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ABSTRACT
Tian, Wei, The Biological Metabolism of Nitrate and Nitrite in Pseudomonas
fluorescens K27 Amended with Tellurium. Master of Science (Chemistry), December,
2004, Sam Houston State University, Huntsville, Texas.

The purpose of this research was to determine the initial steps in the nitrate and

nitrite metabolism of Pseudomonas fluorescens K27, investigate tellurite influence on

this reduction and whether K27 has a nitrate assimilatory system and determine if K27

has separate nitrate and nitrite reductase systems.

Experiments were carried out by inoculating Pseudomonas fluorescens K27 in

growth medium with or without tellurite amendment and growing anaerobically. Samples

were analyzed in regular time intervals for cell growth using optical density, for

extracellular ammonium ion concentration using an ammonia-selective electrode, and for

extracellular nitrate and nitrite content using colorimetric or UV-VIS spectrometry.

Nitrate is a preferred terminal electron acceptor for the anaerobic growth of K27

in tryptic soy broth medium. Nitrite acts as both a terminal electron acceptor and toxic

reagent: low level nitrite supports the anaerobic growth of K27; high level nitrite inhibits

the anaerobic growth of K27.

Nitrate and nitrite were reduced concomitantly in the anaerobic conditions

studied; nitrate reduction rate was faster than nitrite reduction rate as measured by the

disappearance of these anions in growing cultures. Part of the newly-formed nitrite

bacterially produced was further reduced; the other unreduced nitrite accumulated to its

highest level at the point in time at which nitrate was used up.

Ammonium ion was produced by K27 in the minimal medium used in other

experiments with NO3
- as the only N source. At the time point that the nitrate was used
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up, both nitrite and ammonium concentrations attained their highest level. After that,

nitrite and ammonium concentrations gradually decreased.

In tryptic soy broth with added nitrate amended with tellurite, the specific

growth rate of K27 was inhibited; nitrate uptake per bacterium also was decreased. In

tryptic soy broth with added nitrate and with 0.1 mmol/L tellurite amendment, nitrate was

used up in 5 days but nitrite was at high levels after 7 days. In this same medium with 0.2

mmol/L tellurite added, both nitrate and nitrite were not used up after 7 days.

In tellurite-amended conditions, before the point of change at which nitrite

gained its highest concentration in solution, tellurite inhibited a little bit of the nitrate

reduction and decreased nitrite reduction a lot. Therefore newly-formed nitrite

concentration was increased faster than that in cultures without tellurite amendment.

K27 apparently has separate nitrate and nitrite reductase systems because the reduction of

these anions is carried on concomitantly no matter which anion is higher in concentration.

Nitrate is used up first even in growth media of high levels of nitrite. On the other hand,

nitrite reduction is not stopped even if the nitrate concentration is high.

                                                                                      Approved:

                                                                                       Thomas G. Chasteen

                                                                                       Thesis Director
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CHAPTER I

Introduction

 Pseudomonas fluorescens K27 is a subspecies of Pseudomonas fluorescens

belonging to genus pseudomonas [Noel et al., 1984]. The genus pseudomonas is one of

the most diverse Gram-negative bacterial genera, isolated from sources ranging from

plants to soils and water to clinical samples. Members of this genus are straight or

slightly curved rods, motile by means of polar flagella. Pseudomonas are characterized

by their ability to grow in simple media at the expense of a great variety of simple

organic compounds, without needing organic growth factors. Pseudomonas is aerobic,

having a strictly respiratory type of metabolism with oxygen as the terminal electron

acceptor; some species can utilize nitrate (NO3
-), nitrite (NO2

-), sulfate (SO4
2-), et al. as

alternate electron acceptors. Tryptic soy broth (TSB) is an optimal media for most species

of Pseudomonas which provide those microbes the desirable growth factors.

          Pseudomonas fluorescens, as its name implies, secretes a soluble, unstable

fluorescent pigment which radiates fluorescence upon excitation with ultraviolet

wavelengths. Some of the fluorescent pigments can take part in the function of iron

transport; some are antibiotics  [Noel et al., 1984].

