectively. P- 
values are the results from a one-way A N O V A  with treatment levels o f  1000 and 2000 ppb Carbon.



Yield and BCP were significantly and negatively impacted by chlorination, with 

the exception o f the carbon mixture experiment. Yields ranged from a high o f 0.11 jug 

cell carbon/pg substrate carbon in the mixture reactors at the high carbon feed level to a 

low of 0.019 in the carbohydrate communities. Biomass yield on humics (0.069, 0.042, 

and 0.036 at 500, 1000, and 2000 ppb C, respectively), amino acids (yield = 0.147, 0.041, 

0.020), and carbohydrates (0.121, 0.025, and 0.019) all decreased with increasing carbon 

concentrations. The mixture was the only substrate which showed an increase in cell 

yield (0.0, 0.044, and 0.111) with increasing carbon concentration.

In the control biofilms, yield also tended to decrease with increasing carbon 

concentration. A high o f 0.25 (pg cell carbon/pg substrate carbon) was measured for the 

mixture biofilm at the low feed level (250 ppb C) and a low of 0.034 was measured for 

the humics biofilm at the 1000 ppb C feed level. While the cell yield on humics was 

fairly steady between the three carbon feed levels (0.045, 0.034, and 0.035 at 500, 1000, 

and 2000 ppb C, respectively) the amino acids (yield = 0.124, 0.080, 0.084), 

carbohydrates (0.089, 0.038, and 0.046), and mixture (0.250, 0.142, and 0.126) all 

showed a significant decrease in yield at the higher substrate feed levels compared to the 

low carbon feed level.

BCP tended to increase with increasing carbon concentration (r2 -  0.475, p = 

0.019) in the control reactors. In terms o f pg C/cm2ohr, BCP for the amino acids (0.009, 

0.012, and 0.023 at 500, IOOO, and 2000 ppb C, respectively), carbohydrates (0.005, 

0.004, and 0.012), humics (0.003, 0.004, and 0.005), and mixture (0.007, 0.014, and 

0.025) all showed this increasing trend. In contrast, there Was no correlation between

139
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carbon  con cen tra tio n  and B C P  for the ch lorin ated  reactors. T h e m ixture (B C P  =  0 .0 0 0 4 ,  

0 .0 0 1 6 , and  0 .0 1 4 )  and the h u m ics (0 .0 0 2 8 , 0 .0 0 1 6 , and 0 .0 0 4 8 )  sh o w ed  an increase in  

p rod u ction  rates w h ile  the am in o  acid s (0 .0 0 9 , 0 .0 0 5 , 0 .0 0 5 )  and the carbohydrates  

(0 .0 0 7 , 0 .0 0 2 , and 3 .7 9  x  10'5) sh o w ed  a d ecrease  in prod u ction  rates fo llo w in g  

ch lorin ation . B io f ilm  b io m a ss w a s p o s it iv e ly  correlated  (r2 =  0 .6 1 9 , p  =  0 .0 1 1) w ith  B C P  

in  the ch lorin a ted  reactors w h ereas no correlation  w a s d etected  for the control reactors.

A ll  three param eters m easured  in  the n eg a tiv e  control reactor w ere  s ig n ifica n tly  

lo w er  than  the su p p lem en ted  reactors. B C P  w a s  8 .4  x  10"4 p g  c e ll  carb on /cm 2»hr (± 6 .4  x  

IO"4), S G R  w a s 0 .0 0 3 4  hr'1 (± 0 .0 0 3 2 ) , and the ob served  y ie ld  w a s 0 .0 0 3  p g  c e ll  

ca rb o n /p g  carb on  (± 0 .0 0 3 ) .

Carbon Source Utilization by Biolog Plates

T h ere are a num ber o f  m eth od s u sed  to  an a lyze  the data arising from  the  

m ea su rem en t o f  s in g le  substrate ox id ation  as occu rs in  B IO L O G  m icrop lates. O rig in a lly  

d e v e lo p e d  for  the id en tifica tion  o f  iso la ted  organ ism s based  o n  the substrate u tiliza tio n  

p ro file , th ey  h ave b een  adopted  for d ifferen tia tin g  co m m u n itie s  through the u se  o f  

m u ltivaria te  sta tistica l tech n iq u es su ch  as principal com p on en t a n a ly s is  (P C A ) or c lu ster  

a n a ly s is  (K lin g ler , e t ah , 1992; H itzl, et ah, 1997; K onopka, et ah , 1998; G arland and  

M ills , 1991; E llis , e t ah , 1995; H aack, et ah , 1995; V ahjen , et ah , 1 9 9 5 ). W e in tended  to  

u se  the m icrop la tes as a m eth od  o f  d ifferen tia tin g  the b io film  p op u la tion s from  the test  

and con tro l reactors at the b io film  sam p lin g  s ta g es  o f  1000  and 2 0 0 0  ppb C and b e tw een  

substrates. P C A  d id  e ffe c t iv e ly  separate the ch lorinated  from  control co m m u n ities , m id
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level from high level, as well as the communities grown On the different substrates. Due 

to the large amount o f data generated with these plates, the fact that PCA can detect 

differences in utilization is not surprising and generally the first two principal 

components from the analysis were effective in differentiating the communities 

(approximately 75 -85%  o f the variance could be explained in this manner). Addition o f 

the third principal axis added another 5 -  10% to this value and resulted in a very good 

separation o f the communities in three dimensions (data hot shown).

Since we collected the data as a time series, we could compare the oxidation rate 

o f the BIOLOG substrates among the different substrates used to generate the biofilm 

communities. We were interested to see if  the substrates used to grow the biofilms 

predisposed the organisms to a preference for the equivalent substrate in the BIOLOG 

plates. The ability of the control communities grown on amino acids or carbohydrates to 

utilize the converse substrates was not affected by the history o f the community as seen 

in Figure 4.6. The major effect was due to chlorination and this had a significant impact 

on the ability o f the carbohydrate and humic grown communities to utilize the specific 

carbohydrates or amino acids used in this study. However, the oxidation rates were not 

significantly different for either set of BIOLOG substrates within the control or 

chlorinated communities. This effect was also extended to the majority of other substrates 

present in the BIOLOG plates. The dye reduction rates for the amino acids grown 

communities were not significantly different between the chlorinated and control for the 

substrates shown in Figure 4.6, whereas they were for the carbohydrate and humics 

grown communities. Dye reduction rates were in the range of the specific growth rates
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measured in the reactors suggesting that this may be a rather simple method o f estimating 

growth rates.

Given that the Biolog plates used for substrate utilization contained the substrates 

chosen for evaluation with the exception of humics and the L-epimer o f arabinose, we 

chose to compare the dye reduction rates across the communities arising from the 

different substrates. Optical density in the individual wells was plotted against time and 

the rates were calculated from the linear portion o f the resulting curve. The rate o f dye 

reduction was assumed to be directly proportional to the rate o f  substrate oxidation. 

