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(Abstract) 

This study was an extension of a project conducted by Cech and Hartman 

(1991) at the Academy of Sciences Laboratories in Ceske Budejouice, Czechoslova- 

kia. During the 1991 study, an unidentified bacterial species dominated a biological 

phosphorous removal (BPR) system, causing the system to fail. The study indicated 

that feed composition may have been responsible for the bacteria population shift. 

The purpose of this study was to examine population shifts of polyphosphorous- 

removing (PP) bacteria and the unknown bacteria (G bacteria) in a bench-scale 

sequencing batch reactor (SBR), with emphasis on the effects of feed composition 

on the populations. The purpose of the study also included characterization and 

identification of the unknown bacterial species. 

Six SBRs were operated for three 8-hour cycles per day, over a time period 

greater than three sludge ages. Each 8-hour cycle included an influent/anaerobic, 

anoxic, aerobic, and settling/effluent stage. Different feed mixtures of acetate, 

glucose, and nutrient broth were fed to the reactors. Chemical and physical 

parameters were tested during each stage of an 8 hour cycle weekly, in addition to 

microscopic analysis of PP and G bacteria. 
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The results of this study indicated that feed composition did not have as 

significant an effect on PP and G bacteria as hypothesized. G bacteria did not 

always dominate a system fed a glucose mixture, nor did PP bacteria always dominate 

a system fed only acetate. In terms of P-removal, bacteria numbers of either PP or 

G bacteria were not always indicative of P-removal in the reactor. Instead, the size 

of the PP cells and the amount of phosphorous inside the cells were better indicators 

of P-removal. G bacteria did not appear to be a controlling factor in PP population 

size; the reverse appeared to be true. Temperatures above 25C did have an adverse 

effect on G bacteria, and a positive effect on PP bacteria. No identification in terms 

of genus and species could be determined for the G bacteria. 
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Chapter One: Introduction 

With the introduction of biological nutrient removal (BNR) in recent years, 

much research has been done to gain a better understanding of the population 

dynamics associated with nutrient-removing bacteria. Although a relatively new 

technology, biological nutrient removal is growing in popularity as a viable option for 

wastewater treatment. Biological treatment is beneficial in that it is less expensive 

than chemical treatment, particularly for those wastewaters high in both nitrogen and 

phosphorous. As regulations become more stringent with respect to nitrogen and 

phosphorous, lower cost and single-sludge biological processes will become 

increasingly beneficial for wastewater treatment. 

This project was an extension of a study of biological phosphorous removal 

systems performed by Cech and Hartman (1991) at the Hydrobiological Institute, 

Academy of Sciences, Ceske Budejovice, Czechoslovakia. During the course of their 

studies, they discovered an unidentified bacteria that had interrupted phosphorous 

removal in their laboratory wastewater treatment systems. Further analysis of the 

bacterium indicated that the organism was favored when concentrations of glucose 

to acetate increased in the reactors. Under these conditions, the polyphosphorous 

(Poly-P) bacteria appeared to be outcompeted by the unknown bacteria, dubbed "G 

bacteria" because of the reactor from which they were isolated, and phosphorous 

removal ceased. 
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The purpose of this research was to study the population dynamics of both 

Poly-P bacteria and the G-bacteria in a bench-scale biological phosphorous removal 

system. The bacterial populations were studied both in pure culture and in operating 

sequencing batch reactors (SBRs) in an effort to best characterize and identify the 

unknown G-bacteria and to determine its potential role in an activated sludge BPR 

system. 
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Chapter Two: Literature Review 

2.1 Activated Sludge Microbiology 

Activated sludge is a complex mixture of many organisms. As with all biological 

systems, factors affecting populations of organisms within the sludge include the intrinsic 

rate of increase of a particular species, food availability, and predation (Hawkes, 1963). 

Populations within activated sludge are further affected by such factors as temperature, 

pH, oxygen (O,) availability, and influent characteristics. Influent characteristics may 

include the form of a particular substrate, the rate at which that substrate is made 

available (overloading or underloading), toxins introduced into the system, the 

availability of required nutrients. 

In his chapter on "The Ecology of Wastewater" (1963), Hawks describes four 

primary groups of organisms in activated sludge: bacteria, fungi, protozoa, and metazoa. 

Of these, bacteria are of chief concern because of their ability to break down organics 

and their ability to form floc for good sludge settleability. These bacteria are primarily 

gram negative rods, and include mostly Achromobacter (including the genus 

Acinetobacter), Flavobacterium, and Pseudomonas. Filamentous bacteria may also be 

present in wastewaters containing complex carbohydrates, however, they are undesirable 

as they may cause sludge bulking when present in large numbers. 
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2.2 Microbiology of Biological Phosphorous Removal 

In recent years, wastewater systems have been designed to remove phosphorous 

biologically instead of by chemical precipitation. Advantages of this method include 

lower operating costs, no addition of expensive chemicals, lower amounts of sludge 

production than with chemical precipitation, no addition of potentially harmful 

precipitants such as sulfate or chloride, and reduced O, requirements for aerobic 

degradation (Winter, 1989; Somiya, et al., 1988; Hao and Chang, 1987; Randall, 1984). 

Biological phosphorous removal can occur with many bacterial species (Pattarkine, 1991), 

however, Acinetobacter has been reported to be the primary genus responsible for 

polyphosphorous (PP) storage (Cloete and Steyn, 1988; LOtter and Dubery, 1987; 

Brodisch, 1985; Hascoet, et _al.,1985). Acinetobacter are strict aerobes. Under aerobic 

conditions, these bacteria are capable of accumulating large amounts of PP, which can 

later be used for energy to sequestor and store organic substrate during anaerobiosis. In 

this way, Acinetobacter have a competitive advantage over other aerobic and facultative 

bacteria that do not have this capability. 

Several factors are required to achieve PP removal. The primary factor is that 

the bacteria must have alternating anaerobic and aerobic conditions. Polyphosphorous- 

removing bacteria (PP-bacteria) must undergo P-release before luxury P-uptake can 

occur (Hascoet, et al., 1985) which requires the absence of electron acceptors, i.e., strict 

anaerobic conditions. Second, sufficient O, must be available in the aerobic zone in 

order for P-uptake to occur. Sufficient quantities of minor nutrients associated with P- 

removal, such as magnesium, potassium, and manganese, must also be available 
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(Pattarkine, 1991; Winter, 1989; Davelaar, 1989). Finally, the available carbon source 

must be in the form of volatile fatty acids (VFAs) for Poly-P metabolism. 

2.3 PP-removing Bacteria: Biochemistry and Behavior 

2.3.1. Biochemistry 

Acinetobacter belong to the family Nesseriaceae. They are Gram negative, 

oxidase negative rods with an optimum growth temperature of 35-37°C. During log 

growth phase, they appear as short, plump rods, while during stationary growth they are 

nearly coccoid (Bergey’s Manual, 1984), with average cell dimensions of 0.8 - 1.5 um 

length and 0.6 - 0.8 wm width (Hao and Chen, 1987). They are classified as chemo- 

organo-heterotrophs because they utilize volatile fatty acids as both an energy source and 

a carbon source, and they use oxygen as an electron acceptor. They also are typically 

characterized as strict aerobes (Bergey’s Manual, 1984), however, some species are 

facultative because they are capable of using NO, as an electron acceptor when no O, is 

present (Wentzel, et al., 1985). Acinetobacter can survive long periods of time under 

anaerobiosis, which requires an electron acceptor other than O,(Davelaar, 1989). 

Several species of Acinetobacter have been identified in activated sludge, the most 

abundant of these being A. iwoffii, A johnsonii, and A. junii (Beacham, et al., 1990) (Fig. 

1). Acinetobacter species have been divided into three groups based on their ability to 

accumulate phosphorous. These include constitutive accumulators, Le., those species 

which accumulate phosphorous at any concentration; conditional accumulators, those 
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Fig. 1. Distribution of Acinetobacter isolated from different stages in a pilot plant 

(from A. M. Beacham, et al., 1990).     
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that accumulate phosphorous when it is available in excess; and non-accumulators, those 

that do not accumulate phosphorous at all. Of the species studied in a biological 

nutrient removal plant, 51-61% were identified as constitutive accumulators, 27-39% as 

conditional accumulators, and 10-12% as non-accumulators, including both clustered and 

non-clustered cells (Beacham, et al., 1992). It was concluded, therefore, that the bacteria 

should be studied as a genus and not by species, since no single species is responsible for 

the phosphorous removed. It should also be noted that in activated sludge, Acinetobacter 

are found primarily in clumps surrounded by extracellular material, as opposed to single 

cells (Hao and Chang, 1987; Deinema, et al., 1985). This serves to enhance the cell’s 

ability to form settleable floc (Hao and Chang, 1987; Deinema, et al., 1985). 

2.3.2. Metabolism 

The metabolism of Acinetobacter, or poly-p bacteria, is summarized by the 

following: their food source, in the form of volatile fatty acids (VFAs), is broken down 

via the tricarboxylic acid cycle. Using the fermented fatty acids as electron donors, the 

fatty acids are oxidized to CO,, using O, as an electron acceptor. The energy gained is 

then used for cell repair, reproduction, and growth. 

Poly-P bacteria do not possess a fermentative, or glycolytic, pathway to convert 

available organics into VFAs, therefore they are dependent on other microorganisms to 

break down complex sugars, i.e. glucose, into the fermented forms they can use 

(Deinema, et al., 1985; Randall, 1984). This has been demonstrated in a study using 

acetate (a VFA) and glucose (a complex sugar) as substrates. The study concluded that 

Literature Review



a higher amount of tagged carbon was found in cells when fed both acetate and glucose. 

These results were interpreted as an indication of the PP bacteria’s inability to directly 

utilize glucose as a substrate (Bordacs and Chiesa, 1989). These findings also support 

biochemical models that have been proposed (Wenitzel, et al., 1986), and batch studies 

performed in the laboratory (Arvin and Kristensen, 1985). 

A synergistic relationship exists between fermentative bacteria and the poly-p 

bacteria due to the PP’s inability to utilize complex sugars. This relationship has been 

demonstrated between two species, Acinetobacter calcoaceticus and Aeromonas puntata 

(Brodisch, 1985). When present, Aeromonas enhanced phosphorous uptake in poly-p 

bacteria by breaking down glucose into a usable form for the poly-p bacteria. Although 

Aeromonas itself was capable of removing phosphorous, its primary function was to 

provide VFAs under anaerobic conditions for the poly-p bacteria. These findings refute 

previous hypotheses that poly-p bacteria must undergo anaerobiosis as a period of stress 

to induce phosphorous release, in order to remove phosphorous under subsequent 

aerobic conditions. 

Wentzel (et_al., 1986) summarizes Acinetobacter metabolism in three steps: the 

tricarboxylic acid (TCA) cycle, the glyoxylate cycle, and poly-8-hydroxybutyrate (PHB) 

synthesis and degradation. The TCA cycle provides energy to the cells in the form of 

NADH, and FADH. It also supplies intermediates for anabolism, and is controlled by 

the presence of NAD and ATP. In high concentrations, NAD/NADH and ATP/ADP 

ratios act to inhibit the TCA cycle, while low ratios stimulate the cycle. The glyoxylate 

cycle supplies intermediates required by the TCA cycle. These intermediates also serve 
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to regulate the TCA cycle by their presence or absence. This secondary cycle is required 

because the oxidation of acetic acid (a 2-carbon compound) to CO, does not contain 

enough carbon atoms to complete more than one cycle. By utilizing the glyoxylate cycle, 

two decarboxylation reactions are bypassed in the TCA cycle (Lotter and Dubery, in 

Ramadori, 1987) thus avoiding the need for additional carbons. 

PHB synthesis occurs when acetate is converted to acetyl-CoA, where it is 

polymerized in the form of PHB. PHB formation is activated by low NAD/NADH 

ratios and the presence of acetyl-CoA. This occurs under anaerobic conditions, where no 

electron acceptors are available to the bacteria. PHB degradation, or hydrolysis, occurs 

when PHB is de-polymerized into acetyl-CoA. Once in this form, the compound may 

enter into the TCA cycle. Conditions that induce PHB degradation include high 

NAD/NADH ratios, low concentrations of available organics, and the presence of an 

electron acceptor (O,). In addition to PHB metabolism, polyphosphorous (PP) 

synthesis/degradation may also occur in the cell, and may serve as energy source/sink. 

PP accumulation occurs when ADP/ATP ratios are low, while PHB accumulation occurs 

when NAD/NADH ratios are low. Figure 2 illustrates these transformations inside and 

outside the cell. 

PHB is formed when acetic acid is used as a substrate. It should also be noted, 

however, if other fatty acids such as propionate, lactate, butyrate, or valerate are used as 

substrate instead of acetate, poly-6-hydroxy valerate (PHV) accumulation will occur 

instead (Comeau, et al., in Arun, et al., 1989). 
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Intracellular P occurs in three forms: ortho-P, H,PO,, and HPO,’ (Pattarkine, 

1991). Because there is a negative charge associated with all these forms of 

phosphorous, cations such as Mg*’, K*, and Ca*’ are associated with P uptake and 

release in order to maintain a redox balance and electroneutrality in the cell. Several 

studies have determined ratios of the number of cations released per P atom released 

(mg/mg), summarized by the following table: 

Mg:P K:P Ca:P Study 

0.28 0.22 -- Yoon and Suziki, 1990 

0.25 0.29 -- Arvin and Kristensen, 1985 

0.27 0.28 0.02 Comeau, et al., 1985’ 

‘In Wentzel, et al., 1986. 

These cations are required for phosphorous removal/uptake and must be available in 

sufficient quantities. Pattarkine (1991) demonstrated that K* and Mg*’ must be available 

at the same time, in concentrations of =0.43 mol K/mol P and 0.37 mol Mg/mol P. 

Ca*’ is not required for phosphorous removal, but may be co-transported with P, if 

available. However, because Ca*’ is an essential element for bacterial growth, it is 

required in trace amounts. 
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2.3.3. Factors Affecting P Release and Uptake 

In a conventional activated sludge system, bacterial contain approximately 2.0-3.5 

%P in their cells, while in an enhanced BPR system, %P in poly-p bacteria is 

approximately 8-10 %P (Randall, 1992). To achieve biological P removal in an activated 

sludge system, poly-p bacteria must undergo P release prior to enhanced P uptake. It 

has been well documented that the amount of P release to P uptake is a linear (or near 

linear) relationship (Wentzel, et _al., 1986; Hascoet, et al., 1985). Pattarkine (1991) found 

1.2 kg P release per kg P uptake for a mean cell retention time (MCRT) range of 8-20 

days. What factors affect both P release and P uptake in an activated sludge system? 

Substrate has been shown to have an effect on the amount of P release that 

occurs anaerobically. P release:acetate uptake has been theoretically determined to be 

0.50, although experimental values have been found to be between 0.29-0.77 mol P 

release:acetate uptake (Cech, et al., 1991). P release is significantly higher if acetate, 

propionate, and lactate are used as substrates rather than glucose (Arvin and Kristensen, 

1985); however, this could reflect that fermentation may be the limiting step in substrate 

availability for poly-p utilization. In terms of total organic carbon (TOC), the amount of 

P release per unit mass soluble TOC has been found to be 0.221 mg P/mg TOC 

(Somiya, etal, 1988). The chemical oxygen demand (COD) utilized during P release 

has been determined to be approximately one mg COD utilized per 0.22 mg P released, 

following an initial 20-40 mg/L COD utilized prior to any P release (Pattarkine, 1991). 

P release can be triggered by the presence of organic acids, H,S, CO,, and low pH 

(Davelaar, 1989). The amount of P release also can be increased by increasing the food 
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to microorganism (F/M) ratio, up to 0.044 mg TOC/mg MLSS (Somiya, et al., 1988). 

There is a limit, of course, to the amount of releasable P in a cell, and a limit to the 

storage capacity of that cell. P release will not occur in cells during stationary growth 

phase (Deinema, et al., 1985). The rate of P release can be increased by the addition of 

CO, and by increasing the amount of acetate and ethanol. The addition of ethanol 

serves as an extra hydrogen donor to create a reducing environment suitable for lipid 

synthesis that acetate alone cannot achieve (Deinema, et al., 1985). 

Studies have shown that P release is also inhibited in the presence of NO,, 

resulting in the subsequent disruption of P uptake under aerobic conditions (Davelaar, 

1989; Hascoet, et al., 1985). Wentzel, et al. (1986) identified three groups of 

Acinetobacter in terms of nitrogen reduction: those that can reduce NO, to NO,, those 

that can reduce NO, to N,, and those that are incapable of NO, reduction. During the 

anaerobic phase, if nitrates are present, bacteria incapable of NO, reduction will 

demonstrate P release, while those that can reduce NO, will begin slow uptake of P. 

During the anaerobic stage, this results in a rapid decrease in NO,, a decrease in PHB 

formation, and a slow increase or decrease in soluble P, depending on the population’s 

capabilities. It has been shown that up to 50% of Acinetobacter spp. are capable of 

partial NO, reduction; fewer are capable of complete NO, reduction (Lotter, 1985). 

Another study had shown, however, that poly-p bacteria are capable of successfully 

competing with denitrifiers for acetate, and are able to release P with NO, 

concentrations as high as 40 mg/L, although not as effectively as with no NO, present 

(Iwema and Meunier, 1985, in Wable, 1992). 
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The rate of P uptake is a function of available storage capacity in the cell and the 

concentration of extracellular P, as well as factors such as temperature and pH, under 

aerobic conditions (Somiya, et_al., 1988; Hao and Chang, 1987). Optimum temperature 

for P uptake is approximately 33°C; optimum pH for growth is 7.5, while optimum pH 

for P uptake is 7.0 (Hao and Chang, 1988). In addition to NO,, copper has also been 

found to inhibit P uptake at concentrations >1 mg/L (Hascoet, et al., 1985). P uptake is 

also inhibited if there is acetate carried over from the anaerobic/anoxic stage into the 

aerobic stage (Pattarkine,1991). It should be noted that filamentous growth may also be 

promoted if excess substrate is available during the aerobic stage, either in the form of 

soluble substrate, or particulate form immeshed in biological floc (Wanner and Novak, 

1990). 

Arun (et_al., 1989) best summarized the basic characteristics of the primary 

bacterial species responsible for phosphorous removal. Polyphosphorous-removing 

bacteria have: the ability to store high energy poly-p under aerobic conditions to use for 

energy under anaerobiosis; the ability to store these polymers which serves as a 

competitive advantage over non-energy storing bacteria during the aerobic stage when 

substrate is unavailable; and the ability to maintain a redox balance inside the cell 

permitting polymers to be stored by the bacteria. 