           Pseudomonas fluorescens K27, harvested from Kesterson Reservoir in

California’s San Joaquin Valley had have the strong ability to resist toxic oxyanions of

selenium and tellurium by reducing these toxic oxyanions to less toxic elemental state

and/or organic compounds [Zhang and Chasteen, 1994]. Some work [Demoll-Decker and
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Macy, 1993] showed that the tellurite-resistant ability of some microbes was related to

the NO3
- respiratory system. This research was undertaken to investigate the NO3

-

respiratory system of Pseudomonas fluorescens K27 and the influence of tellurite on the

NO3
- respiratory process.

Bacterial Respiration

          Respiration is a fundamental metabolic process which is involved with electron

transfer of O2, NO3
-, SeO4

2-, et al., even toxic TeO4
2- in some organisms. By means of

respiration microorganisms obtain the energy needed to grow and reproduce. There are

two basic divisions of respiration [Michael, 2002]:

           (1) Aerobic respiration, which occurs when the concentration of O2 is high enough

to be the terminal electron acceptor, is efficient because O2 has a positive redox potential

(E0=1.229 V), leading to a large difference in net reduction potential between the electron

donor and electron acceptor (O2). This means a greater release of energy and synthesis of

more ATP.  Due to this, the facultative microbes grow better under aerobic respiration

than they grow under anaerobic respiration.

(2) Anaerobic aspiration, which is the use of inorganic compounds [ex. NO3
- (E0

= 0.94 V), NO2
- (E0 = 0.42 V), SO4

2- (E0 = 0.2 V), Fe3- (E0 = 0.77 V), et al.] rather than O2

as terminal electron acceptors. Because none of these electron acceptors has as large a

reduction potential as O2, less energy is released when they are used. For facultative

anaerobes like Pseudomonas fluorescens K27, O2 is preferred as the terminal electron

acceptor [Michael, 2002]. To investigate the NO3
- respiratory system which is only
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actively synthesized under an anoxic condition or low O2 concentration environment,

Pseudomonas fluorescens K27 must be grown in anaerobic culture [Michael, 2002].

In the absence of enough O2, nitrate denitrification occurs to the exclusion of

most other anaerobic respiration and provides microbes with a relatively high amount of

energy, and microbial growth rates are consequently high compared to other anaerobic

respiration such as nitrite reduction, sulfate reduction, etc. Nitrate can be used by some

microorganisms through two different pathways shown in the following figure:

                                          NO3
-

                                            assimilatory / dissimilatory

                                             nitrate reductase

                                          dissimilatory

                                         NO2
-        nitrite reductase                  NO

assimilatory                         assimilatory                                                    dissimilatory

  process                               nitrite reductase                                                process

                                    NH2OH                                                       N2O

                                            assimilatory

                                            hydroxylamine reductase

                                       NH3

                                  amino acids                                               N2

Figure 1. Nitrate metabolism process.
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(1) One pathway is an assimilative process by which nitrate, used as a nutrient

source, is reduced to ammonia which is utilized as cellular material through a three-step

procedure;

               (2) the other pathway is a dissimilative process (nitrate denitrification) by which

nitrate (NO3
-), used as electron acceptor, is usually reduced to nitrite (NO2

-), then to nitric

oxide (NO) or nitrous oxide (N2O),  and finally to nitrogen gas (N2); in some cases,

because of the lack of some enzymes, the reduction procedure from NO3
- to N2 can be

blocked at any step such as  NO2
-, or NO, or N2O.  Some microbes can only use nitrate as

an electron acceptor; some can use nitrate as both nutrient sources to set up cell structure

material and as electron acceptor.

The fate of nitrate used by Pseudomonas fluorescens K27 is still not known. In

this research, work was done to attempt to determine this. To investigate if ammonium is

produced from nitrate by Pseudomonas fluorescens K27, it was necessary to adopt

growth media without any NH4
+ or any nitrogen source which could produce NH4

+. Only

NO3
- was present in the initial growth medium.