Comparison between the utilization of the amino acids and carbohydrates in the BIOLOG 

plates versus the substrate used to grow the biofilms is shown in Figure 4.6. Both the 

chlorinated and control reactor showed no difference in the reduction rate between amino 

acids or carbohydrates regardless of the substrates used for biofilm growth. The rate of 

dye reduction and the number o f substrates utilized by the homogenized biofilms was 

negatively impacted by chlorination. Chlorination had a significant impact (p < 0.0005) 

on the ability o f the homogenized biofilm to utilize the substrates present in the BIOLOG 

plates, whereas there was no significant difference in the control reactors (p = 0.073). 

However, chlorination had no effect on the ability o f the amino acid grown cells to utilize 

either the amino acids or carbohydrates present in the BIOLOG plates.
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The carbohydrate and amino acid grown control communities oxidized virtually 

every substrate present in the BIOLOG plates whereas the humic grown biofilms showed 

a reduced capacity to utilize many of the substrates. This response was measured as the 

maximum optical density recorded in the individual wells and represents the potential o f 

the cells to utilize the individual substrates. The substrates in each plate can be divided 

into classes which include: (I) polymers, (2) sugar alcohols, (3) monosaccharides (both D 

and L forms), (4) di- and tri-saccharides, (5) carboxyl- arid amine- substituted sugars, (6) 

fatty acids (short chain and substituted), (7) dipeptides and amino acids (2 D-amino acids 

as well), (8) nucleic acid bases, and (9) various other indicator substrates. These other, 

substrates include phenyl ethylamine, 2-amino ethanol, 2,3-butanediol, glycerol, D ,L-a- 

glycerol phosphate, glucose-1-phosphate, glucose-6-phosphate, and bromosuccinic acid. 

Based on maximal response over the course of the 4 - 5  day incubations the control 

reactors had substrate preferences in the order amino acids > carbohydrates > organic 

acids > polymers = fatty acids. The chlorinated communities followed the same trend 

except that polymers were definitely preferred over fatty acids. The poorest overall 

substrate was thymidine with only 2 (average optical density > 0.15) out of 17 sample 

communities showing an ability to utilize it as a single carbon source.
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Figure 4.6 -  Dye reduction rates averaged over the four amino acids and four 
carbohydrates used for biofilm development. Y-axis is the substrate source used 
for biofilm development and the bars are the response o f those cells to either the 
amino acids or carbohydrates present in the BIOLOG-GN microplates. Error bars 
are standard deviations.

C om parative Analysis of M ethods used for G row th Rate Estim ations * 2

T a b le  4 .2  sh o w s S G R s com pared  b y  m eth o d  o f  ca lcu la tio n  for the am in o  acid s  

ex p er im en ts . G row th  rates co u ld  b e ca lcu la ted  b y  carbon per u n it v o lu m e , v o lu m e , 

carbon  per c e ll , bacteria l carbon prod u ction  d iv id ed  b y  total b io f ilm  b io m a ss, total c e lls  

and a c tiv e  c e lls . C arbon per unit v o lu m e  w a s ca lcu la ted  u sin g  the eq u ation  from  C hapter

2 (w e ig h te d  n on -lin ear regression ) and carbon per c e ll w as ca lcu la ted  from  the average  

ca rb o n /ce ll va lu e  o f  4 2  fg  m easu red  in  C hapter 2 . A c tiv e  ce lls  w ere  ca lcu la ted  u sin g  the  

a c tiv e  fraction  o f  c e lls  accord in g  to  m icroautoradiography from  C hapter 3. A d d itio n a lly , 

a co rrectio n  factor co u ld  b e  ap p lied  to  the carbon  per unit v o lu m e , v o lu m e , and carbon  

per c e ll  ca lcu la tio n s. C on sid er, for ex a m p le , the v o lu m e m easu rem en ts. T h e c e lls  

en terin g  the reactor h a v e  a  d ifferen t average v o lu m e  than th ose  in the e fflu en t. A ssu m in g  

that the in flu en t c e lls  do not attach and are represented  as a fraction  o f  the e fflu en t c e lls
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the correction factor for this fraction o f  ce lls  is different from that for ce lls  arising from  

w ith in  the reactor (i.e. from b iofilm  detachm ent). Therefore, the number o f  influent ce lls  

w as subtracted from the num ber o f  effluent ce lls, this value w as m ultiplied by the 

average effluent ce ll volum e (i.e. conversion  factor) and added to the influent total ce ll 

volum e. The active fraction o f  the cells in  the influent and effluent o f  the reactor w ere  

used  to correct the growth rates to active ce lls . A n  assum ption for this calculation is that 

the active fraction o f  ce lls  in the b iofilm  is equivalent to the active fraction o f  ce lls  in  the 

effluent. W hile individual m ethods produce slightly  different results, the d ifferences are 

not significant.

fgC/pmJ qm j fgC/cell cells BCP
R eactor C arbon I 2 I 2 I 2 I 2 3

control 1000 0.024 0.021 0.028 0.030 0.025 0.027 0.026 0.029 0.026
2000 0.019 0.017 0.023 0.024 0.021 0.022 0.021 0.022 0.021

chlorine 1000 0.021 0.018 0.014 0.016 0.017 0.019 0.017 0.021 0.017
2000 0.008 0.008 0.010 0.010 0.009 0.012 0.009 0.010 0.009

Tab e 4.2 -  SGRs for amino acids at the mid and iigh carbon feed levels
calculated by different methods. One is the corrected growth rate and 2 is the 
uncorrected growth rate for fgC/pm3, um3, and fgC/cell. For cells, I is total cells 
and 2 is active cells. 3 - growth rate measured by dividing BCP (pg C/cm2»hr) by 
total biofilm biomass (pg C/cm2).

C arbon Substrate Removal

Carbon rem oval across the reactors using filtered non-purgeable organic carbon  

(N P O C ) data w as used for determ ination o f  the substrate rem oval rates. W hen carbon  

rem oval flu x  (p g  C used /cm 2«hr) w as plotted against the influent loading rate (p g  

C /cm 2»hr) a linear relationship w as seen  in the data where the slope represents the
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fraction o f  carbon rem oved across the reactors. T able 4.3 show s the fraction o f  substrate 

rem oved, regression  coeffic ien ts and 95%  confidence intervals for the slopes. Table 4 .4  

sh ow s the sp ecific  rem oval rate norm alized to b io film  biom ass. A ll intercepts from  the 

substrate flu x  regression w ere negative (range -0 .0 6 9  to -0 .0 0 2 4  p g  C /cm 2.hr) except for 

the carbohydrate control reactor(y =  0.0081 pg  C /cm 2.hr), indicating that in m ost cases  

there w as a positive x  -  intercept or a m inim um  substrate loading rate w hich  w ould  

support a steady state b iofilm  com m unity. S ince this was a M odel II regression, the 

m ethod o f  geom etric m eans was used for the regression  analysis. T he linear relationship  

noted above did not a lw ays occur for the norm alized carbon rem oval rate plotted in the 

sam e manner. U sin g  a G LM  A N O V A , there w as a significant d ifference in norm alized  

carbon rem oval rates betw een  substrate groups (p =  0 .005) and betw een  carbon levels  

w ith in  substrate groups (p <  0 .0005) for the control reactor. In the presence o f  chlorine, 

sp ecific  rem oval rates w ere not significantly different betw een substrates (p =  0 .1 2 3 ) but 

w ere sign ificantly  different betw een carbon leve ls  within substrates (p <  0 .0005). 