2.4 Biochemistry and Behavior of G-bacteria 

Recent studies have indicated that there exist non-fermenting microorganisms that 

can metabolize substrate during anaerobiosis without poly-p release. These 
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microorganisms have been referred to as "G" bacteria because of the reactor they were 

originally isolated from. The designation is appropriate, however, because they have a 

unique ability to use glucose under anaerobiosis. G-bacteria are Gram negative cocci, 

approximately twice the size of poly-p bacteria, and are commonly found as tetrads, 

pairs, or irregular masses (Cech and Hartman, 1990). They are readily identified and 

distinguished from poly-p bacteria using the Neisser staining method, after which they 

appear as clear cells surrounded by a deep blue cell wall (Cech, et al., 1991). Table 1 

summarizes all biochemical data to date that is known of the bacteria. 

Studies performed by Cech and Hartman (1991; 1990) have found that these 

bacteria can utilize substrates such as acetate, formate, and glucose both anaerobically 

and aerobically. In laboratory systems, the bacteria have demonstrated an ability to 

outcompete Poly-p bacteria as they remove substrate anaerobically. This is particularly 

evident when glucose is used as substrate. G-bacteria have also been found to 

outcompete Poly-p’s even when sufficient acetate for the poly-p bacteria is available. 

Only if the feed solution contained 100% acetate did the PP bacteria successfully 

outcompete the G-bacteria over a long period of time. 

As G-bacteria begin to dominate an activated sludge system, the performance of 

the P-removing bacteria deteriorates. Studies have shown that ratios of P release to 

acetate uptake fall to zero as poly-p numbers decrease and G-bacteria numbers increase. 
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Parameter Test Result Parameter Test Result 

Cell diameter, xm 1-2 Amino Acid Decarboxylases: 

Cell length, xm 9-3 L-Arginin . 

Gram Stain . L-Lysin . 

Gram Stain after KOH Treatment + Red. NO,-NO, + 

Growth On: H,S - 

Sheep’s Blood Agar . Glucose: 

MacConkey Agar . Gas Production + /- 

Formate + Acid Production + /- 

Acetate + Urea + 

Oxidase + ONPG + 

Starch . Motility . 

Casein . Citrate + / . 

Tween 80 . vP - 

DNA . Gelatin - 

Esculin . Catalase +           

Table 1: Known biochemical characteristics for "G-bacteria” (from Cech and Hartman, 

1991) 
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These studies further indicated that G-bacteria are found in many sludges that are fed 

acetate, particularly under experimental conditions. Thus, the presence of these bacteria 

in activated sludge treatment systems is of concern, particularly as to what conditions 

promote G-bacterial growth. 
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Chapter Three: Methods and Materials 

3.1 Overview 

This chapter is divided into two sections. The first section describes the design 

and operation of the bench-scale reactors used in this study, including sampling 

procedures and analyses used during the primary experiments. The second will describe 

the biochemical analyses that were performed, including both biochemical test kits and 

additional experiments that were performed. 

3.2 Experimental Design 

Four bench-scale sequencing batch reactors (SBRs) were used to conduct the 

experiments (Fig. 3). Each reactor operated on an 8-hour cycle, repeated three times a 

day. Each cycle included a two hour anaerobic stage, a two hour anoxic stage, a three 

hour aerobic stage, and a one hour settling/withdrawal period. The design parameters 

included a hydraulic retention time (HRT) of 2.67 days, and a sludge age (e,) of 15 days. 

Table 2 summarizes influent and effluent flows during each eight hour cycle. 

Influent feed solutions consisted of different percentages of acetate, glucose, 

and/or nutrient broth dissolved in 1 L of distilled water (Table 3). Initially, these 

percentages were determined on a molar basis. Later on in the research, these 

percentages were based on total organic carbon (TOC) equivalents for each carbon 

source, totalling 315 mg/L TOC. 
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�m�g�/�L�.� �P�r�e�-�f�i�l�t�e�r�e�d� �s�a�m�p�l�e�s� �w�e�r�e� �a�c�i�d�i�f�i�e�d� �a�n�d� �p�u�r�g�e�d� �w�i�t�h� �C�O�,� �t�o� �e�l�i�m�i�n�a�t�e� 

�M�e�t�h�o�d�s� �a�n�d� �M�a�t�e�r�i�a�l�s� 
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�I�n�f�.� �A�n�s�a�e�r�.� �A�e�r�.� �A�P�H�A� �M�e�t�h�o�d� �P�r�o�c�e�d�u�r�e� �M�e�t�h�o�d� 

�D�.�O�.� �.� �.� �N�/�A� 

�p�H� �2� �*� �*� �N�/�A� 

�T�S�S� �.� 
�2�5�4�0� �D�.� �T�S�S� �D�r�i�e�d� �@� �1�0�0�°�C� 

�V�S�S� �.� 
�2�5�4�0� �E�.� �V�S�S� �D�r�i�e�d� �@� �5�0�0� �*�C� 

�T�o�t�a�l� �P� �.� �4�5�0�0�-�P�,� �B� �a�n�d� �E� �A�s�c�o�r�b�i�c� �A�c�i�d� �W�/� �S�a�m�p�l�e� �P�r�e�p�.� 

�S�o�l�.� �P� �.� �.� �4�5�0�0�-�P�,� �B� �a�n�d� �E� 

�P�O�,�-�P� �,� �.� �.� �4�1�1�0� �B�.� �I�C� �W�/� �C�h�e�m�i�c�a�l� �S�u�p�p�r�e�s�s�i�o�n� �o�f� �E�l�u�e�n�t� �C�o�n�d�u�c�t�i�v�i�t�y� 

�N�O�,�-�N� �.� �.� �°� �4�1�1�0� �B�.� 

�N�O�,�-�N� �.� �.� �.� �4�1�1�0� �B�.� 

�N�H�,�-�N� �.� �*� �.� �4�5�0�0�-�N�H�,� �B�,� �E�.� �T�i�t�r�i�m�e�t�r�i�c� �W�/� �D�i�s�t�i�l�l�a�t�i�o�n� 

�T�o�t�a�l� �T�K�N� �*� 
�4�5�0�0�N�,�,�.�°�B�,� �M�a�c�r�o�-�K�j�e�l�d�a�h�]� 

�S�o�l�.� �T�K�N� �.� �*� 
�4�5�0�0�N�,�,�.�4�°�B�-� 

�T�O�C� �.� �.� �*� �5�3�1�0�.�C�,� �P�e�r�s�u�l�f�a�t�e�-�U�V� �O�x�i�d�a�t�i�o�n� � � � � � � � � � � � � � � � � 

�T�a�b�l�e� �4�.� �W�e�e�k�l�y� �s�a�m�p�l�i�n�g� �p�r�o�c�e�d�u�r�e� �a�n�d� �a�n�a�l�y�s�i�s�.� 

�M�e�t�h�o�d�s� �a�n�d� �M�a�t�e�r�i�a�l�s



�i�n�t�e�r�f�e�r�e�n�c�e�s� �o�f� �o�t�h�e�r� �c�a�r�b�o�n� �f�o�r�m�s�,� �s�u�c�h� �a�s� �C�O�, ��,� �a�n�d� �H�C�O�,� �p�r�i�o�r� �t�o� �a�n�a�l�y�s�i�s�.� 

�T�O�C� �w�a�s� �m�e�a�s�u�r�e�d� �i�n� �m�g�/�L� �T�O�C�.� 

�3�.�5� �M�i�c�r�o�b�i�a�l� �C�o�u�n�t�i�n�g� �P�r�o�c�e�d�u�r�e� 

�R�a�w� �s�a�m�p�l�e�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �e�a�c�h� �s�t�a�g�e� �d�u�r�i�n�g� �a�n� �e�i�g�h�t� �h�o�u�r� �c�y�c�l�e� �w�e�r�e� 

�u�s�e�d� �t�o� �p�r�e�p�a�r�e� �s�l�i�d�e�s�.� �S�a�m�p�l�e�s� �w�e�r�e� �f�i�r�s�t� �h�o�m�o�g�e�n�i�z�e�d� �u�s�i�n�g� �a� �g�l�a�s�s� 

�h�o�m�o�g�e�n�i�z�e�r� �t�o� �b�r�e�a�k� �u�p� �b�a�c�t�e�r�i�a�l� �f�l�o�c�.� �A� �g�l�a�s�s� �s�y�r�i�n�g�e� �w�a�s� �t�h�e�n� �u�s�e�d� �t�o� �p�l�a�c�e� 

�0�.�0�0�5� �m�l� �o�f� �s�a�m�p�l�e� �o�n�t�o� �a� �m�i�c�r�o�s�c�o�p�i�c� �s�l�i�d�e�.� �T�h�e� �s�a�m�p�l�e� �w�a�s� �a�l�l�o�w�e�d� �t�o� �a�i�r� �d�r�y�;� 

�t�h�e� �s�l�i�d�e� �w�a�s� �t�h�e�n� �h�e�a�t�-�f�i�x�e�d� �a�n�d� �N�e�i�s�s�e�r� �s�t�a�i�n�e�d�.� �S�a�m�p�l�e�s� �w�e�r�e� �d�i�l�u�t�e�d� �w�i�t�h� 

�d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �t�o� �a�c�h�i�e�v�e� �a� �b�a�c�t�e�r�i�a�l� �c�o�u�n�t� �o�f� �l�e�s�s� �t�h�a�n� �2�0�0� �b�a�c�e�r�i�a� �p�e�r� �o�n�e� 

�c�o�u�n�t�i�n�g� �s�q�u�a�r�e� �u�n�d�e�r� �x�1�0�0�0� �m�a�g�n�i�f�i�c�a�t�i�o�n� �p�r�i�o�r� �t�o� �h�o�m�o�g�e�n�i�z�i�n�g�.� 

�A� �m�o�d�i�f�i�e�d� �N�e�i�s�s�e�r� �s�t�a�i�n�i�n�g� �m�e�t�h�o�d� �w�a�s� �u�s�e�d� �t�o� �d�i�f�f�e�r�e�n�t�i�a�t�e� �P�o�l�y�-�p� �a�n�d� �G�-� 

�b�a�c�t�e�r�i�a�.� �T�h�e� �f�o�l�l�o�w�i�n�g� �d�e�t�a�i�l�s� �t�h�e� �p�r�o�c�e�d�u�r�e�s� �o�u�t�l�i�n�e�d� �b�y� �C�e�c�h� �a�n�d� �H�a�r�t�m�a�n� 

�(�1�9�9�1�)� �f�o�r� �N�e�i�s�s�e�r� �s�t�a�i�n�i�n�g�:� �a� �2�:�1� �m�i�x�t�u�r�e� �o�f� �m�e�t�h�y�l�e�n�e� �b�l�u�e� �a�n�d� �c�r�y�s�t�a�l� �v�i�o�l�e�t� �i�s� 

�a�p�p�l�i�e�d� �t�o� �t�h�e� �s�l�i�d�e� �f�o�r� �1�5� �s�e�c�o�n�d�s�.� �T�h�e� �s�l�i�d�e� �i�s� �r�i�n�s�e�d� �w�i�t�h� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r�.� 

�C�h�r�y�s�o�i�d�i�n� �Y� �s�o�l�u�t�i�o�n� �i�s� �t�h�e�n� �a�p�p�l�i�e�d� �f�o�r� �4�5� �s�e�c�o�n�d�s�.� �T�h�e� �s�l�i�d�e� �i�s� �r�i�n�s�e�d� 

�t�h�o�r�o�u�g�h�l�y�,� �a�l�l�o�w�e�d� �t�o� �a�i�r� �d�r�y�,� �a�n�d� �s�t�o�r�e�d� �i�n� �a� �c�l�o�s�e�d� �c�o�n�t�a�i�n�e�r�.� �U�n�d�e�r� �a�n� �o�i�l� 

�i�m�m�e�r�s�i�o�n� �l�e�n�s�,� �P�o�l�y�-�P� �b�a�c�t�e�r�i�a� �a�p�p�e�a�r� �a�s� �s�o�l�i�d� �c�o�l�o�r�e�d�,� �b�r�o�w�n�/�b�l�a�c�k� �c�e�l�l�s�,� �w�h�i�l�e� 

�G�-�b�a�c�t�e�r�i�a� �a�r�e� �c�l�e�a�r� �c�e�l�l�s�,� �w�i�t�h� �d�e�e�p� �b�l�u�e� �c�e�l�l� �w�a�l�l�s�.� �B�a�c�t�e�r�i�a�l� �c�o�u�n�t�s� �w�e�r�e� �m�a�d�e� 

�u�s�i�n�g� �a� �c�o�u�n�t�i�n�g� �g�r�i�d� �u�n�d�e�r� �a�n� �o�i�l� �i�m�m�e�r�s�i�o�n� �o�b�j�e�c�t�i�v�e� �l�e�n�s�.� �F�i�v�e� �t�o� �t�e�n� �r�a�n�d�o�m� 

�a�r�e�a�s� �w�e�r�e� �c�o�u�n�t�e�d� �u�n�t�i�l� �a� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �o�f� �<�0�.�3�0� �w�a�s� �a�c�h�i�e�v�e�d�.� �T�h�e� �a�r�e�a� 

�M�e�t�h�o�d�s� �a�n�d� �M�a�t�e�r�i�a�l�s� 

�2�5



�o�f� �e�a�c�h� �0�.�0�0�5� �m�l� �s�a�m�p�l�e� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �t�h�e� �c�o�u�n�t�i�n�g� �g�r�i�d� �u�n�d�e�r� �a� �x�4� 

�o�b�j�e�c�t�i�v�e�.� �T�h�e� �a�c�t�u�a�l� �b�a�c�t�e�r�i�a�l� �c�o�u�n�t� �p�e�r� �m�l� �f�o�r� �t�h�a�t� �s�a�m�p�l�e� �w�a�s� �t�h�e�n� �c�a�l�c�u�l�a�t�e�d� 

�u�s�i�n�g� �t�h�e� �f�o�l�l�o�w�i�n�g� �f�o�r�m�u�l�a�:� 

�X�r�c�u�a� �=� �[�X� �*� �A� �*�(�1�0�0�/�4�) ��/�V�]� 

�X� �=� �#� �b�a�c�t�e�r�i�a� 

�A� �=� �a�r�e�a� �o�f� �0�.�0�0�5� �m�L� �s�a�m�p�l�e� 

�V� �=� �v�o�l�u�m�e�,� �0�.�0�0�5� �m�l� 

�3�.�6� �B�i�o�c�h�e�m�i�c�a�l� �A�n�a�l�y�s�e�s� 

�T�h�r�e�e� �b�a�c�t�e�r�i�a�l� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �s�y�s�t�e�m�s� �w�e�r�e� �u�s�e�d� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �t�h�e� �G�-� 

�b�a�c�t�e�r�i�a�.� �T�h�e�s�e� �s�y�s�t�e�m�s� �i�n�c�l�u�d�e�d� �t�h�e� �A�n�a�l�y�t�i�c�a�l� �P�r�o�f�i�l�e� �I�n�d�e�x� �(�A�P�I�)�,� �t�h�e� �F�l�o�w� 

�L�a�b�o�r�a�t�o�r�i�e�s� �S�y�s�t�e�m� �f�o�r� �N�o�n�-�f�e�r�m�e�n�t�i�n�g� �B�a�c�t�e�r�i�a�,� �a�n�d� �t�h�e� �B�i�o�l�o�g� �s�y�s�t�e�m�.� �G�-� 

�b�a�c�t�e�r�i�a� �w�e�r�e� �i�s�o�l�a�t�e�d� �u�s�i�n�g� �a� �s�t�r�e�a�k� �p�l�a�t�e� �m�e�t�h�o�d�.� �R�a�w� �s�l�u�d�g�e� �s�a�m�p�l�e�s� �w�e�r�e� 

�s�t�r�e�a�k�e�d� �o�n�t�o� �g�l�u�c�o�s�e� �a�g�a�r�.� �I�s�o�l�a�t�e�d� �b�a�c�t�e�r�i�a�l� �c�o�l�o�n�i�e�s� �w�e�r�e� �r�e�m�o�v�e�d� �a�n�d� 

�s�t�r�e�a�k�e�d� �a�g�a�i�n�.� �T�h�i�s� �m�e�t�h�o�d� �w�a�s� �r�e�p�e�a�t�e�d� �s�e�v�e�r�a�l� �t�i�m�e�s� �u�n�t�i�l� �a� �p�u�r�e� �c�u�l�t�u�r�e� �w�a�s� 

�a�c�h�i�e�v�e�d�.� �S�l�i�d�e�s� �o�f� �t�h�e� �c�u�l�t�u�r�e� �w�e�r�e� �N�e�i�s�s�e�r� �s�t�a�i�n�e�d� �a�n�d� �A�P�I� �t�e�s�t�e�d� �f�o�r� 

�v�e�r�i�f�i�c�a�t�i�o�n�.� �P�o�l�y�p�h�o�s�p�h�o�r�o�u�s� �b�a�c�t�e�r�i�a� �w�e�r�e� �i�s�o�l�a�t�e�d� �i�n� �a� �s�i�m�i�l�a�r� �w�a�y�,� �u�s�i�n�g� �a�n� 

�a�c�e�t�a�t�e� �a�g�a�r�.� �A�l�l� �c�u�l�t�u�r�e�s� �f�o�r� �b�o�t�h� �G�-�b�a�c�t�e�r�i�a� �a�n�d� �p�o�l�y�-�P� �b�a�c�t�e�r�i�a� �w�e�r�e� �g�r�o�w�n� �a�t� 

�2�5�°�C�.� 

�M�e�t�h�o�d�s� �a�n�d� �M�a�t�e�r�i�a�l�s� 

�2�6



�I�n� �a�d�d�i�t�i�o�n� �t�o� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �s�y�s�t�e�m�s�,� �t�o�x�i�c�i�t�y� �t�e�s�t�s� �w�e�r�e� �a�l�s�o� �p�e�r�f�o�r�m�e�d�.� 

�P�r�e�l�i�m�i�n�a�r�y� �t�o�x�i�c�i�t�y� �t�e�s�t�i�n�g� �b�e�g�a�n� �w�i�t�h� �c�r�o�s�s�-�s�t�r�e�a�k�i�n�g� �p�u�r�e� �c�u�l�t�u�r�e�s� �o�f� �G� �a�n�d� �P�P� 

�b�a�c�t�e�r�i�a� �o�n� �a� �n�u�t�r�i�e�n�t� �a�g�a�r� �a�n�d� �a� �y�e�a�s�t� �e�x�t�r�a�c�t� �a�g�a�r�.� �I�n� �t�h�i�s� �t�e�s�t�,� �i�n�h�i�b�i�t�i�o�n� �i�s� 

�i�n�d�i�c�a�t�e�d� �b�y� �a� �l�a�c�k� �o�f� �c�e�l�l� �g�r�o�w�t�h� �i�n� �t�h�e� �"�i�n�h�i�b�i�t�e�d�"� �s�p�e�c�i�e�s� �a�t� �t�h�e� �i�n�t�e�r�s�e�c�t�i�o�n� �o�f� 