                To examine the nitrate respiration system, it is important to set up proper

analytical methods to determine nitrate and nitrite in complex bacterial medium. Previous

researches (ex. Demoll-Decker and Macy, 1993) adopted a UV method which is

convenient to determine the concentration of nitrate; however, in those papers it is not

described how the authors dealt with the interference of nitrite bacterially produced from

nitrate in the microbial culture. If the UV method is not modified to eliminate the nitrite

interference, we believe the data may be inaccurate at least when reporting the time

course of nitrate consumption. In this research, the same UV method was adopted with
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necessary modification, correcting for the existence of nitrite and the strong matrix

absorbance (everything but the analyte that may interfere is defined as the matrix).

The relationship between the tellurite resistance and the NO3 
-respiration system

Tellurite (TeO3
2-) is toxic to most microorganisms, particularly Gram-negative

bacteria. Turner et al. [1995] proposed that tellurite interaction by its oxidative activity

with reduced thiols (RSH) is involved in the toxicity mechanism. Often black particles,

elemental tellurium (Te0), are produced in the bacterial solution amended with tellurite.

But it is difficult to tell if tellurite is reduced by the bacteria or by some reducing

ingredients in the media (TSB), because preliminary results (data not shown) indicated,

sometimes (seldom) tellurite was apparently reduced to elemental tellurium in pure TSB

media at 30 °C. The reduction from TeO3
2- to Te0 was once considered to be due to

general redox [Summers and Jacoby, 1977]; that is, abiotic, but strictly chemical

processes in biological cultures. However, it appears unlikely that tellurite is a strong

oxidant in biological systems because of the evidence that tellurite has a very low

standard reduction potential of about -1.2V; and some organic intermediates such as

(CH3)2Te have been identified in tellurite-amended bacterial culture [Chasteen and

Bentley, 2003].

           The relationship between the amount of change of tellurium in the cells and the

fluctuation of biological metabolism such as nitrate and nitrite reduction, may indicate if

tellurite can exert its toxicity inside the cell, and if the K27 can resist tellurite by its own

biological function.
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To date, resistance to tellurite is found in many kinds of bacteria including some

species of Pseudomonas which have this function coded by plasmid genes [Toptchieva et

al., 2003]. The exact mechanism of resistance is not fully clear, but in many Te-resistant

microbes, reduction of tellurite to elemental tellurium and further Te-containing organic

compounds is also observed. However, tellurite reduction in some organisms is

specifically catalyzed by the nitrate reductases [Avazeri et al., 1997] Preliminary

evidence suggests that the cytochrome d terminal oxidase also has tellurite reductase

activity [Trutko et al., 1998]. In this research, experiments were carried out to determine

if Pseudomonas fluorescens K27’s nitrate respiration system is involved in the function

of tellurite resistance.

Capillary zone electrophoresis (CZE) method to detect the nitrate and/or nitrite

reductases of Pseudomonas fluorescens K27

CZE is the simplest form of CE, which is a family of related techniques that

employ narrow-bore capillaries to perform high efficiency separation of both large (ex.

proteins) and small molecules by using high voltages to generate electroosmotic and

electrophoretic flow of buffer solutions and analyte species respectively.  The

electroosmotic flow, which can be adjusted by changing the properties of the capillary

wall or solution pH etc., takes the analytes towards the detector, at the same time the

electrophoretic flows of the individual analytes, which can be changed by the solution pH

or amended reagents etc., cause the different analytes to be separated [Compton et al.

1988]. CZE can be used to estimate the pI and molecular weight (MW) of  nitrate and

nitrite reductases by comparing their electrophoretic activity with standard proteins. In
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this research some trial work was done to develop the CZE method to determine the

nitrate and/or nitrite reductases.
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CHAPTER II

Experimental

Part 1: Reagents and Culture Maintenance Procedure

1.1 Reagents and Growth Media Recipes

All chemicals used in the research were analytical grade and were not further purified.

1.1.1 Reagents used in Nitrate Determination

(1) Potassium nitrate              EM industries, Inc. (Gibbstown, New Jersey).

1.1.2 Reagents Used in Colorimetric Method to Determine Nitrite

(1) n-(1-naphthl)ethylenediamine dihydrochloride                      Sigma-Aldrich, Inc.