R em oval rates w ere calculated for the chlorinated reactor after chlorination had been

initiated.
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Substrate Reactor Slope (ni,n2) ---------- P ---------- 95% C L
amino acids control 0.98 (2, 15) 0.992 0 .8 9 - 1.07

chlorinated 1.02(2, 15) 0.981 0.91 - 1.14

carbohydrates control 0 .90(2 , 11) 0.980 0 .8 0 - 1.0
chlorinated 0.08 (2, 11) 0.932 0 .0 0 8 -0 .1 4

humics control 0.78 (2, 10) 0.952 0.63 - 0.92
chlorinated 0 .58(2 , 10) 0.818 0.37 - 0.79

m ixture control 0.64 (1 ,6 ) 0.991 0.54 - 0.74
chlorinated 0.50 (1 ,6 ) 0.993 0.43 - 0.57

control control 0.05 (1 ,7 ) 0.904 0.03 - 0.07
Table 4.3 -  Linear regression data for carbon flux (fig Carbon used/cnr»hr) as a 
function o f  influent substrate loading rate (p.g Carbon/cm2»hr). The slope 
represents the fraction o f  the influent carbon loading removed across the reactors 
in the 2.1 hour detention time o f  reactor operation, n, is the number o f  
experiments for which TOC data was obtained and n2 is the number o f data 
points used in the regression. Model II regressions were performed by the 
method o f geometric means. 95 % confidence interval is for the slope o f  the 
regression. Results for the m ean norm alized specific carbon rem oval rates 
are reported at the level o f  substrate and reactor only.

Substrate Reactor Mean Norm. Carbon 
Removal Rate ( h r ')

95% C L for 
Mean

Amino Acids control 0.080 0.075 -0 .083
chlorinated 0.234 0.204 - 0.269

C arbohydrates control 0.129 0 .1 2 1 -0 .1 3 7
chlorinated 0.243 0 .1 9 8 -0 .2 9 9

Humics control 0.118 0 .1 1 0 -0 .1 2 7
chlorinated 0.200 0.165 -0 .243

M ixture control 0.078 0 .0 4 2 -0 .1 4 6
chlorinated 0.538 0.341 - 0.849

C ontrol control 0.048 0 .029-0 .081
Table 4.4 -  Mean substrate specific removal rate normalized to biofilm biomass. 
Values are backtransformed from the log transformed data. Analysis was 
performed separately on the chlorinated and control reactors. The substrate 
control was analyzed separately. Data used for the chlorinated reactor was 2 
levels, 1000 and 2000 ppb C, after chlorination was initiated.
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Discussion

In these experiments, we have focused on the role of biofilm communities in the 

turnover o f the most commonly detected carbon substrates in aquatic systems (Jorgensen 

and Jensen, 1994; Kaplan and Newbold, 1993; Hanisch, et a l ,  1996; Paerl, 1991; Volk, et 

al., 1997). While most studies have focused on planktonic organisms, a few exceptions 

have attempted to utilize biofilm bacteria in order to determine kinetic constants or 

substrate utilization profiles (Kaplan and Newbold, 1995; Frias, et al., 1994; Merlet, et 

al., 1991; Volk, et al., 1997; Kott, et al., 1997). These studies have been performed with 

BDOC columns or BAC filters, both o f which were used in these experiments. The 

BDOC columns were used to measure carbon removal, growth rates, yields, and 

secondary carbon production from the communities maintained on biologically filtered 

drinking water. Drinking water has been the focus o f most of these studies involved with 

bacterial biofilms due to the potential o f detrimental growth within the distribution, 

system as well as the positive aspects o f biofilm formation in BAC filters. Regrowth 

within the distribution system is a concern due to the potential health hazards, 

deterioration o f the waters aesthetic qualities (e.g. taste, odor, and color), and the. 

persistence o f indicator bacteria (e.g. coliforms) within the biofilm. Conversely, for pre

treatment o f drinking water, biofilm growth in BAC filters is encouraged for the 

following reasons: (I )  decreased chlorine demand in finished waters, (2) decreased 

regrowth potential due to BDOC removal, and (3) decreased disinfection by-product 

formation. In addition to these three positive aspects, it is advantageous to encourage
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bacterial growth at a point where we can exercise some operational control and minimize 

it in the distribution system where the only practical control we have is increasing 

disinfection levels. Chlorination has not been a factor in any o f these studies and since 

chlorine tends to be the disinfectant of choice, especially in North America, no attempts 

have been made to measure bacterial growth related parameters in the presence of 

chlorine.

Control Stage Carbon Level

Analysis o f the negative control reactor data for total and culturable cells as well 

as DOC removal showed that the AOC “free” dilution water was free o f utilizable 

carbon. This indicates that the GAC/BAC filter was very effective in removing utilizable 

carbon in the finished drinking water and that the responses measured in the 

supplemented control reactors were due to the added carbon substrates. The negative 

control reactor had a net removal o f carbon not significantly different from zero while the 

BDOC columns removed an extra 32 ±38 pg CZL over and above what was removed by 

the GAC/BAC filter. Expressed as a rate, this was equivalent to 15.2 pg C/L»hr, or 

approximately 2% of the removal flux for the GAC/BAC filters (average was 760 pg 

C/L«hr). As a percentage o f the excess substrate supplied to the reactors this ranged from 

0-14% at the lower carbon loads (500 ppb C). GAC/BAC filtration removed an average 

o f 18 ±4.7 % o f the influent TOC, typical for percentage removals in raw freshwater and 

marine systems (Kaplan and Newbold, 1995; Amon and Benner, 1996; Volk, et al., 1997; 

Tranvik, 1988). GAC/BAC filtration is usually performed much earlier in the treatment
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process, and not in the finished water as was the case for this study. This likely indicates 

the formation o f a bacterial community on the filters that is uniquely suited to the 

degradation o f the carbon in the source water, which is not surprising when one considers 

that this filter had been operating for approximately 3 years prior to the initiation o f this 

study and 7 .years by the end of the study.