�t�h�e� �t�w�o� �s�t�r�e�a�k�s�.� �F�u�r�t�h�e�r� �t�e�s�t�i�n�g� �w�a�s� �t�o� �i�n�c�l�u�d�e� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �s�e�v�e�r�a�l� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �p�u�r�e� �G� �b�a�c�t�e�r�i�a� �t�o� �p�u�r�e� �c�u�l�t�u�r�e�s� �o�f� �P�P� �b�a�c�t�e�r�i�a� �i�n�t�o� �a� �b�r�o�t�h�.� 

�V�a�r�i�a�t�i�o�n�s� �i�n� �g�r�o�w�t�h� �w�a�s� �t�o� �b�e� �m�e�a�s�u�r�e�d� �i�n� �t�e�r�m�s� �o�f� �t�u�r�b�i�d�i�t�y�,� �h�o�w�e�v�e�r�,� �t�h�e� �G� 

�b�a�c�t�e�r�i�a� �w�e�r�e� �t�o�o� �s�l�o�w�-�g�r�o�w�i�n�g� �a�n�d� �P�P� �b�a�c�t�e�r�i�a� �t�o�o� �n�u�m�e�r�o�u�s�,� �w�i�t�h� �t�h�e� �r�e�s�u�l�t� 

�t�h�a�t� �n�o� �c�o�n�c�l�u�s�i�o�n�s� �c�o�u�l�d� �b�e� �d�r�a�w�n� �i�n� �t�e�r�m�s� �o�f� �a�n�y� �v�a�r�i�a�t�i�o�n� �i�n� �t�u�r�b�i�d�i�t�y�.� 

�A� �m�i�x�e�d� �l�i�q�u�o�r� �s�a�m�p�l�e� �w�a�s� �t�a�k�e�n� �f�r�o�m� �t�h�e� �r�e�a�c�t�o�r�s� �a�n�d� �c�e�n�t�r�i�f�u�g�e�d�.� �T�h�e� 

�s�u�p�e�r�n�a�t�a�n�t� �w�a�s� �c�o�l�l�e�c�t�e�d� �a�n�d� �p�u�r�i�f�i�e�d� �u�s�i�n�g� �a� �0�.�2�2� �u�m� �s�t�e�r�i�l�e� �f�i�l�t�e�r�.� �T�h�e� �f�i�l�t�r�a�t�e� 

�w�a�s� �p�l�a�c�e�d� �o�n� �p�u�r�e� �c�u�l�t�u�r�e�s� �o�f� �p�o�l�y�p�h�o�s�p�h�o�r�o�u�s� �b�a�c�t�e�r�i�a� �a�n�d� �i�n�c�u�b�a�t�e�d� �a�t� �2�5�°�C� 

�t�o� �d�e�t�e�r�m�i�n�e� �i�t�s� �e�f�f�e�c�t� �o�n� �b�a�c�t�e�r�i�a�l� �g�r�o�w�t�h�.� 

�M�e�t�h�o�d�s� �a�n�d� �M�a�t�e�r�i�a�l�s� 
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�C�h�a�p�t�e�r� �F�o�u�r�:� �R�e�s�u�l�t�s� 

�4�.�1� �O�v�e�r�v�i�e�w� 

�T�h�i�s� �s�e�c�t�i�o�n� �s�u�m�m�a�r�i�z�e�s� �t�h�e� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �w�e�e�k�l�y� �s�a�m�p�l�i�n�g� �o�f� �e�a�c�h� 

�r�e�a�c�t�o�r�.� �I�t� �i�n�c�l�u�d�e�s� �t�o�p�i�c�s� �s�u�c�h� �a�s� �p�o�p�u�l�a�t�i�o�n� �s�h�i�f�t�s�,� �t�h�e� �e�f�f�e�c�t�s� �o�f� �f�e�e�d� �s�o�l�u�t�i�o�n�s�,� 

�t�e�m�p�e�r�a�t�u�r�e� �e�f�f�e�c�t�s�,� �a�n�d� �o�t�h�e�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �i�n�d�i�c�a�t�e�d� �b�y� �t�h�e� �d�a�t�a�.� �R�a�w� �d�a�t�a� �a�r�e� 

�l�o�c�a�t�e�d� �i�n� �A�p�p�e�n�d�i�x� �A� �a�n�d� �B�.� 

�4�.�2� �D�e�f�i�n�i�t�i�o�n� �o�f� �P�-�r�e�m�o�v�a�l� 

�I�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �P�-�r�e�m�o�v�a�l� �w�a�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� �r�e�m�o�v�a�l� �o�f� �>�1�0� �m�g�/�I� �P�O�,�,� 

�m�e�a�s�u�r�e�d� �f�r�o�m� �t�h�e� �e�n�d� �o�f� �t�h�e� �a�n�a�e�r�o�b�i�c� �s�t�a�g�e� �t�o� �t�h�e� �e�n�d� �o�f� �t�h�e� �a�e�r�o�b�i�c� �s�t�a�g�e�.� �D�u�r�i�n�g� 

�i�n�i�t�i�a�l� �p�e�r�i�o�d�s� �o�f� �s�l�u�d�g�e� �a�c�c�l�i�m�a�t�i�o�n�,� �b�a�c�k�g�r�o�u�n�d� �P�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �t�h�e� �r�e�a�c�t�o�r� �w�e�r�e� 

�o�f�t�e�n� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� �t�h�a�n� �t�h�o�s�e� �o�f� �t�h�e� �i�n�f�l�u�e�n�t� �P�O�,�.� �T�h�u�s� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� 

�i�n�f�l�u�e�n�t� �a�n�d� �e�f�f�l�u�e�n�t� �P�O�,� �d�i�d� �n�o�t� �a�l�w�a�y�s� �i�n�d�i�c�a�t�e� �w�h�e�t�h�e�r� �n�e�t� �P�-�r�e�m�o�v�a�l� �a�c�t�u�a�l�l�y� 

�o�c�c�u�r�r�e�d�.� �I�n� �a�d�d�i�t�i�o�n�,� �P�O�,� �r�e�l�e�a�s�e� �o�f�t�e�n� �o�c�c�u�r�r�e�d� �d�u�r�i�n�g� �t�h�e� �o�n�e� �h�o�u�r� �s�e�t�t�l�i�n�g� �p�e�r�i�o�d� 

�d�u�e� �t�o� �t�h�e� �o�n�s�e�t� �o�f� �a�n�a�e�r�o�b�i�c� �c�o�n�d�i�t�i�o�n�s�,� �t�h�u�s� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �a�m�o�u�n�t� �o�f� �P�O�,� �m�e�a�s�u�r�e�d� �i�n� 

�t�h�e� �e�f�f�l�u�e�n�t�.� �B�e�c�a�u�s�e� �t�h�i�s� �d�i�d� �n�o�t� �o�c�c�u�r� �a�t� �a�l�l� �t�i�m�e�s�,� �P�O�,� �r�e�m�o�v�a�l� �w�a�s� �a�l�w�a�y�s� �m�e�a�s�u�r�e�d� 

�a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �a�e�r�o�b�i�c� �s�t�a�g�e� �f�o�r� �c�o�n�s�i�s�t�e�n�c�y�.� 

�4�.�3� �P�o�p�u�l�a�t�i�o�n� �d�y�n�a�m�i�c�s� �a�n�d� �s�u�b�s�e�q�u�e�n�t� �P�-�r�e�m�o�v�a�l� 

�F�i�g�u�r�e� �4� �(�a�-�f�)� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �c�h�a�n�g�e�s� �i�n� �b�a�c�t�e�r�i�a�l� �p�o�p�u�l�a�t�i�o�n�s� �o�f� �b�o�t�h� �P�P� �b�a�c�t�e�r�i�a� 

�a�n�d� �G� �b�a�c�t�e�r�i�a� �i�n� �t�h�e� �a�e�r�o�b�i�c� �s�t�a�g�e� �o�f� �e�a�c�h� �r�e�a�c�t�o�r� �t�h�r�o�u�g�h� �t�i�m�e�.� �D�u�r�i�n�g� �p�e�r�i�o�d�s� �o�f� �P�-� 
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�r�e�m�o�v�a�l�,� �n�e�i�t�h�e�r� �P�P� �n�o�r� �G� �b�a�c�t�e�r�i�a� �c�o�n�s�i�s�t�e�n�t�l�y� �d�o�m�i�n�a�t�e�d�,� �a�l�t�h�o�u�g�h� �P�P� �b�a�c�t�e�r�i�a� �d�i�d� 

�o�u�t�n�u�m�b�e�r� �G� �b�a�c�t�e�r�i�a� �1�5� �o�u�t� �o�f� �2�2� �t�o�t�a�l� �d�a�y�s� �w�h�e�n� �P�-�r�e�m�o�v�a�l� �w�a�s� �o�b�s�e�r�v�e�d�.� �R�a�w� 

�b�a�c�t�e�r�i�a�l� �n�u�m�b�e�r�s� �a�l�s�o� �d�i�d� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �i�n�d�i�c�a�t�e� �r�e�a�c�t�o�r� �p�e�r�f�o�r�m�a�n�c�e�.� �H�i�g�h� �n�u�m�b�e�r�s� 

�o�f� �P�P� �b�a�c�t�e�r�i�a� �d�i�d� �n�o�t� �g�u�a�r�e�n�t�e�e� �P�-�r�e�m�o�v�a�l�,� �w�i�t�h� �o�r� �w�i�t�h�o�u�t� �G� �b�a�c�t�e�r�i�a� �d�o�m�i�n�a�t�i�o�n�.� �D�a�y� 

�6�2� �o�f� �r�e�a�c�t�o�r� �F� �d�i�s�p�l�a�y�s� �t�h�e� �h�i�g�h�e�s�t� �p�o�p�u�l�a�t�i�o�n� �o�f� �P�P�s� �f�o�u�n�d� �i�n� �t�h�e� �r�e�a�c�t�o�r�.� �N�o� �P�-� 

�r�e�m�o�v�a�l� �o�c�c�u�r�r�e�d�,� �d�e�s�p�i�t�e� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �n�u�m�b�e�r�s� �o�f� �G� �b�a�c�t�e�r�i�a�.� �D�a�y� �1�1�5� �o�f� �r�e�a�c�t�o�r� �A� 

�s�h�o�w�s� �a� �l�a�r�g�e� �p�o�p�u�l�a�t�i�o�n� �o�f� �P�P ��s� �(�>� �1�2�0�0� �x� �1�0�6�)�,� �w�i�t�h� �a� �n�e�a�r�-�e�q�u�a�l� �p�o�p�u�l�a�t�i�o�n� �o�f� �G ��s�,� 

�y�e�t� �n�o� �P�-�r�e�m�o�v�a�l� �o�c�c�u�r�r�e�d�.� �M�o�r�e�o�v�e�r�,� �d�a�y�s� �w�i�t�h� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �P�P� �n�u�m�b�e�r�s� �(�<�7�0�0� �x� 

�1�0�°�6�)� �w�e�r�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �P�-�r�e�m�o�v�a�l�,� �w�h�e�t�h�e�r� �G� �b�a�c�t�e�r�i�a� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� 

�(�D�a�y�s� �1�,�9�,� �r�e�a�c�t�o�r� �F�)�,� �s�i�g�n�i�f�i�c�a�n�t�l�y� �l�o�w�e�r� �(�D�a�y� �1�6�,� �r�e�a�c�t�o�r� �D�)�,� �o�r� �n�e�a�r�l�y� �e�q�u�a�l� �(�D�a�y� �7�3�,� 

�r�e�a�c�t�o�r� �E�)�.� 

�U�n�d�e�r� �m�i�c�r�o�s�c�o�p�i�c� �e�x�a�m�i�n�a�t�i�o�n�,� �a� �r�e�l�a�t�i�o�n�s�h�i�p� �a�p�p�e�a�r�s� �t�o� �e�x�i�s�t� �b�e�t�w�e�e�n� �t�h�e� �s�i�z�e� 

�o�f� �t�h�e� �P�P� �b�a�c�t�e�r�i�a� �a�n�d� �t�h�e� �a�b�i�l�i�t�y� �t�o� �r�e�m�o�v�e� �P�P�.� �T�h�i�s� �w�a�s� �p�a�r�t�i�c�u�l�a�r�l�y� �a�p�p�a�r�e�n�t� �d�u�r�i�n�g� 

�d�a�y�s� �o�f� �P�-�r�e�m�o�v�a�l� �a�n�d� �d�a�y�s� �w�i�t�h�o�u�t� �P�-�r�e�m�o�v�a�l� �i�n� �r�e�a�c�t�o�r� �E� �(�F�i�g�.� �4�e�)�.� �D�a�y�s� �1�-�1�5� 

�c�o�n�t�a�i�n�e�d� �r�e�l�a�t�i�v�e�l�y� �f�e�w� �P�P� �b�a�c�t�e�r�i�a� �(�w�i�t�h� �t�h�e� �e�x�c�e�p�t�i�o�n� �o�f� �d�a�y� �8�)�,� �y�e�t� �a�l�l� �d�a�y�s� �h�a�d� �P�-� 

�r�e�m�o�v�a�l�.� �U�n�d�e�r� �t�h�e� �m�i�c�r�o�s�c�o�p�e�,� �t�h�e�s�e� �P�P� �b�a�c�t�e�r�i�a� �w�e�r�e� �v�e�r�y� �l�a�r�g�e� �(�2�-�3� �u�m� �i�n� �l�e�n�g�t�h�)�,� �a�s� 

�o�p�p�o�s�e�d� �t�o� �d�a�y�s� �w�i�t�h�o�u�t� �P�-�r�e�m�o�v�a�l� �w�h�e�n� �t�h�e� �b�a�c�t�e�r�i�a� �w�e�r�e� �t�y�p�i�c�a�l�l�y� �<�1� �u�m�,� �s�u�c�h� �a�s� �d�a�y�s� 

�2�2�-�2�9�.� �D�a�y� �2�2� �h�a�d� �a� �g�r�e�a�t�e�r� �o�r� �e�q�u�i�v�a�l�e�n�t� �p�o�p�u�l�a�t�i�o�n� �o�f� �P�P ��s� �t�o� �d�a�y�s� �w�i�t�h� �P�-�r�e�m�o�v�a�l� 

�(�d�a�y�s� �4�3�,� �5�7�,� �a�n�d� �7�3�)�,� �y�e�t� �n�o� �P�-�r�e�m�o�v�a�l� �o�c�c�u�r�r�e�d�.� �U�n�d�e�r� �t�h�e� �m�i�c�r�o�s�c�o�p�e�,� �t�h�e�s�e� �b�a�c�t�e�r�i�a� 

�w�e�r�e� �v�e�r�y� �s�m�a�l�l�,� �a�p�p�e�a�r�i�n�g� �o�n�l�y� �a�s� �s�m�a�l�l�,� �b�l�a�c�k� �d�o�t�s�,� �<�1� �w�m� �i�n� �l�e�n�g�t�h�.� �C�e�c�h� �a�n�d� 

�H�a�r�t�m�a�n� �(�1�9�9�1�)� �d�e�s�c�r�i�b�e� �G� �b�a�c�t�e�r�i�a� �a�s� �1�-�2� �t�i�m�e�s� �l�a�r�g�e�r� �t�h�a�n� �P�P� �b�a�c�t�e�r�i�a�.� �D�u�r�i�n�g� 

�p�e�r�i�o�d�s� �o�f� �P�-�r�e�m�o�v�a�l�,� �h�o�w�e�v�e�r�,� �t�h�e� �G� �b�a�c�t�e�r�i�a� �a�p�p�e�a�r�e�d� �m�u�c�h� �s�m�a�l�l�e�r� �t�h�a�n� �t�h�e� �P�P ��s�.� �I�n� 
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�a�d�d�i�t�i�o�n�,� �t�h�e�y� �w�e�r�e� �a�l�s�o� �s�m�a�l�l�e�r� �t�h�a�n� �G� �b�a�c�t�e�r�i�a� �f�o�u�n�d� �i�n� �s�y�s�t�e�m�s� �d�u�r�i�n�g� �n�o� �P�-�r�e�m�o�v�a�l� 

�(�1�-�2� �4�m� �a�s� �o�p�p�o�s�e�d� �t�o� �2�-�3� �y�m� �i�n� �s�i�z�e�)�.� �T�h�i�s� �t�r�e�n�d� �w�a�s� �a�p�p�a�r�e�n�t� �i�n� �a�l�l� �o�f� �t�h�e� �r�e�a�c�t�o�r�s�.� 

�A�s� �t�h�e� �a�b�i�l�i�t�y� �t�o� �r�e�m�o�v�e� �P� �w�a�s� �l�o�s�t� �i�n� �e�a�c�h� �r�e�a�c�t�o�r�,� �%� �P� �i�n� �t�h�e� �s�l�u�d�g�e� �a�l�s�o� 

�d�e�c�r�e�a�s�e�d� �(�F�i�g�.� �5�,� �a�-�f�)�.� �F�r�o�m� �d�a�y� �1�,� �a�l�l� �r�e�a�c�t�o�r�s� �r�e�m�o�v�e�d� �p�h�o�s�p�h�o�r�o�u�s� �u�n�t�i�l� �t�h�e� �%� �P� 

�d�r�o�p�p�e�d� �b�e�l�o�w� �2�-�3�%� �P�.� �F�o�l�l�o�w�i�n�g� �t�h�i�s� �d�e�c�l�i�n�e�,� �s�o�m�e� �r�e�a�c�t�o�r�s� �d�i�d� �e�v�e�n�t�u�a�l�l�y� �e�x�c�e�e�d� �2�-� 

�3�%� �P�,� �b�u�t� �d�i�d� �n�o�t� �r�e�g�a�i�n� �t�h�e� �a�b�i�l�i�t�y� �t�o� �r�e�m�o�v�e� �p�h�o�s�p�h�o�r�o�u�s� �(�s�e�e� �d�a�y�s� �2�9�,� �4�4�,� �r�e�a�c�t�o�r� �B�;� 

�d�a�y� �7�8�,� �r�e�a�c�t�o�r� �D�)�.� �T�h�e� �m�i�n�i�m�u�m� �a�m�o�u�n�t� �o�f� �P� �i�n� �s�l�u�d�g�e�s� �t�h�a�t� �w�e�r�e� �r�e�m�o�v�i�n�g� �e�x�c�e�s�s� 

�p�h�o�s�p�h�o�r�o�u�s� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�%�.� �T�h�e� �o�n�l�y� �d�a�y�s� �t�h�a�t� �d�o� �n�o�t� �f�a�l�l� �a�b�o�v�e� �2�%� �a�r�e� �d�a�y�s� 