                                                                                                      (St. Louis,       Missouri)

(2) sulfamic acid                                                                          Fisher Scientific

                                                                                                     (Fair Lawn, New Jersey)

(3) phosphoric acid                                                                      Fisher Scientific

(4) potassium permanganate                                                        J.T. Baker Inc.

                                                                                                     (Phillipsburg, New Jersey)

(5) sulfuric acid                                                                            J.T. Baker Inc.

(6) sodium oxalate                                                                        J.T. Baker Inc.

(7) sodium nitrite                                                                          Sigma-Aldrich, Inc.
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1.1.3 Reagents Used in the Measurement of Ammonia

 (1) ammonium chloride                                                    Aldrich Chemical Company, Inc

                                                                                           (Milwaukee, Wisconsin)
 (2) sodium hydroxide                                                       EM  industries, Inc.

                                                                                           (Gibbstown, New Jersey)

 (3) disodium ethylenediamine tetraacetate (EDTA)         Fisher Scientific

1.1.4  Reagents Uused in Tellurite-amended Experiments
(1) Sodium tellurite                                                           Aldrich Chemical Company, Inc.

                                                                                           (Milwaukee Wisconsin)

Because TeO3
2- reacts with TSB (see below) under high temperature, TeO3

2- stock

solution was sterilized by heat or sterile filtration in advance, then added into the

sterilized media.

1.1.5 Reagents Used in Nitrate Reductase Determination Using Capillary

Electrophoresis

(1) CE grade water                                                            Sigma-Aldrich, Inc.

(2) HCl                                                                              J.T. Baker Inc.

(3) NaOH                                                                          EM  industries, Inc.

Buffers and test mix were accompanied with the amine capillary column provided by the

Beckman Instruments, Inc.
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1.1.6 Recipes for TSB-derived Media

TSB-derived media: This category of media consisted of TSB ; TSN1; and TSN3.

TSB was prepared by dissolving 1.0 tryptic soy broth into 100 mL deionized water.

TSN1 was prepared by dissolving 1.0 g tryptic soy broth and 0.1 g potassium nitrate into

100 mL deionized water with.

TSN3 was prepared by dissolving 1.0 tryptic soy broth and 0.3 g potassium nitrate into

100 mL deionized water.

1.1.7 Recipe for Modified DM Minimal Medium

Modified DM Minimal Medium was prepared by adding into 1 L water the following: 7.0

g  potassium hydrogenphosphate (K2HPO4),  3.0 g potassium dihydrogenphosphate

(KH2PO4), 0.2 g magnesium sulfate (MgSO4), 0.5 g sodium citrate (Na3C6H5O7·2H2O),

5.0 g  glycerol (HOCH2CH(OH)CH2OH) and 10 mL trace element stock solution.

The trace element stock solution consisted of 13.5 mg/L FeCl3·6H2O, 0.6 mg/L Na2MoO4·

H2O, 3.4 mg/L ZnSO4, 0.6 mg/L CoCl2· H2O and 1.0 mg/L MnCl2· 4H2O.

Modified DM-N medium was made of modified DM medium + 1g/L KNO3.

1.2 Culture Maintenance Procedure

In experiments dealing with microbes, it is necessary to keep the bacteria

unchanged during the course of experiments. So the first thing undertaken in this research

was to find an adaptive method to maintain the bacteria.

 The safest method for the preservation of Pseudomonas fluorescens K27 is

lyophilization or liquid nitrogen techniques. There are no such techniques available in our
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lab, so another possible technique was adopted to maintain the Pseudomonas fluorescens

K27: slants of TSN1 (see part 1.1.6.) were made to keep this strain, with transfers every 2

months, maintained at a temperature at 4-8 °C.

If the phenotypic properties of the bacteria, such as viability, appear to be

changed, some work can be done to recover this viability. The following is a method to

reactivate viability-weakened Pseudomonas fluorescens K27.