Based on the results from the control stage o f the experiments the substrate goup 

that provided the most favorable growth conditions was the amino acids. Carbohydrates 

supported a total effluent population of cells that was 80% of the amino acids whereas 

humics maintained a population that was only 47% of the amino acids. The same trend 

was seen for the culturable cells where the carbohydrates and humics supported only 75% 

and 32% o f the amino acids cell density, respectively. Biofilm total cell density was 

similar with the carbohydrates supporting 75% and the humics supporting 15% of the 

amino acid population. The only parameter that did not follow this trend was the 

culturable biofilm cells from the carbohydrates experiments. Culturable were 27% greater 

in the carbohydrate biofilms than in the amino acid biofilms (humics support 5% of the 

amino acid cell density). Steady state effluent planktonic cell densities in all experiments 

were within the limits o f those found in natural freshwater systems (Tranvik, 1994; 

Pollard and Greenfield, 1997; Rheinheimer and Gocke, 1994). This suggests that carbon 

loading levels were approximating th o se . found in other aquatic environments, 

particularly in the case o f the humics and mixture experiments. The unexplained error 

component comprised <5.0% of the total and culturable effluent cell data variance 

indicating that the error due to sampling was low. Variance components at the level of
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experimental replication were approximately 10% of the total variance, indicating good 

replication. Without the high n-value achieved with this experimental protocol, it was 

unlikely that differences would have been detected between the population densities 

supported by the different substrates. At a power o f 0.99, a post-hoc analysis based on the 

means (±S.D.) measured in this study indicated that an n value o f 13 was required. 

Reproducibility was good between experiments within substrates and between reactors 

within substrates for the entire study.

Test Stage Carbon Levels

Once chlorination began, the differences in the substrates were magnified to a 

larger degree than for the control stage o f the experiments. Overall the amino acids were 

the best substrate for the control reactors. The amino acids produced higher culturable 

cell counts than the amount o f total cells arising from the humic experiments. All o f the 

control reactors exhibited an increase in effluent total cell counts from the lower to higher 

carbon loading levels, with only the huniics increase being insignificant. The chlorinated 

communities follow a different trend, with total cells being equivalent across carbon 

levels for the amino acids and carbohydrates while the significant decrease seen in the 

carbohydrate culturable cells was not observed in the amino acid experiments. The 

humics were the only substrate that showed a significant increase in effluent total cells 

and culturable cells after chlorination was initiated (Figure 4.3).

While total and culturable cells were significantly correlated in all cases, the 

correlation was particularly weak for both the influent cells and the humic effluent cells. 

Culturability (i.e. cfu/tdc) was significantly impacted by chlorination for all o f the
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that an attempt to use culturable cells as an indicator of activity in the reactors would 

produce unreliable results with respect to yield, BCP, and SGRs. The range o f 

culturability (5 -  50%) is considerably above the range o f literature values in natural 

environments (0.01 -10% ). This could be due to the presumed lower community 

diversity in drinking water systems as compared to most other environments. Drinking 

water bacterial isolates tend to be Proteobacteria, most o f which aree able to grow on agar 

plates under laboratory conditions (Camper, et al., 1986; Kalmbach, et al., 1997; Shirey 

and Bissonnette, 1991; Manz, et al., 1993; Mikell, et al., 1996).

The biofilm sampling data does not show the same trend as that seen for the 

effluent data. All substrates produced significantly higher counts in control biofilm 

culturable cells when going from low to high level carbon loading, but as a fraction of the 

total biofilm cells, culturability decreased at the high carbon loading levels to 25-50% of 

the culturability seen at the low carbon level. Total cell counts indicated that there was an 

overall increase in the number of cells with increasing carbon load for all substrates. At 

the middle carbon level the humics were significantly higher than the carbohydrates and 

amino acids for total biofilm cells (control) whereas at the higher carbon level the humics 

were intermediate to the amino acids (high) and carbohydrates (low). For the chlorinated 

reactor, amino acids were the better substrate for biofilm cells at both carbon levels while 

the humics were significantly higher than the. carbohydrates. For the culturable biofilm 

(and effluent) cells, amino acids provided some protection from the effects of 

chlorination since there was no difference between the number o f cells that grew on R2A

152
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agar between the chlorinated and control reactors at both of the chlorinated carbon levels. 

This is also apparent when considering the percentage o f biofilm (and effluent) culturable 

cells with respect to total biofilm (and effluent) cells where the amino acids show 10% 

(21% in the effluent) culturability while the humics and carbohydrates showed 0.9% 

(1.5%) and 0.07% (5.4%) at the highest carbon level. Overall, the only difference in 

culturable biofilm cells for the control reactors was between the mid-level amino acids 

and high-level humics, which suggest that a poor relationship exists between culturable 

cells and potential activity in the biofilms.

While the amino acids and carbohydrates were almost totally utilized in the 

control reactors (98 and 90% respectively), humics removal was 78% of the influent load. 

Still this value is 2 to 10 times published literature values, which range from I to 45% 

(Volk, et al., 1997; Tranvik, 1988; Tranvik, 1993; Tranvik and Hofle, 1987; Tranvik and 

Kokalj, 1998; Amon and Benner, 1994). While most of these studies were performed in 

planktonic batch cultures, the values closest to ours, 25% from Volk et al. (1997) and 

45% from Merlet et al. (1991) are from studies which used biofilm bacteria. We 

performed batch culture studies with the bacteria from the endpoint humics experiments 

(data not shown). Results from these experiments indicated that when the biofilm 

communities were disrupted by scraping and homogenizing, the now planktonic cells 

could only utilize 24 ±10% (n = 10) of the total humic substrate over a 10 day incubation 

period. This is in contrast to the steady state biofilm removal o f 78% for the control and 

58% for the chlorinated biofilms during 2.1 hours as measured in the reactors.
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It is not surprising that amino acids provided for highest population densities in 

the biofilms. Selection o f the amino acids for this study was based on their environmental 

availability and relationship to central metabolism. Energetically, amino acids provide an 

easily utilizable carbon, energy, and nitrogen source, whereas carbohydrates only satisfy 

carbon and energy requirements. In this case the communities are forced to assimilate 

nitrate as the nitrogen source. The need to derepress nitrate assimilatory pathways and the 

energetic cost required for the reduction of nitrate to ammonia is high compared to the 

assimilation o f glutamate in the amino acids mixture. Glutamate itself supplies the a-NHg 

group to amino acid anabolism as well as providing the nitrogen source for purine and 

pyrimidine biosynthesis. The product arising from transamination with glutamate is a -  

ketoglutarate which can directly enter the TCA cycle, providing an energetic and 

anapleurotic role. Serine and alanine feed into the Embden-Meyeroff-Pamas pathway at 

the level o f pyruvate and can be used in a variety o f anapleurotic pathways. Aspartate 

plays a key role in amino acid metabolism, acting as a precursor for lysine, methionine, 

threonine, isoleucine, asparagine, and to a minor extent alanine. Conversely, the 

carbohydrate communities would be expected to expend a significant amount of energy 

in both the assimilation o f nitrate and the anabolic reactions required for the synthesis of 

all precursor metabolites such as amino acids and nucleotides.