�4�3� �a�n�d� �6�2� �i�n� �r�e�a�c�t�o�r� �B�.� �T�h�i�s�,� �h�o�w�e�v�e�r�,� �a�p�p�e�a�r�s� �t�o� �r�e�f�l�e�c�t� �a�n� �e�r�r�o�r� �i�n� �t�h�e� �a�m�o�u�n�t� �o�f� �t�o�t�a�l� 

�P� �m�e�a�s�u�r�e�d� �i�n� �t�h�e� �s�a�m�p�l�e�.� �I�n� �g�e�n�e�r�a�l�,� �a�l�l� �r�e�a�c�t�o�r�s� �e�x�h�i�b�i�t�e�d� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�e�c�r�e�a�s�e� �i�n� �%� 

�P� �a�s� �t�h�e� �a�b�i�l�i�t�y� �t�o� �r�e�m�o�v�e� �P� �w�a�s� �l�o�s�t�;� �t�h�o�s�e� �t�h�a�t� �d�i�d� �r�e�g�a�i�n� �P�-�r�e�m�o�v�a�l� �n�e�v�e�r� �r�e�a�c�h�e�d� �a� �%� 

�P� �h�i�g�h�e�r� �t�h�a�n� �4�%� �-�-� �a� �v�e�r�y� �l�o�w� �%�P� �i�n� �s�l�u�d�g�e� �f�o�r� �b�i�o�l�o�g�i�c�a�l� �p�h�o�s�p�h�o�r�o�u�s� �r�e�m�o�v�a�l� �s�y�s�t�e�m�s�.� 

�T�h�r�o�u�g�h� �t�i�m�e�,� �a�l�l� �o�f� �t�h�e� �r�e�a�c�t�o�r�s� �l�o�s�t� �t�h�e� �a�b�i�l�i�t�y� �t�o� �r�e�l�e�a�s�e� �p�h�o�s�p�h�o�r�o�u�s�,� �w�i�t�h� �t�h�e� 

�e�x�c�e�p�t�i�o�n� �o�f� �r�e�a�c�t�o�r� �E�.� �T�o� �d�e�t�e�r�m�i�n�e� �a� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �n�u�m�b�e�r� �o�f� �P�P� �a�n�d� �G� 

�b�a�c�t�e�r�i�a� �a�n�d� �t�h�e� �a�b�i�l�i�t�y�/�i�n�a�b�i�l�i�t�y� �t�o� �r�e�m�o�v�e� �p�h�o�s�p�h�o�r�o�u�s�,� �F�i�g�s�.� �6� �(�a�-�f�)� �w�e�r�e� �d�e�v�e�l�o�p�e�d�,� 

�s�h�o�w�i�n�g� �t�h�e� �a�m�o�u�n�t� �o�f� �P�O�,� �u�p�t�a�k�e� �v�e�r�s�u�s� �t�h�e� �n�u�m�b�e�r� �o�f� �P�P�:�G� �b�a�c�t�e�r�i�a�.� �A�l�l� �o�f� �t�h�e� 

�r�e�a�c�t�o�r�s� �i�n�d�i�c�a�t�e� �h�i�g�h�e�r� �P�-�u�p�t�a�k�e� �w�i�t�h� �h�i�g�h�e�r� �P�P�:�G� �r�a�t�i�o�s�,� �e�x�c�e�p�t� �r�e�a�c�t�o�r� �F�.� �I�n� �t�h�i�s� 

�r�e�a�c�t�o�r�,� �P� �u�p�t�a�k�e� �w�a�s� �h�i�g�h�e�r� �w�h�e�n� �P�P�:�G� �w�a�s� �l�o�w�.� �T�h�i�s� �w�a�s� �t�h�e� �o�n�l�y� �t�i�m�e� �s�u�c�h� �a� �t�r�e�n�d� 

�w�a�s� �f�o�u�n�d�.� �N�o�t�e� �t�h�a�t� �t�h�e� �R �� �v�a�l�u�e� �w�a�s� �v�e�r�y� �l�o�w� �a�n�d� �n�o� �s�i�g�n�i�f�i�c�a�n�c�e� �c�a�n� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o� 

�t�h�e� �a�p�p�a�r�e�n�t� �t�r�e�n�d�.� �A�l�l� �t�h�r�e�e� �i�n�d�i�c�a�t�e�d� �a� �s�t�r�o�n�g� �p�o�s�i�t�i�v�e� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �P�-�u�p�t�a�k�e� 

�a�n�d� �t�h�e� �P�P�:�G� �r�a�t�i�o�.� 

�R�e�s�u�l�t�s� �3�6



�R�e�a�c�t�o�r� �A� 

� � 

� � 

� � 

� � 

� � � � � � 

� � 

� � 
� � 

�1�2� 

�1�0�0�%� �A�c�e�t�a�t�e� �(�m�o�l�a�r�)� �1� �S�O�%� �G�l�u�c�o�s�e�,� �5�0�%� �A�c�e�t�a�t�e� 

�V�O� �q�e� �n�n�n� �n�e�e� �e�r�e�c�t� �n�e� �c�e�c�e� �c�n� �e�e�a�e� �c�e�n�c�e� �e�n� �e�e�c�e�r�e�n�s�c�r�e�n�e�r�s�a�e�n�e�m�a�s�e�n�e�e�m�s�a�r�e�n�a�r�e�e�s�s�e�e�m�e�a�e�s� �P�e�s�s�e�r�e�a�t�e�n�a�e�s�r�e�n�a�n�a�n�e�s�n�e�a�c�e�e�t�i�n�g�e�u�e�s�a�n�a�s�a�n� �s�e�e�s�a�n�c�a�n�c�e�e�d�e�e�s�t�n�g�s�e�e�u�s�s�n�e�n�s�s�e�r�s�s�n�a�n�e�n�e�n�s�s�e�c�n�e�e�r�s�c�e�n�e�e�r�c�a�s�n�a�e�r�e�c�t�t�e�s�e�e�s�c�c�e�n�c�e�e�d� 

�3�-�4� �e�e� �e�e� �O�n� �e�e�d� �N� �e�e� �e�e�e� �E�e�e� �e�e�e� �e�e�e� �M�e�a�n� �O�E�S� �R�O�S�E�S� �e� �O�R�E�O� �T�E�N� �R�O�T�H�E�R� �R�E�T� �e�m� �M�O�N� �T�e�d� �O�A�R� �E�R� �E�R�O�S� �E�O�E� �E� �E�S�O� �R� �O�R�E�O� �O�T�E� �H� �N�O�E� �R� �N�O�T�E� �E�N�E� �O� �R�N� �H�e� �O�E�E� �N� �E�E� �O�S� �t�e� �E�S� �H�E�R�E� �E� �O�E�R� �e�n�e� �n�e�e� �t�e�n�e�t� �r�e�n�e�s� �a�e�w�n�t�e�e�n�d�a�e�e�a�s�c�a�s�e�s�s�s�e�s�o�d� 

�o� 
�o�m� 
�Q� 
�=� 
�w� 

�£� 
�a� 

�x� 

�o�O�  �� �b�i� �F� �O�F� �7� �7� 

�0� �2�0� �4�0� �6�0� �8�0� �1�0�0� �1�2�0� �1�4�0� 

�P�R� �©� �P�h�o�s�p�h�o�r�o�u�s� �r�e�m�o�v�a�l� �D�a�y�s� 
�J� �=� �T�e�m�p�e�r�a�t�u�r�e� �c�h�a�n�g�e� 

� � 

� � 

�R�e�a�c�t�o�r� �B� 
�1�2� 

�1�0�0�%� �A�c�e�t�a�t�e� �(�m�o�l�a�r� �b�a�s�i�s�}� 

�O�p�e�n�s� �c�s�c�c�e�c�e�e�c�v�e�n�e�v�e�s�c�t�u�e�e�t�s�a�t�e�e�c�e�c�e�t�v�e�v�a�e�e�c�e�s�s�e�e�s�s� �|� 

�3� �r�e� �e�e� �e�e�e� �e�e�e� �e�e� �O�n� �e�e� �e�e� �e�n�e� �O�e� �e�n�e� �e�e�e� �e�e� �o�r�e� �e�e� �m�E� �O�R�R� �O� �E�O�S� �R�O�E� �O�E�R� �E�E�S� �E�E� �S�S� �O�E�T�A� �O�N�E� �S�E�R�R�E� �E�T�E� �S�C�E� �O�R�E� �E�e� �P�E�R�S�O�N�S� �R�T�E� �O�E� �T�H�O�S� �O�R� �T�R�O�T� �O�R�E�N� �E�R�O� �D�e�m�a�t� �C�e�d�e� �R�e� �T�e�e�t�e�r� �e�s�a�s� �e�e� �e�a� �e�e�e�s� �C�n�e�w� �e�n�o�n� 
� � 

� � 

�%
� �P

� �I
�n� 

�s
�l�

u�
d�

g�
e�

 

�z� 

� � � � 
� � � � 

� � 

�D�a�y�s� 

�F�i�g�.� �5� �(�a�-�f�)�.� �P�e�r�c�e�n�t� �p�h�o�s�p�h�o�r�o�u�s� �m�e�a�s�u�r�e�d� �i�n� �t�h�e� �s�l�u�d�g�e� �d�u�r�i�n�g� �t�h�e� �a�e�r�o�b�i�c� �s�t�a�g�e�s� �o�f� 
�r�e�a�c�t�o�r�s� �A�-�F�.� 

�R�e�s�u�l�t�s



�R�e�a�c�t�o�r� �C� 

� � 
�1�0�0�%� �A�c�e�t�a�t�e� �(�m�o�t�a�r�)� �1�0�0�%� �A�c�e�t�a�t�e� �(�T�O�C� �e�q�u�i�v�.�)� 

� � 

� � 

� � 

�%
� �P

� �i�n
� �s

�l�
u�

d�
g�

e�
 

� � 

�>
� 

�=� 

�o�y� 
�~�~� 
� � 

�%
� �P

� �I
�n� 

�s
�l�

u�
d�

g�
e�

 

�R�e�s�u�l�t�s� 

� � � � � � � � 

� � 

�O�e� �a� �T� �O�F� 

�6� �1�0� �2� �x� �s�O� 

�P�R� �=� �P�h�o�s�p�h�o�r�o�u�s� �r�e�m�o�v�a�l� �D�a�y�s� 

�R�e�a�c�t�o�r� �D� 

�3�5�%� �G�l�u�c�o�s�e� �2�5�%� �G�l�u�c�o�c�e� �2�9�%� �N�u�s�i�e�n�t� �B�r�o�t�h� 
�7�5�%� �A�c�e�t�a�t�e� �7�9�%� �A�c�e�t�a�t�e� �2�5�%� �G�l�u�c�c�e�e� 
�(�o�l�e�s�)� �(�T�O�C� �e�q�u�i�v�.�)� �5�0�%� �A�c�e�t�a�t�e� 

� � 

� � 
�T� 

� � �/�\� 
� � 

�a
�»

� 

� � � � � � � � � � � � �¥� 

�P�R� �=� �P�h�o�s�p�h�o�r�o�u�s� �r�e�m�o�v�a�l� 
�Y�T� �=� �T�e�m�p�e�r�a�t�u�r�e� �c�h�a�n�g�e� 

�D�a�y�s� 

�3�8



�R�e�a�c�t�o�r� �E� 

� � 
�¥� �5�0�%� �N�u�t�r�i�e�n�t� �B�r�o�t�h�,� �5�0�%� �A�c�e�t�a�t�e� 

� � 

� � 

� � 

�%�
 �P� �i

�n� �
s�l

�u�
d�g

�e�
 

 �
� 

� � �(� �;� 
� � � � 
� � � � �Q� �1�0� �2�0� �3�0� �a�0� �&� �6�0� �7�0� 

�P�R� �=� �P�h�e�o�h�p�r�o�u�s� �r�e�m�o�v�a�l� �D�a�y�s� 
�T� �=� �T�e�m�p�e�r�a�t�u�r�e� �c�h�a�n�g�e� 

�R�e�a�c�t�o�r� �F� 

� � 
�7�5�%� �N�u�t�l�e�n�t� �B�r�o�t�h�,� �2�5�%� �A�c�e�t�a�t�e� 

� � 

� � 

�%
� �P

� �I
�n� 

�s
�l�

u�
d�

g�
e�

 �}� 

�J
� 

� � �i� � � � � 
� � � � �Q� �6� �1�0� �6� �2� �2�B� �3�0� �3�5� �4�0� 

�P�R� �=� �P�h�o�s�p�h�o�r�o�u�s� �r�e�m�o�v�a�l� �D�a�y�s� 
�T�Y� �=� �T�e�m�p�e�r�a�t�u�r�e� �c�h�a�n�g�e� 

�R�e�s�u�l�t�s� �3�9



�P
�O

�4
� �(�
A�

n�
o�

x�
i�c

�)�
 

�-� 
�P

�O
�4

� �(�a
�e�

r�)
�,� �

m
�g

�/�l
� 

�R�e�a�c�t�o�r� �A� 
� � 

� � 

�. � ��.� 
� � �P�A� 

�=� 

�=� �P�R� �R�n�?� �=� �0�.�5�5�6�8� 

� � 

� � � � 

� � 

� � � � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � � � � � � � 
�P�R� �=� �P�h�o�e�p�h�o�r�o�u�e� �r�e�m�o�v�a�l� 

�0� �r� �t� 
�°� �0�5� �1� �1�6� �2� �2�5� 

�P�R� �=� �P�h�o�e�p�h�o�r�o�u�e� �r�e�m�o�v�a�l� �P�P�/�G� 

�R�e�a�c�t�o�r� �B� 
�&�0�-� 

�3�0�-� 

�2�0�-� 

�1� 

�A� �2�n� �0�.�9�1�4� �~�-� 
 � � ��_�i�- � �� 

�0�-�+�}�-�~�~�-�-�-� �e�r� �a�o� 

�1�0� �a�s� �v�v� �v� �T� �'� 

�a�2� �O�4� �O�0�6� �o�s� �1� �1�2� �1�.�4� 
�P�P�/�G� 

�F�i�g�.� �6� �(�a�-�f�)�.� �T�h�e� �a�m�o�u�n�t� �o�f� �s�o�l�u�b�l�e� �p�h�o�s�p�h�o�r�o�u�s� �u�p�t�a�k�e� �a�s�'�a� �f�u�n�c�t�i�o�n� �o�f� �P�P� �a�n�d� �G� 
�p�o�p�u�l�a�t�i�o�n�.� �P�P� �a�n�d� �G� �n�u�m�b�e�r�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �a�e�r�o�b�i�c� �s�t�a�g�e� �o�f� �e�a�c�h� �r�e�a�c�t�o�r�.� 

�R�e�s�u�l�t�s� 
�4�0



�R�e�a�c�t�o�r� �C� 
� � �\�,� 

�2�»� �0�.�9�5�2� 

� � 

�P
�O

�4
� �(�
A�

n�
o�

x�
i�c

�)�
 

�-� �
P

�O
�4

� �(�a
�e�

r�)�
,� �m

�g
�/�l

� 

� � 

� � 

� � � � � � 
�P�R� �=� �P�h�o�o�p�h�o�r�o�u�e� �r�e�m�o�v�a�l� �P�P�,� �/�G� 

�R�e�a�c�t�o�r� �D� 
� � 

� � 

� � 

� � 

�P
�O

�4�
 �(�A

�n�
o�x

�i�c
�)� �-� �

P�
O�

4� �(�a
�e�r

�)�,�
 �m

�g�
/� 

� � 

� � 

� � � � � � �~
� �a� �4

� 

�&�
 

�o
�-�

 

�&�
 

�a
�4

� 

�0� �0�6� 
�P�R� �=� �P�h�o�e�p�h�o�r�o�u�s� �r�e�m�o�v�a�l� �P�P�/�G� 

�_� �R�e�s�u�l�t�s



�R�e�a�c�t�o�r� �E� 
� � 

� � 

� � 

� � 

� � 
� � 

� � � � � � � � 

� � 

� � 

� � 

� � 

� � 

� � � � � � � � 

�2�a� 

�a� �"� 
�8� �a� 
�+� 
�2� 
 �� �=�a� 

�i� �*� �p�a� �a� �P�R� 

�P�R� �P�R� �_� �=� �P�R� �o�n� �a� 

�3� �=� �o�o� �-� �=� �P�R� �n�?� �=� �0�.�1�5�2� 
�P�A� �m�e� �-�s� 

�2� �¥� �T�v� �T�v� 

�a�6� �H�y� �1�6� �2� �2�s� 

�P�R� �©� �P�h�o�e�p�h�o�r�o�u�e� �r�e�m�o�v�a�l� �P�P�/�G� 

�R�e�a�c�t�o�r� �F� 
�1�0�0� 

�o� 
�5� �6�0�-� 

�3� �P�R� �p�a� �C�e� 

�*� �*� �a�é� �=� �6�.�1�9�2� �=� 

�2�  ��T� �a� �v�e� �F�T� �'� �¥� 

�o�6� �o�s� �a�?� �a�e� �a�e� �i� �4�.�1� �4�.�2� �1�.�3� 

�P�R� �=� �P�h�o�e�p�h�o�r�o�u�s� �r�e�r�o�v�a�l� �P�P�/�G� 

�R�e�s�u�l�t�s� �4�2



�T�h�e� �a�b�o�v�e� �o�b�s�e�r�v�a�t�i�o�n�s� �w�e�r�e� �b�a�s�e�d� �s�o�l�e�y� �o�n� �P�P� �a�n�d� �G� �n�u�m�b�e�r�s� �f�o�u�n�d� �i�n� �t�h�e� 

�a�e�r�o�b�i�c� �z�o�n�e�.� �B�e�c�a�u�s�e� �P�-�u�p�t�a�k�e� �d�e�p�e�n�d�s� �o�n� �p�r�i�o�r� �P�-�r�e�l�e�a�s�e�,� �a�n�d� �b�e�c�a�u�s�e� �b�o�t�h� �d�e�p�e�n�d� 

�o�n� �t�h�e� �n�u�m�b�e�r� �o�f� �P�P� �a�v�a�i�l�a�b�l�e� �d�u�r�i�n�g� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �r�e�a�c�t�o�r� �s�t�a�g�e�s�,� �t�h�e� �n�u�m�b�e�r� �o�f� �P�P� 

�a�n�d� �G� �b�a�c�t�e�r�i�a� �d�u�r�i�n�g� �e�a�c�h� �s�t�a�g�e� �o�f� �o�p�e�r�a�t�i�o�n� �i�n� �t�h�e� �r�e�a�c�t�o�r� �w�e�r�e� �e�x�a�m�i�n�e�d� �f�o�r� �e�a�c�h� 