(1) Preculture I was prepared by inoculating 100 mL of TSB with bacterial

colonies from a Pseudomonas fluorescens K27-growing slant. The preculture I was

aerobically cultivated in a 250 mL open flask in a 30 °C water bath at a shaking speed of

105 rpm lasting 24 hrs.

(2) Preculture II was prepared by adding 10 mL of preculture I to 90 mL TSN1

in a screw cap flask; preculture II was anaerobically cultivated in a 30 °C water bath.

Preculture II was not in stationary phase until the bacterially-produced nitrite disappeared

(approximately 72 hours). The Pseudomonas fluorescens K27 in this medium grew quite

well and had strong nitrate/nitrite-reducing ability.

(3) One bacterial colony from Preculture II was collected by drawing a sterile

steel stylus, which was dipped into Preculture II in advance, on an agar TSN1 plate.

(4) That bacterial colony was inoculated into 100 mL TSN1 followed by the

investigation to see if this bacterium could grow productively in anaerobic conditions and

reduce nitrate/nitrite quickly.

(5) The healthy bacteria were maintained in TSN1 slants (see section 2.3) at 4-8

°C for future use.
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Part 2: Culture Preparation

2.1 Biological Media

There were two types of media used in this research. All research was done with

TSB-derived media, except for the experiments to determine ammonium ion by using

modified DM minimal medium. All media were sterilized via autoclave before they were

used to incubate the bacteria.

Tryptic soy broth (TSB) was a primary medium in the research. TSB contained

no nitrate and nitrite. This was proven by that the absorption change at NO3
--sensitive

wavelength was little and no NO2
--related color showed when color reagent was added to

the TSB culture during the bacterial growth.

2.2 Culture Preparation Process

Before formal experiments, precultures were prepared by the following process:

A preculture I was made by inoculating bacterial colonies from a Pseudomonas

fluorescens K27 slant into 100 mL of TSN1 medium and grown anaerobically in a 30°C

water bath. After all the nitrate and nitrite in preculture I disappeared (using technique

detailed in section 3.2.2 and 3.3.1), 10 mL of this preculture was transferred into a

screw-cap bottle containing 90 mL TSN1. The resulting preculture II was anaerobically

cultivated in a 30 °C water bath until no nitrite was detected (usually the time was less

than 8 h). This culture was used in the formal experiments within 10 h.
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2.3 Slant for Bacterial Storage

Into 100 mL water 2 g agar, 1 g TSB and 0.1 g KNO3 were added and heated to

boiling until all solutes were dissolved. The boiled solution was immediately poured into

16 mL test tubes with about 10 mL solution per tube and the tubes were leaned at a 45 °

angle to freeze. Solidified slants were inoculated with K27 by drawing a curve of healthy

bacterial culture with a stylus through the solidified agar; then the slant tube was

immersed into the 30 °C water bath until apparent bacterial film formed (normally 24

hours). The bacterial slant was maintained in the refrigerator at 4-8 °C for future use.

Part 3: Bacterial Experiments

3.1 Bacterial Growth Measurement

All investigations designed to determine concentrations of nitrate, tellurium etc.

were conducted along with the determination of bacterial growth (optical density

measurement) to investigate the relationship between the bacterial growth and those

variables.

3.1.1 Instrumentation

      Optical densities (OD) of the bacterial cultures were measured by a photoelectric

colorimeter (Spectronic 20D+) with 526 nm as the chosen absorption wavelength. The

experimental OD procedure followed the manual. The instrument was turned on and

warmed up for 15 min before starting any sample measurement. Plots involving these

data are labeled with the log of absorbance.
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3.1.2 Inoculation Procedure

Preculture II (described in Part 2.2) in stationary phase was added to a liquid

growth medium (normally TSN1, depending on the experiment design) in 10 % v/v

proportion. The resulting culture was added to test tubes with 15 mL culture per tube to

do the formal experiments. All samples were anaerobically incubated in a 30°C water

bath. Three test tubes were taken to measure optical density after specific time intervals

(normally 2 h) depending on the biological activity of the bacteria.