The humics were a highly heterogeneous source o f carbon, nitrogen, and trace 

elements. Trace level concentrations of a variety o f amino acids and carbohydrates bound 

within the polyaromatic backbone of the humic structure would be expected to provide a 

relatively diverse nutritional supply, contingent on the ability o f the communities to gain
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access to the bound nutrients. In this regard, the function of the biofilm could aid to a 

considerable degree. Chlorination provided for some level o f humic oxidation, likely 

leading to a consequent release o f nutrients, while the biofilm itself certainly confers an 

increase in degradative capacity (Wolfaardt, et al., 1994; Wolfaardt, et a l ,  1994; Manem 

and Rittmann, 1992). A variety o f explanations are plausible for this increased 

degradative capability. The increased surface area to volume ratio in the biofilm provides 

for a larger reactive surface area. Through forming biofilms, cells can alter their local 

environment to allow for more favorable growth conditions and potential interactions 

between species. Sequestration o f the humic material within the biofilm could result in 

enhanced degradative capacity, such that the organisms are capable o f utilizing a larger 

fraction o f the influent material. However the increased degradative capability arises, the 

consequence is that the BDOC fraction in water is potentially much higher than 

previously thought. Utilization of the high molecular, weight fraction has been shown for 

marine, streamwater and drinking water bacteria (Volk, et al., 1997; Amon and Benner, 

1994; Amon and Benner, 1996; LeChevallier, et al., 1992).

This study and others have shown that biofilm communities have a much higher 

capacity to extract energy and carbon from recalcitrant sources. Whether one is interested 

in the regrowth potential (AOC) of drinking water or the removal o f chlorine demand and 

the potential formation o f disinfection by-products (BDOC), utilization of suspended 

planktonic organisms to derive results for systems where most o f the activity occurs in 

biofilms does not provide realistic or reliable results.
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Growth Rates, Production, and Yield

M ost investigators w ould  accept that treated drinking water is an oligotrophic  

aquatic environm ent. H ow ever, operationally, oligotrophic system s have generally been  

accepted  to be those in w hich  the rate o f  food  supply is very lo w  and w hen carbon is 

lim iting, in the range o f  fractions o f  m illigram s C /L .day (A ndrew s and Harris, 1986; 

Schut, et al., 1997). From this view point, the dilution water entered the reactors at a 

m axim um  carbon loading rate o f  1.0 m g C /L .day, whereas the supplem ented reactors 

have carbon loading rates o f  approxim ately 6, 12, and 24 m g C /L .day. T hese values are 

com parable to the m ean B D O C  loading rate entering (i.e. fin ished drinking water) the 

G A C /B A C  filters, w hich  was 18 m g C /L .day. This high carbon loading rate entering the 

G A C /B A C  filters is due to the short residence tim e (15 m inutes). B y  the definition g iven  

ab ove it w ou ld  not be considered oligotrophic. G iven  the values above, the supplem ented  

reactors w ere not receiving an amount o f  carbon that w as ex cessiv e ly  above what w as in 

the drinking water itself. The quality o f  the substrate w as better in the supplem ented  

am ino acids and carbohydrates experim ents but likely  o f  sim ilar quality for the hum ics  

and m ixture experim ents. S ince steady-state w ith in  the reactors w as indicated by the 

p reviously  m entioned m easured parameters, reactor operation w as at pseudo steady-state  

prior to increasing the carbon concentrations.

The concept o f  r - and K  -  selection  theory in relation to m icrobial eco logy  can  

exp la in  several o f  the findings w ith  respect to SG Rs, production, and observed yields. 

A ndrew s and Harris (1986) introduced the concept o f  r- and K - selection  theory to 

m icrobial eco lo g y  in 1986. W ithin the context o f  r/K selection theory, population density
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is o f paramount importance with respect to the environmental niche that an organism 

occupies. Maximization o f survival fitness occurs in response to either uncrowded (r -  

selection) or crowded (K -  selection) environments. K refers to the density o f individuals 

that a given environment can support while r refers to the maximum specific rate o f 

increase o f an organism. Thus, either the organism or the environment can be defined in 

terms o f r/K selection theory, r-environments tend to be transitory and arise due to 

increased food supply, a severe reduction in the population density, and/or a shift in 

environmental conditions. A K -  environment exists when the population is in 

equilibrium with its surroundings’ such that specific rates o f increase are close to zero and 

food supply is maximally utilized.

Initiation of our experiments results in an f-environment situation due to the 

conditions in the reactors. The microorganisms, which colonize the annular reactors, 

originate from the oligotrophic and uncrowded environment (mid IO5 total cells/ml) of 

the GAC/BAC filters. As soon as they enter the reactors, they are faced with a relative 

surfeit o f carbon and colonize the reactors at a low population density. Substrate 

concentrations are relatively low and in the range o f 2.1 -  3.5 pM  for amino acids, 1.7 -  

2.1 pM for carbohydrates, and approximately 25 pM  C for humics. These concentrations 

are insufficient to support high cell densities and low cell densities tend to allow for 

higher growth rates given a constant supply o f food. Once steady-state is reached, cell 

densities are still relatively low at the lowest feed concentration as compared to the 

higher cell densities found in the reactors at the higher feed concentrations (see Figures
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4.1 and 4.2). This paradigm of population density, crowding, and rate o f food supply can 

be used to explain the trend in growth rates seen in our experiments, as described below.

Control Communities.. Specific growth rates (SGRs) for all substrates were 

significantly higher at the low carbon feed level as compared to the higher feed levels. 

The correlation between biofilm biomass and SGR was significantly negative for both the 

control and chlorinated communities (r2 = -0.637, p = 0.001 and r2 = -0.570, p = 0.021, 

respectively). There was no correlation between SGR and substrate concentration for 

either o f the communities. In addition to r/K -. selection theory predicting this 

consequence, a number o f other investigators have found the same correlation for 

planktonic bacteria, where a higher standing stock of biomass is significantly correlated 

with a lower SGR (Morris and Lewis, 1992; Moriarty and Bell, 1993; Andrews and 

Harris, 1986; Pollard and Greenfield, 1997). SGR on carbohydrates and amino acids were 

equivalent.at the higher carbon loading levels and both were significantly higher than for 

the humic grown communities. While the higher substrate concentrations support higher 

cell densities, SGR could be limited due to the lower per capita food supply. Table 4.4 

shows that utilization rates normalized to biofilm biomass are L7 — 7.0 times lower for 

the control reactors as compared to the chlorinated reactors. This indicates that the 

amount o f substrate per unit biomass is significantly lower in the control, compared to the 

chlorinated communities. Biofilm cell density increases by approximately an order o f 

magnitude (see Figures 4.1 and 4.2) or more for the control reactors while carbon supply 

was only doubled. The . control reactors removed most o f the amino acids and
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carbohydrates and a significant portion o f the humics in order to support higher 

population densities growing at lower rates. Doubling times at the highest carbon feed 

level for the control reactors were 8.3 days for the mixture, 2.3 days for the 

carbohydrates, 15.4 days for the humics, and 2.5 days for the amino acids. As a 

comparison, the negative control reactor had a doubling time o f  12.3 days. This 

approximates the value obtained by Van Der Wende,- et al. (1989) (16.7 days) using 

annular reactors in unamended drinking water.