�s�a�m�p�l�i�n�g� �d�a�y�.� �H�o�w�e�v�e�r�,� �n�o� �a�p�p�a�r�e�n�t� �t�r�e�n�d�s� �e�x�i�s�t�e�d� �b�e�t�w�e�e�n� �t�h�e� �n�u�m�b�e�r� �o�f� �P�P� �o�r� �G� 

�b�a�c�t�e�r�i�a� �d�u�r�i�n�g� �a�n�a�e�r�o�b�i�c�,� �a�n�o�x�i�c�,� �o�r� �a�e�r�o�b�i�c� �s�t�a�g�e�s�,� �w�i�t�h� �o�r� �w�i�t�h�o�u�t� �P�-�r�e�m�o�v�a�l�,� �i�n� �a�n�y� �o�f� 

�t�h�e� �r�e�a�c�t�o�r�s�.� 

�4�.�4� �E�f�f�e�c�t�s� �o�f� �f�e�e�d� �c�o�m�p�o�s�i�t�i�o�n� �o�n� �P�P� �a�n�d� �G� �p�o�p�u�l�a�t�i�o�n�s� 

�A� �t�o�t�a�l� �o�f� �s�i�x� �r�e�a�c�t�o�r�s� �w�e�r�e� �m�a�i�n�t�a�i�n�e�d� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �e�x�p�e�r�i�m�e�n�t�.� �O�f� �t�h�e�s�e�,� �t�w�o� 

�w�e�r�e� �f�e�d� �a� �1�0�0�%� �a�c�e�t�a�t�e� �s�o�l�u�t�i�o�n� �t�h�r�o�u�g�h�o�u�t� �t�h�e�i�r� �o�p�e�r�a�t�i�o�n�.� �T�h�e� �o�n�l�y� �c�h�a�n�g�e� �i�n� �f�e�e�d� 

�o�c�c�u�r�r�e�d� �w�h�e�n� �t�h�e� �a�m�o�u�n�t� �o�f� �s�o�d�i�u�m� �a�c�e�t�a�t�e� �(�N�a�C�,�H�,�O�,�)� �w�a�s� �c�h�a�n�g�e�d� �f�r�o�m� �a� �m�o�l�a�r� 

�e�q�u�i�v�a�l�e�n�t� �o�f� �2�0�0� �m�m�o�l�/�1� �a�c�e�t�i�c� �a�c�i�d� �(�a�f�t�e�r� �C�e�c�h� �a�n�d� �H�a�r�t�m�a�n�,� �1�9�9�0�)� �t�o� �a� �T�O�C� 

�e�q�u�i�v�a�l�e�n�t� �a�m�o�u�n�t� �o�f� �a�c�e�t�a�t�e� �e�q�u�a�l�l�i�n�g� �3�1�5� �m�g�/�l� �T�O�C�,� �a�l�t�h�o�u�g�h� �t�h�e� �a�c�t�u�a�l� �a�m�o�u�n�t� �o�f� 

�N�a�C�,�H�,�O�,� �(�i�n� �g�r�a�m�s�)� �c�h�a�n�g�e�d� �l�i�t�t�l�e�.� �T�h�e� �r�e�m�a�i�n�i�n�g� �f�o�u�r� �r�e�a�c�t�o�r�s� �w�e�r�e� �f�e�d� �s�o�l�u�t�i�o�n�s� 

�c�o�n�t�a�i�n�i�n�g� �d�i�f�f�e�r�e�n�t� �p�e�r�c�e�n�t�a�g�e�s� �o�f� �g�l�u�c�o�s�e� �a�n�d�/�o�r� �n�u�t�r�i�e�n�t� �b�r�o�t�h�,� �t�o�t�a�l�i�n�g� �3�1�5� �m�g�/�I� 

�T�O�C�.� �T�a�b�l�e� �3�,� �p�a�g�e� �2�1�,� �s�u�m�m�a�r�i�z�e�s� �t�h�e�s�e� �f�e�e�d� �c�h�a�n�g�e�s�.� 

�B�e�c�a�u�s�e� �t�h�e� �n�u�m�b�e�r�s� �o�f� �P�P� �a�n�d� �G� �b�a�c�t�e�r�i�a� �v�a�r�i�e�d� �w�i�d�e�l�y� �t�h�r�o�u�g�h�o�u�t� �e�a�c�h� �s�t�a�g�e� �i�n� 

�t�h�e� �r�e�a�c�t�o�r�s� �w�i�t�h� �n�o� �a�p�p�a�r�e�n�t�l�y� �c�o�n�s�i�s�t�e�n�t� �p�e�a�k� �s�t�a�g�e� �(�i�e�.� �w�i�t�h�i�n� �t�h�e� �a�e�r�o�b�i�c� �s�t�a�g�e�)�,� �t�h�e� 

�t�o�t�a�l� �n�u�m�b�e�r� �o�f� �P�P� �a�n�d� �G� �b�a�c�t�e�r�i�a� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �f�o�r� �e�a�c�h� �8�-�h�o�u�r� �s�a�m�p�l�i�n�g� �d�a�y� �t�o� 

�b�e�t�t�e�r� �e�s�t�i�m�a�t�e� �o�v�e�r�a�l�l� �p�o�p�u�l�a�t�i�o�n� �s�i�z�e�.� �T�h�e�s�e� �n�u�m�b�e�r�s�,� �i�n�c�l�u�d�i�n�g� �a�l�l� �f�i�v�e� �s�t�a�g�e�s�,� �w�e�r�e� 

�t�h�e�n� �p�l�o�t�t�e�d� �v�e�r�s�u�s� �t�i�m�e�,� �a�n�d� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�.� �7� �(�a�-�f�)�.� 
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�s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �i�n� �a�l�l� �c�a�s�e�s� �(�w�h�e�r�e� �a�p�p�l�i�c�a�b�l�e�)�,� �t�h�e� �p�o�p�u�l�a�t�i�o�n�s� �o�f� �b�o�t�h� �P�P� �a�n�d� �G� 

�b�a�c�t�e�r�i�a� �b�e�g�a�n� �t�o� �c�l�i�m�b� �o�n� �o�r� �w�i�t�h�i�n� �2�-�3� �d�a�y�s� �o�f� �d�a�y� �5�0�.� �T�h�e�s�e� �r�e�s�u�l�t�,� �t�h�e�r�e�f�o�r�e�,� �s�u�g�g�e�s�t� 

�p�o�p�u�l�a�t�i�o�n� �s�h�i�f�t�s� �o�c�c�u�r�r�e�d� �r�e�g�u�l�a�r�l�y� �i�n� �t�h�e� �r�e�a�c�t�o�r�s�,� �a�n�d� �t�h�a�t� �f�e�e�d� �t�o�x�i�c�i�t�y� �d�i�d� �n�o�t� �p�l�a�y� �a� 
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�T�h�e� �p�o�p�u�l�a�t�i�o�n� �i�n�c�r�e�a�s�e� �b�e�y�o�n�d� �d�a�y� �5�0� �w�a�s� �c�o�n�s�i�s�t�e�n�t� �i�n� �b�o�t�h� �r�e�a�c�t�o�r�s�,� �a�l�t�h�o�u�g�h� �r�e�a�c�t�o�r� 

�A� �h�a�d� �a� �l�a�r�g�e�r� �o�v�e�r�a�l�l� �b�a�c�t�e�r�i�a�l� �p�o�p�u�l�a�t�i�o�n� �w�i�t�h� �h�i�g�h�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �a�v�a�i�l�a�b�l�e� 

�g�l�u�c�o�s�e�.� 

�W�i�t�h� �t�h�e� �i�n�t�r�o�d�u�c�t�i�o�n� �o�f� �n�u�t�r�i�e�n�t� �b�r�o�t�h�,� �t�h�e� �s�a�m�e� �p�a�t�t�e�r�n�s� �o�f� �d�e�c�l�i�n�e� �a�n�d� �r�e�c�o�v�e�r�y� 

�c�o�n�t�i�n�u�e�d� �i�n� �t�h�e� �r�e�a�c�t�o�r�s�.� �R�e�a�c�t�o�r� �E� �w�a�s� �f�e�d� �5�0�%� �n�u�t�r�i�e�n�t� �b�r�o�t�h�:�a�c�e�t�a�t�e�.� �W�i�t�h�o�u�t� 

�a�v�a�i�l�a�b�l�e� �g�l�u�c�o�s�e�,� �G� �b�a�c�t�e�r�i�a� �n�u�m�b�e�r�s� �w�e�r�e� �l�o�w�e�r� �t�h�a�n� �r�e�a�c�t�o�r� �A� �w�i�t�h� �5�0�%� �g�l�u�c�o�s�e�,� �y�e�t� 

�n�e�a�r�l�y� �t�h�e� �s�a�m�e� �a�s� �t�h�o�s�e� �i�n� �r�e�a�c�t�o�r� �D� �w�i�t�h� �2�5�%� �g�l�u�c�o�s�e�.� �I�n� �r�e�a�c�t�o�r� �F�,� �o�n�l�y� �2�5�%� �a�c�e�t�a�t�e� 

�w�a�s� �a�v�a�i�l�a�b�l�e�,� �w�i�t�h� �7�5�%� �n�u�t�r�i�e�n�t� �b�r�o�t�h�.� �T�h�e� �n�u�m�b�e�r� �o�f� �P�P� �a�n�d� �G� �b�a�c�t�e�r�i�a� �f�l�u�c�t�u�a�t�e�d� 

�b�e�t�w�e�e�n� �2�,�0�0�0� �a�n�d� �3�,�0�0�0� �b�a�c�t�e�r�i�a�/�m�l�*�(�1�0�°�6�)�,� �w�h�i�c�h� �w�a�s� �s�o�m�e�w�h�a�t� �h�i�g�h�e�r� �t�h�a�n� �i�n� �t�h�e� 

�o�t�h�e�r� �r�e�a�c�t�o�r�s� �c�o�n�t�a�i�n�i�n�g� �n�u�t�r�i�e�n�t� �b�r�o�t�h�.� �I�t� �a�l�s�o� �d�i�d� �n�o�t� �d�i�s�p�l�a�y� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �s�h�a�r�p� 

�d�e�c�l�i�n�e� �i�n� �P�P� �b�a�c�t�e�r�i�a�,� �o�n�l�y� �i�n� �G� �b�a�c�t�e�r�i�a�.� �D�e�s�p�i�t�e� �t�h�e� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �n�u�m�b�e�r�s� �o�f� �P�P� 

�b�a�c�t�e�r�i�a�,� �P�-�r�e�m�o�v�a�l� �w�a�s� �n�o�t� �m�a�i�n�t�a�i�n�e�d�.� �I�t� �s�h�o�u�l�d� �a�l�s�o� �b�e� �n�o�t�e�d� �t�h�a�t� �t�h�e� �s�l�u�d�g�e� �u�s�e�d� �t�o� 

�S�t�a�r�t� �u�p� �r�e�a�c�t�o�r� �F� �h�a�d� �u�n�u�s�u�a�l�l�y� �h�i�g�h� �i�n�i�t�i�a�l� �n�u�m�b�e�r�s� �o�f� �G� �b�a�c�t�e�r�i�a�.� 

�O�v�e�r�a�l�l�,� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �n�u�t�r�i�e�n�t� �b�r�o�t�h� �d�i�d� �n�o�t� �a�p�p�e�a�r� �t�o� �s�i�g�n�i�f�i�c�a�n�t�l�y� �e�n�h�a�n�c�e� 

�e�i�t�h�e�r� �P�P� �o�r� �G� �b�a�c�t�e�r�i�a� �p�o�p�u�l�a�t�i�o�n�s�.� �I�t� �w�a�s� �a�v�a�i�l�a�b�l�e�,� �h�o�w�e�v�e�r�,� �w�h�e�n� �o�n�l�y� �o�n�e� �r�e�a�c�t�o�r� �o�f� 

�s�i�x� �r�e�g�a�i�n�e�d� �t�h�e� �a�b�i�l�i�t�y� �t�o� �r�e�m�o�v�e� �p�h�o�s�p�h�o�r�o�u�s�.� �A�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �l�a�b�e�l�,� �t�h�e� �n�u�t�r�i�e�n�t� 

�b�r�o�t�h� �c�o�n�t�a�i�n�e�d� �3� �g� �B�a�c�t�o�®� �b�e�e�f� �e�x�t�r�a�c�t� �a�n�d� �5� �g� �B�a�c�t�o�®� �p�e�p�t�o�n�e� �(�D�I�F�C�O� �l�a�b�o�r�a�t�o�r�i�e�s�)�.� 

�T�h�e� �a�d�d�i�t�i�o�n� �o�f� �g�l�u�c�o�s�e� �d�i�d� �a�p�p�e�a�r� �t�o� �s�t�i�m�u�l�a�t�e� �G� �b�a�c�t�e�r�i�a�l� �g�r�o�w�t�h� �a�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� 

�g�r�e�a�t�e�r� �t�h�a�n� �2�5�%� �g�l�u�c�o�s�e�,� �a�l�t�h�o�u�g�h� �t�h�e�s�e� �i�n�c�r�e�a�s�e�s� �d�i�d� �e�v�e�n�t�u�a�l�l�y� �f�o�l�l�o�w� �t�h�e� �s�a�m�e� �t�r�e�n�d�s� 

�i�n� �b�o�t�h� �P�P� �a�n�d� �G� �p�o�p�u�l�a�t�i�o�n�s� �i�n� �a�l�l� �t�h�e� �r�e�a�c�t�o�r�s� �b�e�y�o�n�d� �d�a�y� �5�0�.� 
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�4�.�5� �T�e�m�p�e�r�a�t�u�r�e� �e�f�f�e�c�t�s� �o�n� �b�a�c�t�e�r�i�a�l� �p�o�p�u�l�a�t�i�o�n�s� 

�T�e�m�p�e�r�a�t�u�r�e� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �d�u�r�i�n�g� �t�h�e� �l�a�s�t� �s�i�x� �d�a�y�s� �o�f� �o�p�e�r�a�t�i�o�n� �o�f� 

�r�e�a�c�t�o�r�s� �A�,� �D�,� �E�,� �a�n�d� �F�.� �T�h�e� �f�i�r�s�t� �t�h�r�e�e� �w�e�e�k�s� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t� �w�e�r�e� �c�o�n�d�u�c�t�e�d� 

�b�e�t�w�e�e�n� �2�5�-�2�7�°�C�,� �t�h�e� �f�o�u�r�t�h� �w�e�e�k� �a�t� �2�0�°�C�,� �a�n�d� �t�h�e� �l�a�s�t� �t�w�o� �w�e�e�k�s� �a�t� �3�0�°�C�.� �B�e�c�a�u�s�e� 

�p�u�r�e� �c�u�l�t�u�r�e�s� �o�f� �G� �b�a�c�t�e�r�i�a� �g�r�e�w� �o�n�l�y� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �b�e�t�w�e�e�n� �2�0�-�2�5�°�C�,� �i�t� �w�a�s� �a�s�s�u�m�e�d� 

�t�h�a�t� �h�i�g�h�e�r� �t�e�m�p�e�r�a�t�u�r�e�s� �w�o�u�l�d� �n�e�g�a�t�i�v�e�l�y� �a�f�f�e�c�t� �p�o�p�u�l�a�t�i�o�n�s� �o�f� �G� �b�a�c�t�e�r�i�a� �i�n� �t�h�e� 

�r�e�a�c�t�o�r�s�.� 

�I�n� �r�e�a�c�t�o�r� �A�,� �P�P� �n�u�m�b�e�r�s� �i�n�c�r�e�a�s�e�d� �n�e�a�r�l�y� �t�o� �t�h�o�s�e� �o�f� �G� �b�a�c�t�e�r�i�a� �f�o�r� �t�h�e� �f�i�r�s�t� 

�t�i�m�e� �s�i�n�c�e� �i�n�i�t�i�a�l� �o�p�e�r�a�t�i�o�n� �(�F�i�g�.� �7�a�)�.� �T�h�e� �b�a�c�t�e�r�i�a� �w�e�r�e� �a�l�s�o� �l�a�r�g�e�r�,� �c�o�n�t�a�i�n�i�n�g� �s�u�f�f�i�c�i�e�n�t� 

�p�h�o�s�p�h�o�r�o�u�s� �i�n� �t�h�e� �c�e�l�l�s� �t�o� �s�t�a�i�n� �d�i�s�t�i�n�c�t�i�v�e�l�y� �a�s� �P�P� �b�a�c�t�e�r�i�a�.� �H�o�w�e�v�e�r�,� �t�h�e� �n�u�m�b�e�r� �o�f� �G� 

�b�a�c�t�e�r�i�a� �d�i�d� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�e�c�r�e�a�s�e� �a�s� �e�x�p�e�c�t�e�d�,� �a�l�t�h�o�u�g�h� �t�h�e�y� �d�i�d� �a�p�p�e�a�r� �t�o� �b�e� �i�n� 

�d�e�c�l�i�n�e� �a�t� �3�0�°�C�.� �I�n� �r�e�a�c�t�o�r� �D�,� �t�h�e� �n�u�m�b�e�r� �o�f� �P�P� �d�e�c�l�i�n�e�d� �a�t� �2�0�-�2�5�°�C�,� �y�e�t� �i�n�c�r�e�a�s�e�d� �a�t� 

�3�0�°�C�,� �w�h�i�l�e� �t�h�e� �G� �b�a�c�t�e�r�i�a� �r�o�s�e� �a�n�d� �f�e�l�l� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �c�h�a�n�g�e�s� �(�F�i�g�.� �7�d�)�.� 

�A�g�a�i�n�,� �P�P� �b�a�c�t�e�r�i�a� �w�e�r�e� �m�u�c�h� �l�a�r�g�e�r� �a�n�d� �s�t�a�i�n�e�d� �w�e�l�l� �d�u�r�i�n�g� �p�e�r�i�o�d�s� �o�f� �h�i�g�h�e�r� 

�t�e�m�p�e�r�a�t�u�r�e� �i�n� �r�e�a�c�t�o�r� �D�.� �T�h�e� �s�a�m�e� �t�r�e�n�d�s� �w�e�r�e� �f�o�u�n�d� �i�n� �r�e�a�c�t�o�r�s� �E� �a�n�d� �F�,� �a�l�t�h�o�u�g�h� �i�n� 

�r�e�a�c�t�o�r� �F�,� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �P�P� �a�t� �3�0�°�C� �w�a�s� �n�o�t� �a�s� �p�r�o�m�i�n�e�n�t� �a�s� �i�n� �t�h�e� �o�t�h�e�r� �r�e�a�c�t�o�r�s�.� 

�O�v�e�r�a�l�l�,� �a�l�l� �r�e�a�c�t�o�r�s� �d�i�s�p�l�a�y�e�d� �s�o�m�e� �k�i�n�d� �o�f� �P�P� �i�n�c�r�e�a�s�e� �a�t� �h�i�g�h�e�r� �t�e�m�p�e�r�a�t�u�r�e�s�,� 