3.2 Investigation of Nitrate Consumption

3.2.1 Instrumentation

The concentration of nitrate was determined by a Varian Cary 50 Bio UV-VIS

spectrometer. To eliminate the error from absorption differences between two quartz

cuvettes, the same cuvette of 1-cm light path was used throughout the determination.  The

instrument was turned on and warmed up for 20 min before starting any sample

measurement. The cuvette was cleaned every time before the use by rubbing the inner

wall with a detergent-saturated cotton-tipped stick.

3.2.2 Nitrate Determination Method

The method was a modified type of the “Ultraviolet Spectrophotometric

Screening Method” [Arnold, et al., 1992]. In this method, wavelength settings were 275

nm, 218 nm and 200 nm (275 nm can be eliminated in the nitrate detection; however, it

was useful to detect nitrite). According to this standard method, common interfering
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material, such as bacterial cells, resulted in predictable absorption or scattering at 275 nm

and produced absorption at 218 nm and 200 nm two times as much as that at 275 nm.

NO2
- had no absorption at 275 nm but equivalent absorption at 218 nm and 200 nm;

dissolved NO3
- had no absorption at 275 nm but significant absorbance at both 218 nm

and 200 nm. Using these data the detection of NO3
- and NO2

- was carried out as follows:

(1) Deionized water produced a reproducible background absorbance at the

wavelengths used. In the experiment, deionized water was used as blank; signals at those

three fixed wavelengths were taken.

Table I

Blank (Deionized Water) Absorbance

A275 absorbance at 275 nm

A218 absorbance at 218 nm

A200 absorbance at 200 nm

A1 = A200 – 2*A275 corrected absorption at 200 nm

A2 = A218 – 2*A275 corrected absorption at 218 nm

(2) TSB medium produced strong background absorption at both 218 nm and

200 nm, so it was essential to factor out TSB’s absorbance at 218 nm and 200 nm from

those produced by NO3
- which were used to calculate nitrate concentration. Absorbance

of  the diluted TSB (500 times dilution), consisting of deionized water and TSB, was

determined at those three wavelengths.
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Table II

1/500 Diluted TSB Background Absorbance

A275 absorbance at 275 nm

A218 absorbance at 218 nm

A200 absorbance at 200 nm

A3 = A200 – 2*A275 corrected absorbance of TSB plus water at 200 nm

A4 = A218 – 2*A275 corrected absorbance of TSB plus water at 218 nm

A5 = A3 - A1 corrected absorbance of TSB at 200 nm

A6 = A4 - A2 corrected absorbance of TSB at 218 nm

(3) Standards consisting of deionized water, TSB matrix, NO3
- and NO2

- (with

concentrations simulating those of realistic samples) were measured at those three

wavelengths, and the variables described in the above table were used to get the corrected

nitrate absorbance.

Table III

NO3
- Absorbance

A7 = A200 – 2*A275 corrected absorbance of deionized water,  TSB matrix, NO3
- and

NO2
- at 200 nm

A8 = A218 – 2*A275 corrected absorbance of deionized water,  TSB matrix, NO3
- and

NO2
- at 218 nm

A9 = A7- A3 corrected absorbance of  NO3
- and NO2

- at 200 nm

A10 = A3- A1 corrected absorbance of  NO3
- and NO2

- at 218 nm

A11 = A10- A9 corrected absorbance of  NO3
- without NO2

 interference
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(4) Samples consisting of deionized water, TSB matrix, NO3
- and/or NO2

- were used as

standards. The highlight was that after these calculation processes, NO2
- signal was

eliminated and only NO3
- signal was left (part of NO3

- signal was also subtracted).

Stock Solution for Nitrate Determination: Potassium nitrate was dried at 105 °C for 24

h. A mass of 2.525 g (0.025 mol) was dissolved in 50 mL sterilized deionized water and

diluted to the 250 mL scale in a volumetric flask to prepare stock solution I which

contained 100 mmol/L NO3
- . One half milliliter of stock I was diluted to 100 mL with

deionized water to get stock solution II in which NO3
- was 0.5 mmol/L.