Yield decreased in the following order amino acids (0.08 -  0.12 pg cell C/pg C) > 

carbohydrates (0.038 -  6.089) > humics (0.034 0.045) with the highest yield values 

obtained at the lowest feed concentration. Decreased per capita food supply in 

conjunction with high cell density could have led to increased maintenance requirements 

and a concomitant decrease in the efficiency with which the individual organisms 

converted substrate to biomass. Higher biomass yield due to utilization o f small 

molecules has been shown by Amon and Benner (1996) and Schweitzer and Simon 

(1995). Although the yield measured in these experiments tended to be at the low end, 

they are in the range o f values reported in the literature (Tranvik and Hofle, 1987; Button, 

1985; Hanisch, et al., 1996). Low cell yields would be preferred in biological filters, 

since the organisms arising from the filter would have to be removed prior to-releasing 

the water into the distribution system. Therefore, encouraging high biomass in a 

biological filter would tend to decrease cell yield due to the rather inefficient conversion 

o f substrate to biomass (however, see discussion on BCP below). The mixture provided 

for the highest yield, likely due to the diversity o f nutrients present, but again the highest
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yield (range, 0.13 -  0.25) was at the lowest carbon feed level. Yield was significantly 

positively correlated with BCP (r2 = 0.555, p = 0.005).

BCP in the control communities tended to increase as carbon loading increased, 

although not significantly in the case o f the humics. While the reported values are 

normalized to surface area, multiplying by the surface area to volume ratio of the annular 

reactors (1800 cm2/0.630 L) and converting hours to days, results in production rates that 

can be compared to other environments. Sommaruga (1995) reported mean BCP rates o f 

587 pg C/L.day (maximum = 1071) in a hypertrophic Venezuelan lake, similar to values 

arising from the annular reactors in these experiments. BCP rates in pg C/L*day ranging 

from 635 -1585 for amino acids, 295 -  803 for carbohydrates, 209 -  338 for humics, and 

456 -  1738 for the mixture were measured in the control reactors. More typical BCP rates 

in natural planktonic communities range from 0 -  100 pg C/L«day (Fuhrman and Azam, 

1980; Hanisch, et ah, 1996; Simon and Azam, 1989).

A number o f studies on BCP rates on epiphytic surfaces are within the range o f 

our BCP estimates when normalized to surface area (see Results section and Figures 4.4 

amd 4.5). Thomaz and Wetzel (1995) measured rates in the range o f 0.93 -  1.85 p,g 

C/cm2eday (at 20°C) on the surface of the aquatic macrophyte Juncus effusus detritus by 

3H-Ieucine incorporation rates. They showed that BCP increased with increasing biomass 

whereas growth rate decreased. They also estimated bacterial turnover times of 4.8 -15.2 

days for their samples, very similar to the turnover times measured in the annular

reactors.
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While the SGR and yields decreased in our experiments, increased BCP was 

likely due to the higher biomass density present at the higher feed concentrations. Since 

the growth rates were independent o f the external substrate concentration, the biofilm 

communities were not growing according to the conventional Monod kinetic model used 

for free-living bacteria. These results are similar to those found by Moller, et al. (1995) 

who used a direct microscopic image analysis technique to determine that growth rates o f 

attached Pseudomonas putida  in chemostat studies were independent o f the dilution rate. 

This has implications for the modeling o f bacterial growth in drinking water distribution 

systems. Most, o f the models assume that growth is first order (i.e. Monod kinetics) in the 

biofilm, while this study indicates that this is not correct. This also implies that 

knowledge of the growth rates o f the organisms in a drinking water distribution system or 

biological filter is unpredictable and requires direct measurements as were done in this 

study.

C hlorinated Commmnities. With the exception of the amino acids, SGRs in the 

presence o f chlorine were always higher than the SGRs in the parallel control reactor. 

The correlation between biomass and SGR was significant and negative (see above). 

SGRs were not significantly different between carbon levels after initiation of 

chlorination. The chlorinated amino acids biofilm communities were seemingly 

unaffected as biofilm biomass was not significantly impacted and substrate utilization 

was the same as for the control reactors. Accordingly, one would expect the growth rates 

to be equivalent for the chlorinated and control communities. However, the SGR in the 

chlorinated reactor was significantly lower than that of the control reactor. This is likely
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due to the small but significant impact o f chlorination on the effluent cells, whereby the 

effluent cell concentration in the chlorinated communities is 63% and 35% o f the control 

effluent population at the mid and high carbon loading stage respectively. SGRs were 

equivalent at the mid-level feed concentration, but the chlorinated reactor SGR was 20% 

of the control reactor at the high carbon loading stage.

Another possible explanation is an interaction between the dual stress of nutrient 

limitation and chlorination. Biofilm and effluent cell concentrations for the carbohydrates 

and humics are significantly impacted by chlorination (Figures 4.2 and 4.3). The 

substrate is relatively more plentiful (see Table 4.3 and 4.4), which results in higher 

SG Rs. (Figures 4.4 and 4.5). The carbohydrate-fed reactors, with the highest 

concentration o f substrate in the effluent as well as the lowest biomass in both the 

effluent and biofilm showed the highest SGRs under chlorination with the exception o f 

the mixture reactor at the highest carbon feed level. Doubling times at the highest carbon 

feed level for the chlorinated reactors were I day for the mixture, 1.1 days for the 

carbohydrates, 4.3 days for the humics, and 12.1 days for the amino acids.

Observed yields in the chlorinated communities were negatively correlated with 

SGR (r2 = -0.525, p = 0.037) and positively correlated with biomass (r2 = 0.566, p -  

0.022) whereas no correlations were detected for the control reactors. Thus, as SGR 

increased arid biomass decreased the communities became progressively less efficient at 

converting substrate into increased amounts o f biomass. This could be due to the injury 

caused by the oxidative stress from chlorination and the need to increase the amount o f 

substrate used for repair and maintenance vs. growth. The trend seen for the control
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reactors where yield decreased as carbon loading increased was also seen for the 

chlorinated reactors. Cell yield for the humics was equivalent in the chlorinated reactor 

and the control reactor at the high carbon loading level. Given that both o f the 

populations are stressed (one by chlorination and the other by nutrient limitation) 

maintenance energy requirements would have a larger affect on the more slowly growing 

communities, potentially resulting in a lower yield in the nutrient stressed organisms as 

compared to the chlorine stressed organisms (Russell and Cooks 1995).