�p�a�r�t�i�c�u�l�a�r�l�y� �a�t� �3�0�°�C�.� �T�h�e� �n�u�m�b�e�r� �o�f� �G� �b�a�c�t�e�r�i�a� �f�l�u�c�t�u�a�t�e�d� �b�e�t�w�e�e�n� �2�5�-�2�7�°�C�,� �y�e�t� �b�e�g�a�n� 

�t�o� �d�e�c�l�i�n�e� �a�t� �3�0�°�C� �i�n� �a�l�l� �r�e�a�c�t�o�r�s�.� �I�n� �a�d�d�i�t�i�o�n�,� �a�l�l� �r�e�a�c�t�o�r�s� �b�u�t� �r�e�a�c�t�o�r� �A� �s�h�o�w�e�d� �a� �s�h�a�r�p� 

�i�n�c�r�e�a�s�e� �i�n� �G� �b�a�c�t�e�r�i�a� �d�u�r�i�n�g� �t�h�e� �f�o�u�r�t�h� �w�e�e�k� �w�h�e�n� �t�e�m�p�e�r�a�t�u�r�e�s� �w�e�r�e� �r�e�s�t�o�r�e�d� �t�o� �2�0�°�C�.� 

�M�o�s�t� �n�o�t�a�b�l�y�,� �i�n� �a�l�l� �c�a�s�e�s�,� �P�P� �b�a�c�t�e�r�i�a� �w�e�r�e� �l�a�r�g�e�r� �a�n�d� �s�t�a�i�n�e�d� �w�e�l�l� �w�h�e�n� �t�e�m�p�e�r�a�t�u�r�e�s� 

�i�n�c�r�e�a�s�e�d�.� 
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�4�.�6� �E�f�f�e�c�t�s� �o�f� �P�P� �a�n�d� �G� �p�o�p�u�l�a�t�i�o�n�s� �o�n� �T�O�C� �r�e�m�o�v�a�l� 

�I�n� �t�h�e�i�r� �1�9�9�2� �s�t�u�d�y�,� �C�e�c�h� �a�n�d� �H�a�r�t�m�a�n� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �a� �r�e�l�a�t�i�o�n�s�h�i�p� �e�x�i�s�t�e�d� 

�b�e�t�w�e�e�n� �t�h�e� �m�o�l�a�r� �r�a�t�i�o� �o�f� �p�h�o�s�p�h�o�r�o�u�s� �r�e�l�e�a�s�e�d� �t�o� �a�c�e�t�a�t�e� �u�p�t�a�k�e�,� �a�n�d� �t�h�e� �n�u�m�b�e�r� �o�f� 

�G� �b�a�c�t�e�r�i�a� �i�n� �a�n� �S�B�R�.� �T�h�e�i�r� �s�t�u�d�i�e�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �a�s� �t�h�e� �n�u�m�b�e�r� �o�f� �G� �b�a�c�t�e�r�i�a� 

�i�n�c�r�e�a�s�e�d�,� �t�h�e� �r�a�t�i�o� �o�f� �P�O�,� �r�e�l�e�a�s�e�d�:�a�c�e�t�a�t�e� �u�p�t�a�k�e� �d�e�c�r�e�a�s�e�d�.� �T�o� �f�u�r�t�h�e�r� �s�t�u�d�y� �t�h�i�s� 

�r�e�l�a�t�i�o�n�s�h�i�p�,� �F�i�g�s�.� �8� �(�a�-�f�)� �w�e�r�e� �d�e�v�e�l�o�p�e�d�,� �s�h�o�w�i�n�g� �P�O�,� �r�e�l�e�a�s�e�:�T�O�C� �u�p�t�a�k�e� �a�n�d� �t�h�e� �r�a�t�i�o� 

�o�f� �P�P� �t�o� �G� �b�a�c�t�e�r�i�a� �t�h�r�o�u�g�h� �t�i�m�e�.� �P� �r�e�l�e�a�s�e� �w�a�s� �m�e�a�s�u�r�e�d� �a�s� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� 

�i�n�i�t�i�a�l� �a�n�d� �a�n�o�x�i�c� �P�O�,� �(�m�g�/�l�)�,� �a�n�d� �T�O�C� �u�p�t�a�k�e� �a�s� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �i�n�f�l�u�e�n�t� �a�n�d� 

�a�n�o�x�i�c� �T�O�C� �(�m�g�/�l�)�.� �A�c�e�t�a�t�e� �w�a�s� �n�o�t� �d�i�r�e�c�t�l�y� �m�e�a�s�u�r�e�d� �d�u�r�i�n�g� �t�h�i�s� �s�t�u�d�y�.� 

�I�n� �a�l�l� �o�f� �t�h�e� �r�e�a�c�t�o�r�s� �f�e�d� �1�0�0�%� �a�c�e�t�a�t�e� �(�B�,� �C�,� �a�n�d� �p�a�r�t� �o�f� �A�)�,� �a� �r�e�l�a�t�i�o�n�s�h�i�p� �d�i�d� 

�a�p�p�e�a�r� �t�o� �e�x�i�s�t� �b�e�t�w�e�e�n� �P�O�,� �r�e�l�e�a�s�e�:�T�O�C� �u�p�t�a�k�e�,� �a�n�d� �t�h�e� �n�u�m�b�e�r� �o�f� �P�P� �a�n�d� �G� �b�a�c�t�e�r�i�a�.� 

�A�s� �p�r�e�d�i�c�t�e�d� �b�y� �C�e�c�h� �a�n�d� �H�a�r�t�m�a�n�,� �l�o�w� �P�O�,�:�T�O�C� �r�a�t�i�o�s� �w�e�r�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �h�i�g�h� 

�n�u�m�b�e�r�s� �o�f� �G� �b�a�c�t�e�r�i�a�,� �a�n�d� �v�i�c�e� �v�e�r�s�a�.� �R�e�a�c�t�o�r�s� �f�e�d� �n�u�t�r�i�e�n�t� �b�r�o�t�h� �s�h�o�w�e�d� �s�i�m�i�l�a�r� 

�t�r�e�n�d�s�,� �w�i�t�h� �t�h�e� �e�x�c�e�p�t�i�o�n� �o�f� �r�e�a�c�t�o�r� �E� �(�F�i�g�s�.� �8�e� �a�n�d� �f�)�.� �R�e�a�c�t�o�r� �E� �b�e�g�a�n� �t�o� �d�i�s�p�l�a�y� �t�h�e� 

�o�p�p�o�s�i�t�e� �t�r�e�n�d� �f�o�l�l�o�w�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �c�h�a�n�g�e�s� �i�n� �t�h�e� �r�e�a�c�t�o�r�.� 

�W�i�t�h� �t�h�e� �i�n�t�r�o�d�u�c�t�i�o�n� �o�f� �a� �2�5�%� �g�l�u�c�o�s�e�:�7�5�%� �a�c�e�t�a�t�e� �f�e�e�d� �s�o�l�u�t�i�o�n�,� �P�O�,�:�T�O�C� 

�r�a�t�i�o�s� �a�l�s�o� �r�o�s�e� �a�n�d� �f�e�l�l� �w�i�t�h� �P�P�:�G� �r�a�t�i�o�s� �a�s� �p�r�e�d�i�c�t�e�d�.� �O�n�c�e� �t�h�e� �a�m�o�u�n�t� �o�f� �g�l�u�c�o�s�e� 

�r�e�a�c�h� �5�0�%�,� �o�r� �t�h�e� �a�m�o�u�n�t� �o�f� �a�c�e�t�a�t�e� �d�r�o�p�p�e�d� �t�o� �2�5�%�,� �h�o�w�e�v�e�r�,� �t�h�e�s�e� �r�e�l�a�t�i�o�n�s�h�i�p�s� 

�c�e�a�s�e�d�.� �I�n� �b�o�t�h� �c�a�s�e�s�,� �P�O�,�:�T�O�C� �s�t�a�y�e�d� �n�e�a�r�l�y� �t�h�e� �s�a�m�e� �w�h�i�l�e� �t�h�e� �P�P�:�G� �r�a�t�i�o�s� �r�a�n�g�e�d� 

�b�e�t�w�e�e�n� �0�.�5�-�1�.�5�.� �I�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �P�O�,�:�T�O�C� �i�n� �r�e�a�c�t�o�r� �A� �r�e�m�a�i�n�e�d� �a�t� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �z�e�r�o�,� �w�h�i�l�e� �P�O�,�:�T�O�C� �i�n� �r�e�a�c�t�o�r� �D� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �-� �0�.�1�,� �s�u�g�g�e�s�t�i�n�g� 

�g�r�e�a�t�e�r� �T�O�C� �u�t�i�l�i�z�a�t�i�o�n� �i�n� �r�e�a�c�t�o�r� �D�.� 

�R�e�s�u�l�t�s� �5�0



�R�e�a�c�t�o�r� �A� 

� � 

� � 

� � 

� � 

� � 

� � 

� � � � � � � � � � � � � � 
� � 

� � 

� � 

� � 

� � 

� � 

� � � � � � 

�1�2� �2�5� 
�1� �N �� �1�0�0�%� �A�c�e�t�a�t�e� �5�0�%� �G�l�u�c�o�s�e�,� �5�0�%� �A�c�e�t�a�t�e� 

�(�m�o�a�r�)� 
�1�0� 

�2� �g� �|� �|� �/�\� �=� �3�8� 

�O�o� �1�.�5� �P�o�l�e �� �o�y�"�  �� �.� �=� 

�3� �4� �'� �L�L�.�.�.� �a�.� 
�o�a� �P�R� �T� �4� 
�°� �T� �T� �2� �w!"�.� 

�r�-�O� �5� 
�6� �-� �-� �g�g�g� �o�o� �a� �M�a�a� �g�g�y� �g�g�g� �g�a�y� �S�l� 

�P�R� 
�2� �T� �v� �¥� �n�w� �F� �F� 

�0� �2�0� �4�0� �6�0� �8�0� �1�0�0� �#�2�0� �1�4�0� 

�P�R� �=� �P�h�o�o�p�h�o�r�o�u�e� �r�e�m�o�v�a�l� �D�a�y�s� 
�T� �=� �T�e�m�p�e�r�a�t�u�r�e� �c�h�a�n�g�e� 

�|� �P�O�4�:�T�O�C� �-�i�e�-� �P�P�/�G� 

�R�e�a�c�t�o�r� �B� 

�1�.�§� �1�.�1� 

�~� �\�1�0�0�%� �A�c�e�t�a�t�e� �(�m�o�l�a�r� �b�a�s�t�s�)� �+� 

�o� �1� �H�0�.�9� 
�a� 
�&� �-� 

�3� �\� �\� �H�-�0�.�8� 

�3� �0�8� �0�.�7� �r�e� �*� �©� 
�3� �a� 

�3� �\� �\� �D�w� �r�o�e� 
�2� �0� 

�K�d� �N�e�e� �o�N� 

�2� �0�5� �S�s�e� 

�\� 
�H�.�9� 

 ��1� �q�a�  �� �a� �.� �T�v� �F� �,� �¥� �0�.�2� 

�§� �1�9�0� �1�§� �2�0� �2�6� �3�0� �3�6� �4�0� �4�5� �$�0� 
� � 

� � 

�[�-�s� �P�o�s�:�T�o�c� �=�~� �P�P�/�G� 
� � 

�F�i�g�.� �8� �(�a�-�f�)�.� �A�m�o�u�n�t� �o�f� �P�O�,� �r�e�l�e�a�s�e�:�T�O�C� �u�p�t�a�k�e� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �P�P� �a�n�d� �G� �b�a�c�t�e�r�i�a�.� �P�P� 
�a�n�d� �G� �b�a�c�t�e�r�i�a� �f�r�o�m� �a�e�r�o�b�i�c� �s�t�a�g�e� �o�n�l�y�.� 

�R�e�s�u�l�t�s� �5�1



�1�0�0�%� �A�c�e�t�a�t�e� �(�m�o�a�r�)� 

�P
�O

�4
� �r�
e�

l�e
�a

�s
�e

�:�
 

�T
�O

�C
� �u
�p

�t�
a�

k�
e�

 

�0� �1�9� 

�P�R� �=� �P�h�o�e�p�h�o�r�o�u�s� �r�e�m�o�v�a�l� 

�P�R� �2�5�%� �G�l�u�c�o�s�e� 
�7�5�%� �A�c�e�l�a�t�e� 

�P
�O

�4
� �r�

e�
l�e

�a
�s

�e
�:�

 
�T

�O
�C

� �u
�p

�t�
a�

k�
e�

 

�6� �2�0� 

�P�R� �«� �P�h�o�a�p�h�o�r�o�u�s�e� �r�e�m�o�v�e�l� 

�T� �«� �T�e�r�p�e�r�a�t�u�r�e� �c�h�a�n�g�e� 

�R�e�s�u�l�t�s� 

� � 

�R�e�a�c�t�o�r� �C� 

�1�0�0�%� �A�c�e�t�a�l�e� �(�T�O�C� �e�q�u�i�v�.�)� 

�P�
P�/

�G
� 

� � 

�(�=� �P�O�4�:�T�O�C� �~�a�i�-� �P�P�/�G� �|� 
� � 

�R�e�a�c�t�o�r� �D� 

�2�5�%� �N�u�t�r�i�e�n�t� �B�r�o�t�h� �2�5�%� �G�i�u�c�o�s�e� 
�2�5�%� �G�l�u�c�o�s�e� �7�8�5�%� �A�c�e�t�a�t�e� 

� � 

�4�0� �6�0� �8�0� �1�0�0� �1�2�0� 

� � 

�|� �P�O�4�:�T�O�C�  ��a�e�-� �P�P�/�G� 
� � 

�5�2



�R�e�a�c�t�o�r� �E� 

� � 

� � 

� � 

� � 

� � 

� � � � � � � � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � � � � � � � 
� � 

� � 

�1�2�  �� �2�.�5� 
�7�5�%� �N�u�t�l�e�n�t� �G�r�o�t�h�,� �2�5�%� �A�c�e�t�a�t�e� �X�x� 

�e� �|�|� �\� 
�a� 

�&�S� �P�A� �/� �\� �2� 
�S� �o�e� �a� �Z�N� 

�g� �i�e� �m�s� �\� �|� �\�;� �°� 
 ��_� �0�.�6� �w�d� �c�e�r� �c�c� �t�e�a�m� �e�e� �a�n� �c�n�e�n�e�s�c�e�n�a�m�e�r�a�v�o�n�c�r�e�n�e�s�e�o�e�h�s�d�b�o�r�s�t�n�o�e�s� �4� �S�s� �o� 

�\� �A�.�.�.� �|� �J�»� �m�t� �2� �0�4�-� �A� 

�§� �b�e� �A�X� �K�Z� �[� 
�0�.�2�7� �S�e�n� �A� �>� 

�P�A�T� �m�n� �\�_�_�_� 
�o� �L�s� �+� �O�E� �e� �.� �f� �t�f� �O�.�§� 

�0� �1�9�0� �2�0� �3�0� �4�0� �5�0� �6�0� �7�0� �8�0� 

�P�R� �=� �P�h�o�e�p�h�o�r�o�u�s� �r�e�m�o�v�a�l� �D�e�y�s� 

�T� �=� �T�e�m�p�e�r�a�t�u�r�e� �c�h�a�n�g�e� 

�|�=� �P�O�4�:�T�O�C� �a�h�s� �P�P�/�G� �|� 

�R�e�a�c�t�o�r� �F� 

�0�.�7� �T�*� �1�.�3� 
�T� �7�8�%� �N�u�t�i�e�n�t� �B�r�o�t�h�,� �2�5�%� �A�c�e�t�a�t�e� �T� 

 �� �o�o�(�U�o�é�f�N�o�N�e�n�e�-�o�-�-�>�9�>�9�?�9�-�"�4�c�.�"�"�.�"�.�-�" � ��+� 
�0�.�6�7�5� �h�e� �/� �1�.�2� 

�2� �o�s� �a�n�e� �3�  ��N�o�o� �|� �1�.�1� 

�S�o� �0�4� �a�T� �/� �e� 
�2� �P�s�.� �©� �O�S� �m�p�o�r�r�e�r�s�c�e�e�r�c�t�c�r�e�e�e�c�c�e�n�r�a�r�e�c�n�e�r�e�t�n�a�n�s�n�u�n�e�s�n�s�c�a�c�s�r�w�a�s�n�c�n�s�e�t�s�e�g�p�o�n�s�t�n�g�s� �o�e� �M�u�o�u�c�s�e�r�n�i�c�a�g�c�c�r�a�r�e�c�c�s�a�r�e�s�s�c�a�r�e�c�e�c�a�c�s�c�e�u�e�a�s�o�u�r�c�a�c�s�t�e�c�e�a�c�u�n�a�n�s�n�c�n�e�c�e�e�v�o�s�u�e�s�e�r�s�a�s�c�a�u�r�e�m�e�n�g�a�s�a�s�e�n�c�u�c�e�u�s�c�n�s�e�s�e�n�s�c�e�n�c�a�e�n� �©� 
�3� �0�.�9� �a� 

�2� �|� �Z�L�.� �A�N� �[� �=� �0�.�8� 
�2� �o�1� �7� �x� �a� �/� �s�e�v�e�n� 

�w�T� 
�2� �0�4� �/� �0�.�7� 

�P�R�,� �T� 
�0�.�1�7� �e�e� �w�e�w�e�c�e�n�e�t�e�n�s�c�n�e�e�t�q�e�n�e� �t�r�e�e� �e�n�e� �e�e� �n�e�e� �t�e�e� �s�p�e� �P� �a�g� �s�e�e�n� �t�n�e� �c�e�e� �r�e�e�r� �c�e�c�n�c�n�e�e�e�n�e�c�s�a�n�e�e�r�n�e�n� �0�.�6� 

�4�0�.�2� �T�  ��T� �T� �T�  ��T�  ��T� �T�v� �6�.�5� 
�6� �$� �1�0� �1�8� �2�0� �2�3� �3�0� �3�$� �4�0� �4�s� 

�P�R� �=� �P�h�o�o�p�h�o�r�o�u�s� �r�e�m�o�v�a�l� �D�a�y�s� 

�T� �=� �T�e�m�p�e�r�a�t�u�r�e� �c�h�a�n�g�e� 

�[�=� �P�O�4�:�T�O�C� �-�a�e�-� �P�P�/�G� �|� 

�}� 

�R�e�s�u�l�t�s� �5�3



�D�u�r�i�n�g� �d�a�t�a� �c�o�l�l�e�c�t�i�o�n�,� �i�t� �a�p�p�e�a�r�e�d� �a�s� �t�h�o�u�g�h� �t�h�e� �a�m�o�u�n�t� �o�f� �T�O�C� �u�p�t�a�k�e� �d�u�r�i�n�g� 