Standard Solution Series: Nitrate-containing standards were prepared by the following:

0, 1.00, 2.00, 4.00, 10.00, 20.00, 30.00 mL of stock II were separately added to 100 mL

volumetric flaskS which already contained 0.20 mL TSB and the flasks were diluted to

100.0 mL. The resulting concentration range was: 0, 0.005, 0.010, 0.020, 0.050, 0.100

and 0.150 mmol/L NO3
- with 1/500 TSB.

The signals of those standard solution series, used to establish the linear

calibration line, were corrected for the matrix absorption of the pure 1/500 TSB, i.e. the

first standard solution.

Sample Preparation: One half milliliter of culture was taken out of the test tube after the

bacterial growth experiments and diluted to 250 mL with deionized water (500 dilution

times). The diluted sample was filled in a cuvette to 2/3 full volume. Absorption was

measured separately and recorded at 275 nm, 218 nm and 200 nm.
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3.3 Determination of Nitrite

There were two methods for measuring nitrite used in this research. One was a

UV-VIS spectrometric method, which was derived from the NO3
--detecting method

named “Ultraviolet Spectrophotometric Screening Method” [Arnold et al., 1992]. This

method was convenient, but was not as sensitive and was subject to the influence of the

matrix fluctuation. The other one was a colorimetric method, which was very sensitive

and used most of the time.

3.3.1 Colorimetric Method

3.3.1.1 Instrumentation

The signal of NO2
--containing reddish purple azo dye was measured by a

photoelectric colorimeter with 543 nm as the maximum absorption wavelength. The

instrument was turned on and warmed up for 15 min before starting any sample

measurement.

3.3.1.2 Procedure

This colorimetric method followed exactly the procedure as described in the

Standard Methods for the Examination of Water and Wastewater [Arnold et al., 1992].

There was little interference on NO2
- signal at the measured wavelength (543 nm).
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3.3.1.3 Preparation of Standards and Samples

Stock Solution: Sodium nitrite was taken from the middle layer (not the upper layer) of

its reagent bottle to avoid oxidized NO2
-. A mass of 1.232 g (nominally 0.0179 mol) was

dissolved in 100 mL deionized water and diluted to the 1000 ml scale in a volumetric

flask to prepare stock solution I which was determined to be 0.0161 mol/L

(standardization is in the following step). The standardization steps described

immediately below are in great detail because they involve a correction of the

calculations used in the published method.

Standardization of Stock Sodium Nitrite Solution

(1) KMnO4 was standardized by titrating solid Na2C2O4 using the method

described in Standard Methods for the Examination of Water and Wastewater [Arnold et

al., 1992]. This is divided by the product of the volume of KMnO4 times the molecular

weight of Na2C2O4. For example, a typical calculation might be:

(2/5)*(159.0 mg/L)/[(9.75 mL- 0.05 mL)*(134.0 mg/mmol)] = 0.0489 mmol/L=0.0489

mol/L KMnO4.

(2) NaNO2 was standardized with 0.0489 mol/L KMnO4 standardized above.

The formula (not the one used in the original method) is: A = (5/2)*[(B*C)-

(2/5)*(D*E)]/F. In the original equation the stoichiometry of NaNO2  and KMnO4 were

erroneously left out. A= Molarity of NaNO2, B = total L standard KMnO4 used; C =

0.0489 mol/L KMnO4; D = total L Na2C2O4 added; E = 0.025 mol/L Na2C2O4; F = L
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stock Na2C2O4 solution taken for titration. A = (5/2)*[(0.01116 L*0.0489 mol/L) −

(2/5)*( 0.0100 L* 0.025 mol/L)]/0.06902 L = 0.0161 mol/L NaNO2.

A 0.78 mL aliquot of stock I was diluted to 100 mL deionized water to get stock

solution II in which NO2
- was 0.125 mmol/L.

Standard Solution Series: Standards were prepared as the following: 0, 0.2, 0.4, 2, 5 mL

of stock II were separately added to 50 mL volumetric flask which had already contained

0.1 mL TSB and diluted to the 100 mL line. The resulted concentration range was: 0,

0.0005, 0.0010, 0.0050 and 0.01250 mmol/L NO2
- with 1/500 TSB. Two milliliters of

color reagent as described in the method were added to the standard series separately.