Increased yield could also be due to an interaction between chlorine and hum ics,, 

whereby humic oxidation results in a subsequent release o f more readily utilizable 

substrates and a change in the character of the humic material. This phenomenon has 

been shown to occur when water is ozonated or chlorinated (Hanna, et at., 1991; Goel, et 

al., 1995; Huck, et al., 1991; Huck, et al., 1994). A highly significant and positive 

correlation between yield and BCP was noted for the chlorinated reactors (r2 = 0.899, p < 

0.0005).

BCP in the chlorinated reactors was also correlated with biomass (r = 0.619, p = 

0.011). BCP was 366 and 347 pg C/Loday for amino acids, 136 and 3 for the 

carbohydrates, HO and 326 for the humics, and. 113 and 969 pg C/L-day for the mixture 

at the two carbon feed levelsof 1000 ppb and 2000 ppb, respectively. The high SGR in 

the chlorinated carbohydrate community was insufficient to offset the low biomass and 

yield such that BCP was the lowest measured in these experiments. The next lowest BCP 

value of 58 pg C/Loday was measured in the negative control reactor. This suggests that 

biological filtration is as effective as chlorination in controlling bacterial growth and
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production. BCP in the humics-grown communities was low at the 1000 ppb C feed level 

and increased to a value not significantly different from the control reactor BCP at the 

2000 ppb C level. This could be attributed to the higher SGRs in the chlorinated humics 

(3.6 times the control) communities since the yields were similar (0.036-chlorinated and 

0.035-control) but biomass was lower in the chlorinated system. The mixture was the 

only substrate that showed a progressive increase in BCP for both the control and 

chlorinated reactors. A combination of high yield (0.13 pg cell C/pg C), high biofilm 

biomass (4.95 x IO6 cells/cm2), and high growth rate (doubling time = I day) in the 

chlorinated reactor was insufficient to offset the higher biomass (1.11 x IO8 cells/cm2), 

equivalent yield (0.11 pg cell C/pg C) and low growth rate (doubling time 8.3 days) o f 

the control reactor. BCP under chlorination was 56% of that measured in the control 

reactor.

Comparison of Growth Rates Measured by Different Methods

In these experiments, we had a unique opportunity to measure growth rates by a 

number o f different methods (see Table 4.2). All o f the methods resulted in growth rates 

that were not significantly different from each other. Friedrich, et al. (1999) corrected 

growth rates according to microautoradiography measurements. Free (doubling time, 

range 4.42 -  26.88 days) and attached (0 .1 5 -1 .8  days) aquatic communities had lower 

doubling times when growth rates were corrected according to activity. When we 

corrected the growth rates for activity, we found no difference compared to the other 

methods. This is likely due to the model used for measuring growth rates in the reactors.
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Since we have to account for the activity o f the organisms in the influent, effluent and 

biofihn, the correction factors applied cancelled each other out. In addition, we assumed 

that the active portion o f biofilm cells was equivalent to the active portion o f cells in the 

effluent which may or may not be true (Sommaruga, 1995; Manz, et al., 1993; Kalmbach, 

et al., 1997; van Loosdrecht, et al., 1990; Caldwell and Lawrence, 1986; Fletcher, 1986). 

I f  the actual activity in the biofilm was higher than our estimate then the actual growth 

rates would be lower than measured whereas an overestimation o f active biomass would 

underestimate the growth rates.

Conclusions 1 2 3 4

1) Replication was reproducible between (variance of ca. 10%) and within (< 5%) 

experiments in the annular reactors when sufficient time for steady state was 

allowed between carbon loading levels.

2) Growth rates were independent of bulk fluid substrate concentration (zero order 

kinetics) and were positively correlated with biofilm biomass.

3) Substrate preference in the control communities was amino acids > carbohydrates 

> humics, when considering only the cell densities in the effluent and biofilm.

4) With respect to cell densities, free chlorine residuals in the range of 0.15- 0.20 mg 

chlorine/L had a relatively insignificant impact in the presence of amino acids, a 

significant and negative impact in the presence of carbohydrates, and a relatively 

positive impact in the presence of humic substances.
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5) Specific growth rates and observed. yields decreased with increasing biofilm 

biomass. Accordingly, the highest growth rates and yields were observed at the 

lowest feed concentrations for all substrates tested.

6) ■ Chlorination had a positive impact on the specific growth rate when compared to

control communities at the same carbon loading rates.

7) Humic utilization in chlorinated and control biofilm communities was 

significantly higher than previously reported values for both planktonic and 

biofilm systems.

8) Bacterial carbon production rates were equivalent to or exceeded the highest 

values previously reported for natural environments.

9) BIOLOG plates may be a simple method for. estimating bacterial growth rates by 

measuring the dye reduction rates.

10) Considering SGRs, BCP3 and yield, biological filtration of the drinking water was 

as effective as (or better than) chlorination in controlling growth within the 

annular reactors. This can be seen by comparing the negative control reactor with

the chlorinated reactors.
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CH APTER 5 

SUMMARY

In the last twenty years, knowledge in the area of microbial ecology has 

expanded greatly. This can be attributed to increased awareness o f the role that bacteria 

play in nutrient cycling and the consequent effects that this has in shaping and modifying 

both the physical and chemical environment o f the biosphere. Methodological advances 

have been instrumental in the acquisition o f this information. Microscopic observation o f 

“wee animalcules” began with Anton van Leeuwenhoek (1632 -  1723) more than two 

centuries ago and continues today. Advancements in computer technology and image 

analysis now allow microbiologists to investigate bacteria in unprecedented numbers, as 

well as analyze the data in a manner not previously possible.

' Still, the data must be collected and analyzed and far too often in environmental 

microbiology, the datasets collected are small and under analyzed. This can arise due to a 

number o f reasons, including (I) time constraints, (2) expense, (3) experimental design, 

and/or (4) statistical naivete. The experimental design for this study was developed with 

statistical analysis at the forefront (e.g. see Figure 1.1). Due to the nature of biological 

data and especially environmentally related biological data, both large datasets and 

extended sampling periods are required.

Biological stability o f drinking water is becoming increasingly important as safe 

and clean drinking water sources are disappearing with accelerating frequency as



industrialization continues. All of us have an interest in the delivery o f safe drinking 

water; it is an absolute requirement that cannot be neglected or relegated a secondary 

priority. Bacteria can play both a deleterious and beneficial role in the delivery o f safe 

drinking  water. In both cases, the organisms main mode of growth is sessile, attached to 

the distribution system pipes in the first case and attached to filter media in the second 

case. The development o f successful strategies to control bacterial growth in areas where 

we can maximize their beneficial role and minimize their detrimental role depend on our 

understanding o f the life history strategies and growth of sessile bacterial communities.