�t�h�e� �f�i�r�s�t� �t�w�o� �h�o�u�r�s� �o�f� �o�p�e�r�a�t�i�o�n� �b�e�g�a�n� �t�o� �d�e�c�r�e�a�s�e� �t�h�r�o�u�g�h� �t�i�m�e� �i�n� �t�h�e� �r�e�a�c�t�o�r�s�.� �T�o� 

�e�s�t�a�b�l�i�s�h� �a� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �n�u�m�b�e�r� �o�f� �P�P� �a�n�d� �G� �b�a�c�t�e�r�i�a� �a�n�d� �T�O�C� �u�t�i�l�i�z�a�t�i�o�n�,� 

�F�i�g�s�.� �9� �(�a�-�f�)� �w�e�r�e� �d�e�v�e�l�o�p�e�d�.� �R�e�a�c�t�o�r�s� �A�,� �C�,� �D�,� �a�n�d� �E� �d�i�d� �i�n�d�i�c�a�t�e� �s�o�m�e� �c�o�r�r�e�l�a�t�i�o�n� 

�b�e�t�w�e�e�n� �t�h�e� �a�m�o�u�n�t� �o�f� �T�O�C� �u�t�i�l�i�z�e�d� �a�n�d� �t�h�e� �n�u�m�b�e�r� �o�f� �P�P� �b�a�c�t�e�r�i�a�.� �A�n� �i�n�c�r�e�a�s�e� �i�n� 

�T�O�C� �u�p�t�a�k�e� �o�c�c�u�r�r�e�d�,� �t�o� �s�o�m�e� �e�x�t�e�n�t�,� �w�i�t�h� �a�n� �i�n�c�r�e�a�s�e� �i�n� �P�P�s�.� �H�o�w�e�v�e�r�,� �b�e�c�a�u�s�e� �R �� 

�v�a�l�u�e�s� �w�e�r�e� �s�o� �l�o�w� �(�0�.�6�8�-�0�.�0�4�7�)�,� �t�h�e� �s�i�g�n�i�f�i�c�a�n�c�e� �o�f� �t�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p� �i�s� �q�u�e�s�t�i�o�n�a�b�l�e�.� �I�t� 

�s�h�o�u�l�d� �a�l�s�o� �b�e� �n�o�t�e�d� �t�h�a�t� �r�e�a�c�t�o�r�s� �B� �a�n�d� �F� �i�n�d�i�c�a�t�e�d� �t�h�e� �o�p�p�o�s�i�t�e� �t�r�e�n�d�,� �a�l�t�h�o�u�g�h� �i�t� �i�s� 

�b�e�l�i�e�v�e�d� �t�h�a�t� �t�h�i�s� �m�a�y� �h�a�v�e� �b�e�e�n� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �s�m�a�l�l� �n�u�m�b�e�r� �o�f� �d�a�t�a� �p�o�i�n�t�s� �a�v�a�i�l�a�b�l�e� 

�f�o�r� �e�a�c�h� �r�e�a�c�t�o�r�.� 

�4�.�7� �E�f�f�e�c�t�s� �o�f� �P�P� �a�n�d� �G� �b�a�c�t�e�r�i�a� �o�n� �e�f�f�l�u�e�n�t� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

�U�n�d�e�r� �t�h�e� �m�i�c�r�o�s�c�o�p�e�,� �i�t� �a�p�p�e�a�r�e�d� �a�s� �t�h�o�u�g�h� �c�h�a�n�g�e�s� �i�n� �t�h�e� �n�u�m�b�e�r� �a�n�d� 

�c�h�a�r�a�c�t�e�r� �o�f� �t�h�e� �b�a�c�t�e�r�i�a� �h�a�d� �c�h�a�n�g�e�d� �w�i�t�h� �t�i�m�e�,� �p�a�r�t�i�c�u�l�a�r�l�y� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �a�n� �i�n�c�r�e�a�s�e� 

�i�n� �t�h�e� �n�u�m�b�e�r� �o�f� �G� �b�a�c�t�e�r�i�a� �i�n� �t�h�e� �e�f�f�l�u�e�n�t�.� �T�o� �d�e�t�e�r�m�i�n�e� �w�h�e�t�h�e�r� �t�h�e� �s�e�t�t�l�e�a�b�i�l�i�t�y� �o�f� 

�t�h�e� �s�l�u�d�g�e� �w�a�s� �a�f�f�e�c�t�e�d� �b�y� �t�h�e� �a�m�o�u�n�t� �o�f� �G� �b�a�c�t�e�r�i�a� �i�n� �t�h�e� �r�e�a�c�t�o�r�,� �T�S�S� �w�a�s� �p�l�o�t�t�e�d� �a�s� �a� 

�f�u�n�c�t�i�o�n� �o�f� �P�P�:�G� �b�a�c�t�e�r�i�a�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �i�n� �A�p�p�e�n�d�i�x� �C�.� �N�o� 

�r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �n�u�m�b�e�r� �o�f� �P�P� �o�r� �G� �b�a�c�t�e�r�i�a� �a�n�d� �s�l�u�d�g�e� �s�e�t�t�l�e�a�b�i�l�i�t�y� �w�a�s� 

�i�n�d�i�c�a�t�e�d� �b�y� �t�h�e� �d�a�t�a�.� 
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�1� �-� 
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�P�P�/�G� 

�F�i�g�.� �9� �(�a�-�f�)�.� �A�m�o�u�n�t� �o�f� �T�O�C� �u�p�t�a�k�e� �v�e�r�s�u�s� �t�h�e� �n�u�m�b�e�r� �o�f ��P�P� �a�n�d� �G� �b�a�c�t�e�r�i�a� �i�d�e�n�t�i�f�i�e�d� 
�i�n� �t�h�e� �a�e�r�o�b�i�c� �s�t�a�g�e� �o�f� �e�a�c�h� �r�e�a�c�t�o�r�.� 
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�4�.�8� �P�u�r�e� �c�u�l�t�u�r�e� �a�n�a�l�y�s�e�s� �a�n�d� �r�e�s�u�l�t�s� 

�T�h�r�e�e� �b�i�o�c�h�e�m�i�c�a�l� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �s�y�s�t�e�m�s� �w�e�r�e� �u�s�e�d� �i�n� �a�n� �e�f�f�o�r�t� �t�o� �i�d�e�n�t�i�f�y� �t�h�e� 

�g�e�n�u�s� �a�n�d�/�o�r� �s�p�e�c�i�e�s� �o�f� �t�h�e� �G� �b�a�c�t�e�r�i�a�.� �B�e�c�a�u�s�e� �s�t�r�a�i�n�s� �m�a�y� �v�a�r�y� �s�l�i�g�h�t�l�y�,� �s�o�m�e� �o�f� �t�h�e� 

�p�a�r�a�m�e�t�e�r�s� �y�i�e�l�d�e�d� �d�i�f�f�e�r�e�n�t� �r�e�s�u�l�t�s� �i�n� �s�o�m�e� �i�n�s�t�a�n�c�e�s�.� �T�h�e�s�e� �v�a�r�i�a�t�i�o�n�s� �w�e�r�e� �t�a�k�e�n� �i�n�t�o� 

�a�c�c�o�u�n�t� �d�u�r�i�n�g� �t�h�e� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �p�r�o�c�e�s�s�.� 

�R�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �A�P�I� �s�y�s�t�e�m� �y�i�e�l�d�e�d� �t�w�o� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �n�u�m�b�e�r�s� �f�o�r� �t�h�e� �G� 

�b�a�c�t�e�r�i�a�,� �2�-�2�1�4�-�1�5�6� �a�n�d� �3�-�2�1�4�-�1�5�6�.� �T�w�o� �n�u�m�b�e�r�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �d�u�e� �t�o� �a� �p�o�s�i�t�i�v�e� �O�N�P�G� 

�r�e�a�c�t�i�o�n� �u�s�i�n�g� �t�h�e� �A�P�I� �s�y�s�t�e�m�,� �a�n�d� �a� �n�e�g�a�t�i�v�e� �O�N�P�G� �b�y� �C�e�c�h� �a�n�d� �H�a�r�t�m�a�n�.� �O�n�l�y� �o�n�e� 

�n�u�m�b�e�r� �c�o�d�e�d� �t�o� �a� �b�a�c�t�e�r�i�a�l� �i�d�e�n�t�i�f�i�c�a�t�i�o�n�,� �w�i�t�h� �r�a�t�h�e�r� �p�o�o�r� �c�o�r�r�e�l�a�t�i�o�n� �(�I�D� �c�o�d�e� �n�u�m�b�e�r� 

�2�-�2�1�4�-�0�0�4�)�.� �T�h�i�s� �n�u�m�b�e�r� �i�d�e�n�t�i�f�i�e�d� �t�h�e� �f�o�l�l�o�w�i�n�g� �P�s�e�u�d�o�m�o�n�a�s� �g�r�o�u�p�s�:� �P�s�.� �a�e�r�u�g�i�n�o�s�a�,� 

�P�s�.� �p�u�t�i�d�a�,� �a�n�d� �P�s�.� �f�l�u�o�r�e�s�c�e�n�s�.� �U�s�i�n�g� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �t�a�b�l�e�s� �f�r�o�m� �F�l�o�w� �L�a�b�o�r�a�t�o�r�i�e�s�,� �t�h�e� 

�f�o�l�l�o�w�i�n�g� �m�a�t�c�h�e�s� �w�e�r�e� �m�a�d�e�,� �a�g�a�i�n�,� �w�i�t�h� �r�e�l�a�t�i�v�e�l�y� �p�o�o�r� �c�o�r�r�e�l�a�t�i�o�n�:� �P�a�s�t�e�u�r�e�l�l�a� 

�m�u�l�t�o�c�i�d�a� �(�1�1� �o�f� �1�4� �m�a�t�c�h�e�s�)�,� �P�a�s�t�e�u�r�e�l�l�a� �c�a�n�i�s� �(�1�1� �o�f� �1�4� �m�a�t�c�h�e�s�)�,� �P�s�.� �p�a�u�c�i�m�o�b�i�l�i�s� �(�9� �o�f� 

�1�4� �m�a�t�c�h�e�s�)�,� �a�n�d� �P�s�.� �v�e�s�i�c�u�l�a�r�i�s� �(�8� �o�f� �1�4� �m�a�t�c�h�e�s�)�.� 

�T�h�e� �B�i�o�l�o�g� �s�y�s�t�e�m� �u�t�i�l�i�z�e�d� �a� �c�o�m�p�u�t�e�r� �d�a�t�a� �b�a�s�e� �t�o� �i�d�e�n�t�i�f�y� �t�h�e� �b�a�c�t�e�r�i�a�.� �T�h�e� 

�p�r�o�g�r�a�m� �s�t�a�t�e�d� �t�h�a�t� �n�o� �a�c�c�e�p�t�a�b�l�e� �c�o�r�r�e�l�a�t�i�o�n� �c�o�u�l�d� �b�e� �f�o�u�n�d� �u�s�i�n�g� �b�o�t�h� �t�h�e� �m�e�d�i�c�a�l� �a�n�d� 

�t�h�e� �e�n�v�i�r�o�n�m�e�n�t�a�l� �d�a�t�a� �b�a�s�e�s�.� �I�t� �d�i�d�,� �h�o�w�e�v�e�r�,� �i�d�e�n�t�i�f�y� �t�h�e� �f�o�u�r� �b�e�s�t� �m�a�t�c�h�e�s�:� �B�r�u�c�e�l�l�a� 

�a�b�o�r�t�u�s� �(�S�I�M� �=� �0�.�5�9�1�)�,� �H�y�d�r�o�p�h�a�g�a� �f�l�a�v�a� �(�S�I�M� �=� �0�.�1�1�3�)�,� �M�o�r�a�c�e�l�l�a� �a�t�l�a�n�t�a�e� �(�S�I�M� �=� 

�0�.�0�4�2�)�,� �a�n�d� �V�i�b�r�i�o� �f�i�s�h�e�r�i� �(�S�I�M� �=� �0�.�0�1�8�)�.� �T�a�b�l�e� �5� �s�u�m�m�a�r�i�z�e�s� �a�l�l� �t�e�s�t� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� 

�f�r�o�m� �e�a�c�h� �s�y�s�t�e�m� �f�o�r� �t�h�e� �G� �b�a�c�t�e�r�i�a�.� 
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�A�P�I� �S�y�s�t�e�m�:� 

�P�a�r�a�m�e�t�e�r� 
�N�2� �g�a�s� �p�r�o�d�.� 
�R�e�d�u�c�e� �N�O�J�>�N�O�?�2� 

�G�l�u�c�o�s�e�:� 
�G�a�s� �f�r�o�m� �g�l�u�c�o�s�e� 
�A�c�i�d� �f�o�m� �G�l�u�c�o�s�e� 

�M�a�n�n�k�o�l� 
�U�r�e�a� 
�D�N�a�s�e� 
�O�N�P�G� �(�b�e�t�a� �~� �g�a�l�a�c�t�o�s�i�d�a�s�e�)� 

�G�l�u�c�o�s�e�:� 
�O�x�i�d�a�t�i�o�n� 
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�F�l�o�w� �L�a�b�o�r�a�t�o�r�i�e�s� �N�o�n�  ��F�e�r�m�e�n�t�e�r� �S�y�s�t�e�m�:� 

�P�a�s�a�m�e�t�e�r� 
�X�y�i�o�e�e� 
�L�a�c�t�o�s�e� 
�M�a�k�o�s�e� 
�A�c�e�t�a�m�i�d�e� 
�E�s�c�u�t�i�n� 

�P�y�o�c�y�a�n�i�n� 
�4�2�C� �G�r�o�w�t�h� �T�o�l�e�r�a�n�c�e� 

�O�t�h�e�r� �P�a�r�a�m�e�t�e�r�s�:� 

�P�a�r�a�m�e�t�e�r� 
�C�e�l�l� �d�a�m�e�t�e�r�,� �u�m� 
�C�e�l�l� �l�e�n�g�t�h�,� �u�m� 
�P�i�g�m�e�n�t� �F�o�r�m�a�t�i�o�n� 
�G�a�m� �S�t�a�i�n� 
�G�r�a�m� �s�t�a�i�n� �a�f�t�e�r� 
�K�O�H� �t�r�e�a�t�n�e�r�t� 

�G�r�o�w�t�h� �o�n�:� 
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�A�P�I� �S�y�s�t�e�m�:� 

�P�a�r�a�m�e�t�e�r� 
�N�2� �g�a�s� �p�r�o�d�.� 
�R�e�d�u�c�e� �N�O�3�>�N�O�2� 

�G�i�u�c�e�o�s�e�:� 
�G�a�s� �f�o�m� �g�l�u�c�o�s�e� 

�A�c�i�d� �t�o�m� �G�l�u�c�o�s�e� 

�U�r�e�a� 

�O�N�P�G� �(�b�e�t�s� �-� �g�a�l�a�c�t�o�s�i�d�a�s�e�)� 

�G�l�u�c�o�s�e�:� 
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�l�i�t�y� 
�A�r�g�i�n�i�n�e� �d�i�h�y�d�o�l�a�s�e� 

�L�y�s�i�n�e� �d�e�c�a�r�b�o�x�y�l�a�s�e� 
�O�r�n�i�t�h�i�n�e� �d�e�c�a�r�b�o�x�y�l�a�s�e� 

�C�a�t�a�l�a�s�e�:� 
�M�a�n�n�i�o�l� 
�I�n�o�s�i�t�o�l� 
�S�o�r�b�i�t�o�l� 

�T�e�s�t� �R�e�e�u�k�s� �C�e�c�h�,� �H�a�r�t�m�a�n� 
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�F�l�o�w� �L�a�b�o�r�a�t�o�r�i�e�s� �N�o�n�-�F� �e�m�e�n�t�e�r� �S�y�s�t�e�m�:� 

�P�a�r�a�m�e�t�e�r� 
�X�y�l�o�s�e� 
�L�a�c�t�o�s�e� 
�M�a�l�t�o�s�e� 
�A�c�e�t�a�m�i�d�e� 
�E�s�c�u�t�i�n� 

�P�y�o�c�y�a�n�i�n� 
�4�2�C� �G�r�o�w�t�h� �T�o�l�e�r�a�n�c�e� 

�T�e�s�t� �R�e�s�u�l�t�s� 
�+� 

�+�/�-� 
�+�/�-� 
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�C�e�c�h�,� �H�a�r�t�m�a�n� 

�T�a�b�l�e� �5�.� �S�u�m�m�a�r�y� �o�f� �b�i�o�c�h�e�m�i�c�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �i�d�e�n�t�i�f�i�e�d� �f�o�r� �p�u�r�e� �c�u�l�t�u�r�e�s� �o�f� �G� 
�b�a�c�t�e�r�i�a� �a�n�d� �G� �b�a�c�t�e�r�i�a� �c�u�l�t�u�r�e�s� �i�s�o�l�a�t�e�d� �f�r�o�m� �r�e�a�c�t�o�r� �B�.� 

�R�e�s�u�l�t�s� 
�5�9



�O�t�h�e�r� �s�e�l�e�c�t�e�d� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �a�l�s�o� �r�u�n� �d�u�r�i�n�g� �t�h�e� �s�t�u�d�y�.� �G� �b�a�c�t�e�r�i�a� �w�e�r�e� 

�g�r�o�w�n� �o�n� �t�h�r�e�e� �a�g�a�r�s� �t�o� �d�e�t�e�r�m�i�n�e� �i�f� �p�a�r�t�i�c�u�l�a�r� �n�u�t�r�i�e�n�t� �r�e�q�u�i�r�e�m�e�n�t�s� �e�x�i�s�t�e�d�.� �R�e�s�u�l�t�s� 

�s�h�o�w�e�d� �t�h�a�t� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �g�l�u�c�o�s�e�,� �G� �b�a�c�t�e�r�i�a� �w�e�r�e� �c�a�p�a�b�l�e� �o�f� �g�r�o�w�i�n�g� �w�i�t�h� �o�r� 

�w�i�t�h�o�u�t� �p�e�p�t�o�n�e�,� �p�o�t�a�s�s�i�u�m�,� �o�r� �m�a�g�n�e�s�i�u�m�.� �T�h�e� �b�a�c�t�e�r�i�a� �w�e�r�e� �t�h�e�n� �g�r�o�w�n� �a�t� �s�e�l�e�c�t�e�d� 

�t�e�m�p�e�r�a�t�u�r�e�s� �t�o� �d�e�t�e�r�m�i�n�e� �r�e�l�a�t�i�v�e� �e�f�f�e�c�t�s� �o�n� �g�r�o�w�t�h�.� �T�h�e� �b�a�c�t�e�r�i�a� �g�r�e�w� �v�e�r�y� �s�l�o�w�l�y� �(�3�-�4� 

�w�e�e�k�s�)� �a�t� �2�0�°�C�,� �w�h�i�l�e� �a�t� �2�5�°�C�,� �e�v�i�d�e�n�c�e� �o�f� �g�r�o�w�t�h� �w�a�s� �s�e�e�n� �i�n� �2�-�3� �d�a�y�s� �i�n� �p�a�r�t�i�a�l�l�y� 

�s�e�a�l�e�d� �t�u�b�e�s� �o�n� �g�l�u�c�o�s�e� �a�g�a�r�;� �o�n� �y�e�a�s�t� �e�x�t�r�a�c�t� �a�g�a�r�,� �t�h�e� �b�a�c�t�e�r�i�a� �g�r�e�w� �s�l�o�w�l�y� �d�e�s�p�i�t�e� �a�n�y� 

�t�e�m�p�e�r�a�t�u�r�e� �c�h�a�n�g�e�s�.� �I�f� �t�h�e� �t�e�s�t� �t�u�b�e�s� �w�e�r�e� �n�o�t� �p�a�r�t�i�a�l�l�y� �s�e�a�l�e�d� �w�i�t�h� �t�a�p�e�,� �g�r�o�w�t�h� 

�o�c�c�u�r�r�e�d� �i�n� �2�-�3� �w�e�e�k�s� �d�e�s�p�i�t�e� �t�e�m�p�e�r�a�t�u�r�e� �o�r� �a�g�a�r� �t�y�p�e�.� �N�o� �g�r�o�w�t�h� �o�c�c�u�r�r�e�d� �a�t� �3�0�°�C�.� 

�T�o� �d�e�t�e�r�m�i�n�e� �w�h�e�t�h�e�r� �t�h�e� �G� �b�a�c�t�e�r�i�a� �w�e�r�e� �c�a�p�a�b�l�e� �o�f� �a�n�a�e�r�o�b�i�c� �g�r�o�w�t�h�,� �t�h�e� 

�b�a�c�t�e�r�i�a� �w�e�r�e� �g�r�o�w�n� �i�n� �f�u�l�l�y� �s�e�a�l�e�d� �t�e�s�t� �t�u�b�e�s� �p�u�r�g�e�d� �w�i�t�h� �n�i�t�r�o�g�e�n� �g�a�s�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t� 

�w�a�s� �c�o�n�d�u�c�t�e�d� �t�w�i�c�e�,� �u�s�i�n�g� �b�o�t�h� �a� �g�l�u�c�o�s�e� �a�n�d� �a� �f�o�r�m�a�t�e� �b�r�o�t�h�.� �N�o� �g�r�o�w�t�h� �o�c�c�u�r�r�e�d� 

�d�u�r�i�n�g� �e�i�t�h�e�r� �e�x�p�e�r�i�m�e�n�t�.� �F�i�n�a�l�l�y�,� �t�o�x�i�c�i�t�y� �e�x�p�e�r�i�m�e�n�t�s� �t�h�a�t� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �i�n�d�i�c�a�t�e�d� 

�t�h�a�t� �P�P� �b�a�c�t�e�r�i�a� �w�e�r�e� �n�o�t� �i�n�h�i�b�i�t�e�d� �b�y� �t�h�e� �G� �b�a�c�t�e�r�i�a�.� �I�n� �f�a�c�t�,� �i�t� �a�p�p�e�a�r�e�d� �a�s� �t�h�o�u�g�h� �t�h�e� 

�G� �b�a�c�t�e�r�i�a� �w�e�r�e� �t�o�o� �s�l�o�w�-�g�r�o�w�i�n�g� �t�o� �e�f�f�e�c�t�i�v�e�l�y� �c�o�m�p�e�t�e� �a�t� �a�l�l� �w�i�t�h� �t�h�e� �P�P ��s� �i�n� �a� �y�e�a�s�t� 

�e�x�t�r�a�c�t� �a�g�a�r�.� 

�I�n� �s�u�m�m�a�r�y�,� �i�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �g�r�o�w�t�h� �r�a�t�e� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �i�n�f�l�u�e�n�c�e�d� �b�y� 

�t�h�e� �t�y�p�e� �o�f� �o�r�g�a�n�i�c� �s�u�b�s�t�r�a�t�e� �a�v�a�i�l�a�b�l�e� �t�o� �t�h�e� �b�a�c�t�e�r�i�a� �i�n� �t�h�e� �a�g�a�r� �m�e�d�i�a�.� �A�l�t�h�o�u�g�h� 

�g�r�o�w�t�h� �r�a�t�e�s� �w�e�r�e� �n�o�t� �s�p�e�c�i�f�i�c�a�l�l�y� �d�e�t�e�r�m�i�n�e�d�,� �i�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �t�h�e� �b�a�c�t�e�r�i�a� �g�r�e�w� �r�a�p�i�d�l�y� 

�o�n� �g�l�u�c�o�s�e� �a�g�a�r� �(�a�l�w�a�y�s� �w�i�t�h�i�n� �o�n�e� �d�a�y� �t�o� �o�n�e� �w�e�e�k�)�,� �w�h�i�l�e� �o�n� �o�t�h�e�r� �a�g�a�r�s� �i�t� �w�o�u�l�d� �t�a�k�e� 

�a�t� �l�e�a�s�t� �2�-�3� �w�e�e�k�s� �t�o� �d�e�t�e�c�t� �a�n�y� �g�r�o�w�t�h�,� �d�e�s�p�i�t�e� �f�a�v�o�r�a�b�l�e� �t�e�m�p�e�r�a�t�u�r�e�s� �o�r� �p�a�r�t�i�a�l� �s�e�a�l�i�n�g�.� 

�R�e�s�u�l�t�s� �6�0



�C�h�a�p�t�e�r� �5�:� �D�i�s�c�u�s�s�i�o�n� 

�5�.�1� �O�v�e�r�v�i�e�w� 

�T�h�i�s� �s�e�c�t�i�o�n� �w�i�l�l� �a�n�a�l�y�z�e� �t�h�e� �r�e�s�u�l�t�s� �p�r�e�s�e�n�t�e�d� �i�n� �t�h�e� �p�r�e�v�i�o�u�s� �s�e�c�t�i�o�n�.� 

�C�o�n�c�l�u�s�i�o�n�s� �w�e�r�e� �d�r�a�w�n�,� �w�h�e�r�e� �p�o�s�s�i�b�l�e�,� �t�o� �e�s�t�a�b�l�i�s�h� �a� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �P�P� �b�a�c�t�e�r�i�a�,� 

�G� �b�a�c�t�e�r�i�a�,� �a�n�d� �t�h�e�i�r� �i�m�p�a�c�t� �o�n� �p�o�p�u�l�a�t�i�o�n� �d�y�n�a�m�i�c�s� �w�i�t�h�i�n� �a�n� �S�B�R� �d�e�s�i�g�n�e�d� �f�o�r� 

�e�n�h�a�n�c�e�d� �P�-�r�e�m�o�v�a�l�.� �T�o�p�i�c�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �t�h�e� �s�a�m�e� �f�o�r�m�a�t� �a�s� �i�n� �t�h�e� �R�e�s�u�l�t�s� �c�h�a�p�t�e�r�.� 

�5�.�2� �P�o�p�u�l�a�t�i�o�n� �d�y�n�a�m�i�c�s� �a�n�d� �p�h�o�s�p�h�o�r�o�u�s� �r�e�m�o�v�a�l� 

�T�h�e� �p�r�i�m�a�r�y� �f�o�c�u�s� �o�f� �t�h�i�s� �e�x�p�e�r�i�m�e�n�t� �w�a�s� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� 

�G� �b�a�c�t�e�r�i�a� �a�n�d� �P�P� �b�a�c�t�e�r�i�a�,� �a�n�d� �t�h�e� �e�f�f�e�c�t�s� �o�n� �t�h�e� �o�p�e�r�a�t�i�o�n� �o�f� �a�n� �S�B�R� �w�i�t�h� �e�n�h�a�n�c�e�d� 

�b�i�o�l�o�g�i�c�a�l� �P�-�r�e�m�o�v�a�l�.� �P�r�e�v�i�o�u�s� �s�t�u�d�i�e�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �G� �b�a�c�t�e�r�i�a� �w�e�r�e� �t�h�e� �c�o�n�t�r�o�l�l�i�n�g� 

�f�a�c�t�o�r�,� �p�a�r�t�i�c�u�l�a�r�l�y� �u�n�d�e�r� �c�o�n�d�i�t�i�o�n�s� �w�h�e�r�e� �g�l�u�c�o�s�e� �w�a�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� �f�e�e�d�.� �F�r�o�m� �t�h�e�s�e� 

�s�t�u�d�i�e�s�,� �a�n�d� �f�r�o�m� �p�r�e�l�i�m�i�n�a�r�y� �w�o�r�k� �w�i�t�h� �t�h�e� �b�a�c�t�e�r�i�a�,� �i�t� �w�a�s� �h�y�p�o�t�h�e�s�i�z�e�d� �t�h�a�t�:� 

�@� �G� �b�a�c�t�e�r�i�a� �w�o�u�l�d� �d�o�m�i�n�a�t�e� �a� �B�P�R� �s�y�s�t�e�m� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �g�l�u�c�o�s�e� 

�e� �P�P� �b�a�c�t�e�r�i�a� �w�o�u�l�d� �d�o�m�i�n�a�t�e� �a� �B�P�R� �s�y�s�t�e�m� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a�c�e�t�a�t�e� 

�@� �T�e�m�p�e�r�a�t�u�r�e� �w�o�u�l�d� �a�d�v�e�r�s�e�l�y� �a�f�f�e�c�t� �G� �b�a�c�t�e�r�i�a� �p�o�p�u�l�a�t�i�o�n�s� �a�b�o�v�e� �2�5�-�2�7�°�C� 

�M�a�n�y� �o�f� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�i�s� �e�x�p�e�r�i�m�e�n�t�,� �h�o�w�e�v�e�r�,� �d�i�d� �n�o�t� �s�u�p�p�o�r�t� �t�h�e�s�e� 

�h�y�p�o�t�h�e�s�e�s�.� �F�o�r� �i�n�s�t�a�n�c�e�,� �t�h�e� �n�u�m�b�e�r� �o�f� �G� �b�a�c�t�e�r�i�a� �i�n� �t�h�e� �r�e�a�c�t�o�r�s� �d�i�d� �n�o�t� �a�p�p�e�a�r� �t�o� 

�a�f�f�e�c�t� �P�P� �n�u�m�b�e�r�s�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �h�i�g�h� �o�r� �l�o�w� �n�u�m�b�e�r�s� �o�f� �G� �b�a�c�t�e�r�i�a� �w�e�r�e� �n�o�t� �a�n� 
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�i�n�d�i�c�a�t�i�o�n� �o�f� �w�h�e�t�h�e�r� �P�-�r�e�m�o�v�a�l� �w�o�u�l�d� �(�o�r� �c�o�u�l�d�)� �o�c�c�u�r�.� �F�u�r�t�h�e�r�m�o�r�e�,� �t�h�e� �n�u�m�b�e�r� �o�f� 

�P�P� �b�a�c�t�e�r�i�a� �d�i�d� �n�o�t� �a�l�w�a�y�s� �i�n�d�i�c�a�t�e� �w�h�e�t�h�e�r� �P�-�r�e�m�o�v�a�l� �w�o�u�l�d� �o�c�c�u�r� �i�n� �t�h�e� �r�e�a�c�t�o�r�s�.� 

�W�h�a�t� �d�i�d� �i�n�d�i�c�a�t�e� �P�-�r�e�m�o�v�a�l� �w�a�s� �t�h�e� �s�i�z�e� �o�f� �t�h�e� �P�P� �b�a�c�t�e�r�i�a�.� �I�n� �a�l�l� �r�e�a�c�t�o�r�s�,� �P�-�r�e�m�o�v�a�l� 

�w�a�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �l�a�r�g�e�,� �w�e�l�l� �N�e�i�s�s�e�r�-�s�t�a�i�n�e�d� �P�P� �b�a�c�t�e�r�i�a�,� �w�h�i�l�e� �s�m�a�l�l�,� �p�o�o�r�l�y� �s�t�a�i�n�e�d� 

�b�a�c�t�e�r�i�a� �w�e�r�e� �i�n�d�i�c�a�t�i�v�e� �o�f� �P�-�r�e�m�o�v�a�l� �l�o�s�s�.� �F�i�g�u�r�e� �1�0� �(�a�,� �b�)� �i�l�l�u�s�t�r�a�t�e� �t�h�e�s�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� 

�s�i�z�e�,� �s�h�a�p�e�,� �a�n�d� �s�t�a�i�n�i�n�g� �a�p�p�e�a�r�a�n�c�e�.� �I�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �t�h�e� �p�o�p�u�l�a�t�i�o�n� �o�f� �t�h�e�s�e� 

�l�a�r�g�e�r� �P�P� �b�a�c�t�e�r�i�a� �w�e�r�e� �a�n� �i�n�d�i�c�a�t�i�o�n� �o�f� �P�-�r�e�m�o�v�a�l�,� �h�o�w�e�v�e�r�,� �d�u�e� �t�o� �t�h�e� �s�t�a�i�n�i�n�g� �m�e�t�h�o�d� 

�a�n�d� �c�o�u�n�t�i�n�g� �m�e�t�h�o�d� �u�s�e�d�,� �b�o�t�h� �l�a�r�g�e� �a�n�d� �s�m�a�l�l� �P�P� �w�e�r�e� �c�o�u�n�t�e�d�.� �I�n� �a�d�d�i�t�i�o�n�,� �s�o�m�e� 

�b�a�c�t�e�r�i�a� �w�e�r�e� �i�d�e�n�t�i�f�i�e�d� �a�s� �P�P� �b�a�c�t�e�r�i�a�,� �b�y� �s�i�z�e�,� �s�h�a�p�e� �a�n�d� �a�r�r�a�n�g�e�m�e�n�t�,� �b�u�t� �b�e�c�a�u�s�e� �t�h�e�y� 

�l�a�c�k�e�d� �s�u�f�f�i�c�i�e�n�t� �p�h�o�s�p�h�o�r�o�u�s� �t�o� �s�t�a�i�n� �c�o�r�r�e�c�t�l�y�,� �t�h�e�s�e� �b�a�c�t�e�r�i�a� �w�e�r�e� �n�o�t� �c�o�u�n�t�e�d�.� �T�h�u�s�,� 

�i�d�e�n�t�i�f�i�c�a�t�i�o�n� �a�n�d� �e�n�u�m�e�r�a�t�i�o�n� �o�f� �P�P� �b�a�c�t�e�r�i�a� �m�a�y� �h�a�v�e� �l�e�a�d� �t�o� �e�r�r�o�n�e�o�u�s� �r�e�s�u�l�t�s� �i�n� �t�h�e� 

�s�e�n�s�e� �t�h�a�t� �t�h�e�r�e� �i�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �n�u�m�b�e�r� �o�f� �P�P� �b�a�c�t�e�r�i�a� �a�n�d� �t�h�e� 

�n�u�m�b�e�r� �o�f� �P�-�r�e�m�o�v�i�n�g� �P�P� �b�a�c�t�e�r�i�a�.� 

�P�e�r�c�e�n�t� �p�h�o�s�p�h�o�r�o�u�s� �i�n� �t�h�e� �s�l�u�d�g�e� �a�l�s�o� �d�i�d� �n�o�t� �i�n�d�i�c�a�t�e� �a� �d�e�f�i�n�i�t�e� �r�e�l�a�t�i�o�n�s�h�i�p� 

�b�e�t�w�e�e�n� �t�h�e� �n�u�m�b�e�r� �o�f� �P�P� �a�n�d� �G� �b�a�c�t�e�r�i�a� �i�n� �t�h�e� �r�e�a�c�t�o�r�s�.� �I�n� �a�l�l� �r�e�a�c�t�o�r�s�,� �a� �s�h�a�r�p� �d�r�o�p� 

�i�n� �%�P� �o�c�c�u�r�r�e�d�,� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �l�o�s�s� �o�f� �P�-�r�e�m�o�v�a�l�,� �w�i�t�h�i�n� �t�h�e� �f�i�r�s�t� �w�e�e�k�s� �o�f� �o�p�e�r�a�t�i�o�n�.� 

�O�n�l�y� �r�e�a�c�t�o�r� �E� �r�e�g�a�i�n�e�d� �P�-�r�e�m�o�v�a�l�,� �m�a�i�n�t�a�i�n�i�n�g� �%�P� �a�t� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�.�5�%�,� �d�i�s�c�o�u�n�t�i�n�g� 

�e�r�r�o�r�s�.� �R�e�s�u�l�t�s� �f�r�o�m� �r�e�a�c�t�o�r� �E� �s�u�g�g�e�s�t� �t�h�a�t� �a� �m�i�n�i�m�u�m� �o�f� �2�.�0�%� �P� �i�s� �r�e�q�u�i�r�e�d� �f�o�r� �P�-� 

�r�e�m�o�v�a�l�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� �n�o� �o�t�h�e�r� �r�e�a�c�t�o�r�s� �r�e�s�u�m�e�d� �P�-�r�e�m�o�v�a�l� �t�o� �s�u�p�p�o�r�t� �t�h�i�s� �c�o�n�c�l�u�s�i�o�n�.� 

�I�n� �a�l�l� �r�e�a�c�t�o�r�s�,� �o�n�c�e� �t�h�e� �i�n�i�t�i�a�l� �d�e�c�r�e�a�s�e� �o�c�c�u�r�r�e�d�,� �%�P� �i�n� �t�h�e� �r�e�a�c�t�o�r�s� �r�e�m�a�i�n�e�d� 

�c�o�n�s�t�a�n�t�.� �C�h�a�n�g�e�s� �i�n� �f�e�e�d� �c�o�m�p�o�s�i�t�i�o�n�,� �t�e�m�p�e�r�a�t�u�r�e�,� �a�n�d� �P�P� �o�r� �G� �p�o�p�u�l�a�t�i�o�n�s� �d�i�d� �n�o�t� 
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� � 
�F�i�g�.� �1�0� �(�a�,� �b�)�.� �D�i�f�f�e�r�e�n�c�e� �i�n� �a�p�p�e�a�r�a�n�c�e� �b�e�t�w�e�e�n� �(�a�)� �p�h�o�s�p�h�o�r�o�u�s�-�r�e�m�o�v�i�n�g� �P�P� �a�n�d� �(�b�)� 
�n�o�n�-�p�h�o�s�p�h�o�r�o�u�s� �r�e�m�o�v�i�n�g� �P�P� �b�a�c�t�e�r�i�a�.� �N�o�t�e� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �G� �b�a�c�t�e�r�i�a� �i�n� �b�o�t�h� 
�s�a�m�p�l�e�s�.� 
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