As a prelude to the study of bacterial growth in biofilms, it was necessary to 

perform the measurements presented in Chapter 2. In Chapter 2, I combined 

epifluorescence microscopy, computer technology and sophisticated statistical analyses 

to observe, collect, and analyze an extremely large dataset of bacterial cell sizes. In the 

course o f attempting to derive a relationship between biovolume (or cells) and biomass 

for our particular system, I noted that the distribution of biovolume abundance was very 

similar to distributions that describe biomass/size abundance relationships at trophic 

levels above bacteria. Further investigation led to and resulted in the studies reported on 

in Chapter 2. This resulted in the identification o f a probability distribution that could 

effectively model 94.4% of the data acquired in this study. Probability plots produced 

from the data potentially provide us with the ability to predict biomass from relatively 

few biovolume measurements as compared to the large number o f measurements needed 

in generating the models.

During the course of these experiments, I confirmed previous speculation on the 

nature o f biomass distributions in bacterial communities. Due to the highly skewed and
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non-linear relationship between biovolume and biomass in natural assemblages o f 

bacteria, models based on single value conversion factors were concluded to be 

inappropriate. Utilization o f single value conversion factors for bacterial biovolume to 

biomass calculations results in under- or overestimation of the carbon sequestered in 

natural communities. This all depends on where most o f the biomass falls within the 

distribution o f cell sizes. Underestimation would occur when a high percentage o f the 

population is composed of small cells. Conversely, overestimation would occur when a 

high percentage o f the community is composed of large cells. In  order to. achieve a 

realistic value for bacterial biomass, calculations must take into account the skewed and 

non-linear relationship between biovolume and biomass.

Enumeration o f the active component in the bacterial communities arising from 

the different treatments applied in these experiments comprised Chapter 3. I compared 

the active population to the total population by a number o f different methods. 

Enumeration o f the metabolically active component o f microbial communities is required 

for the accurate estimation o f productivity, biomass turnover and nutrient cycling. While 

an accurate, reproducible, and easy method for enumerating this active fraction still 

eludes microbiologists, microautoradiography (MAR) is likely the most sensitive. This 

method suffers from the fact that it is very time consuming, and as such, only one 

experiment from each o f the replicate experiments was used to measure activity in the 

population o f cells arising from the biofilms in this study.

Comparative analysis of MAR with a  number of frequently used fluorescent 

activity stains showed that they worked well and produced similar results for the 

experimental system used in this study. A problem with fluorescent stains is that they
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only measure potential activity and not active involvement in growth, production, and 

nutrient turnover. This arises due to the method in which these stains detect activity. For 

example, membrane potential is required in order for an organism to maintain its integrity 

and exclude the outside environment. Stains that target the membrane potential Only tell 

us if  the organism is capable o f activity and not if  it is actively involved in protein 

synthesis and nutrient turnover at the specific moment o f sampling, it may be dormant or 

dying. One exception could be the respiratory stain CTC, which indicates that a cell is 

involved in active respiration. This implies that at the time of sampling the cell was 

actively reducing oxygen and therefore could be considered as actively involved in 

substrate turnover (disregarding potential endogenous metabolism). In contrast to the 

potential activity stains, MAR tells us directly if  the organism is actively involved in 

substrate uptake and protein synthesis at the time of sampling.

All o f the treatments used in these experiments had an effect on the activity of the 

populations arising from the biofilms. The most significant effect was due to chlorine 

treatment with less significant effects produced by carbon source and carbon 

concentration treatments. While there were significant differences in the active fraction of 

cells according to these treatments, they were remarkably consistent in that a highly 

significant fraction (>50%) of the population was active in all cases, with the exception 

o f the carbohydrate-grown organisms subjected to chlorination. The activity 

measurements estimated by MAR were also used in Chapter 4 for calculating growth 

rates o f the biofilm organisms.
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Bacteria have a unique ability to show explosive growth given the right conditions 

o f food supply and space. Jacques Monod developed an empirical, relationship between 

bacterial growth and substrate concentration in the 1950s that is still used for modeling 

bacterial growth in chemostats and batch cultures today. Despite evidence to the contrary, 

many microbiologists and engineers persist in attempting to force this model on bacterial 

growth in all environments. Monod developed his model with, axenic cultures in the 

laboratory environment o f culture flasks at high substrate concentrations. In the case of 

environmental studies such as this one, undefined, mixed bacterial populations are 

competing for a limited supply of carbon at low concentrations. The natural environment 

is not a chemostat or batch culture, and bacterial growth on surfaces does not necessarily 

conform to the kinetic model developed by Monod.

In Chapter 4, I show that the assumption o f first-order kinetics for growth o f 

biofilm bacteria is incorrect at the low concentrations of substrate used in these 

experiments. A number o f models have been developed to predict biofilm growth, most 

o f which have met with limited success. All o f these models assume that growth on 

surfaces occurs in the same manner as growth in the fluid phase as modeled by Monod 

kinetics. I f  the organisms in a distribution system biofilm or biological filter are growing 

with zero order kinetics, these models that use first order kinetics for predicting growth 

will continue to be ineffective. Population density as predicted by r/K-selection theory 

was more highly correlated with growth rates than was substrate concentration. In this 

case, as cell or biomass areal density increases, growth rates decrease. This can be 

attributed to an interaction between substrate loading rate and the amount of food 

available to individual cells in the biofilm. While higher rates o f food supply support an
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increased population density, the amount o f food available to individual cells decreases. 

Chlorine treatment exerted maximal control in the carbohydrate-grown biofilms by 

limiting population density and this ensured that there was sufficient carbon available to 

those organisms that could maintain a niche in the reactors. Ultimately, this produced 

growth rates in the chlorinated reactors that were higher than the parallel control reactors. 

What this means in practical terms is that in order to know the rate at which the 

organisms are growing, direct measurements, such as I performed in these experiments is 

required.

In summary, the treatment that had the largest impact on all measured parameters 

was chlorination. It was surprising to find that substrate concentration had a relatively 

small impact in these experiments. Given the indoctrination o f first order kinetics at 

almost all levels o f microbiology from growth to enzyme catalysis, the elucidation o f 

zero order growth kinetics was unexpected. Zero order kinetics at the substrate 

concentrations used in these experiments for biofilm growth could explain the 

inadequacies o f current models used for predicting bacterial growth in distribution 

systems. While substrate concentration did have, an impact on biovolume, it had little 

affect on the parameters that describe the distribution of biovolume, somewhat similar to 

the results for growth rates.

Substrate type had an impact on all measured parameters including, probability 

distributions, volumes, rates, population densities, production and activity. This was 

expected. What was not expected was the ability of the biofilm communities to utilize the 

humic substrate to such a large extent. .Humic material is usually considered a recalcitrant 

substrate. Extremely high steady state degradation rates of 58 and 78% of the influent



substrate concentration were measured in the chlorinated and control biofilms, 

respectively. This indicates that the community organization provided by forming a 

biofilm enhances degradation when compared to the relatively unstructured mode of 

existence shown by free-living bacteria.
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