Absorbance at 543 nm was recorded between 10 min and 2 h.

The signals of those standard solution series, used to establish a linear

calibration line, were corrected by the matrix absorption of 1/500 TSB without any

nitrite, i.e. the first standard solution.

Sample Preparation: A 0.5 mL aliquot of culture was taken out of the test tube after the

bacterial growth experiments and diluted to 250 mL with deionized water (500-fold

dilution). Fifty milliliters of the diluted sample were used to detect NO2
- by adding 2 mL

color reagent. Determination of absorbance at 543 nm was between 10 min and 2 h. The

blank was the 1/500 diluted sample without any color reagent.
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3.3.2 UV/VIS Spectrometric Method

3.3.2.1 Instrument

The UV/VIS spectrometer detailed in 3.2.1 was used.

3.3.2.2 Determination Method of Nitrite

This method shared the same data used to detect NO3
- with the UV-Vis method

described in Part 3.2.2. Additional calculation steps were needed to determine nitrite All

the constants in the following equations were generated by the standard calibrations.

1st step. Find out the abs. of nitrate without interference.

2st step. Calculate the concentration of NO3
- with the following equation:

concentration = (abs. - 0.0022) / 5.0635.

3nd step. Calculate the full absorption of NO3
- at 218 nm (or abs. at 200 nm)

with the calculated concentration of NO3
- through the proper equation. Equation at 218

nm was abs.= 0.00152 + 4.2787* concentration; Equation at 200 nm was abs.= 0.00368 +

9.3422* concentration.

4rd step. Subtract the NO3
- abs. value from the total abs. of NO3

-and NO2
-. The

subsequent value was the abs. of NO2
-.

5th step. Calculate the concentration of NO2
- through the proper equation.

Equation at 218 nm was concentration = (abs. - 0.000326) / 4.4286; Equation at 200 nm

was concentration = (abs. - 0.000076) / 4.3443.
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3.3.2.3 Preparation of Standards and Samples

Stock Solution: The stock solution was prepared just as that detailed in 3.3.1.3 except the

stock solution II contained 0.50 mmol/L NO2
-.

Standard Solution Series: Standards containing 0, 1.00, 2.00, 4.00, 10.00, 20.00, 30.00

mL of stock II were separately added to 100 mL volumetric flasks which already

contained 0.2 mL TSB (1 g/L) and then diluted to the 100 mL line. The resulted

concentration range was: 0, 0.005, 0.010, 0.020, 0.050, 0.100, 0.150 mmol/L NO3
- with

1/500 TSB.

The signals of those standard solution series, used to establish the standard

curve, were adjusted by subtraction of the matrix absorption of 1/500 TSB, i.e. the first

standard solution.

Two calibrations were plotted. One was A218 - 2A275 versus concentration; the

other one was A200 - 2A275 versus concentration.

Sample Preparation: Samples were prepared as in Part 3.2.2.   

3.4 Measurement of Ammonia

3.4.1 Instrument

An ammonia gas-sensing electrode (Cole-Parmer 27502-00), connected to a pH

meter (Corning pH meter 340), was used to investigate if Pseudomonas fluorescens K27
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can produce ammonium ion with the nitrate as the only nitrogen source. Because of the

possibility that the bacteria would excrete interferants such as surfactants [Noel et al.,

1984] and because of possible interference of the complex matrix, the electrode was

positioned in the culture headspace to detect the vapor phase ammonia concentration.

3.4.2 Culture Preparation

According to the preliminary experiments, the TSB growth medium consists of

a consistent amount of ammonium (0.27 mmol NH4
+/g TSB), so TSB is not acceptable

for the investigation of whether ammonium can be produced by Pseudomonas

fluorescens K27. The growth medium used in this experiment was therefore modified

DM-N (an ammonium-free recipes). Preculture I was made by inoculating some bacteria

colonies from a Pseudomonas fluorescens K27 slant into 100 mL of modified DM-N

growing anaerobically in 30 °C water bath. After all nitrate and nitrite in preculture I

disappeared (determined with the methods described in part 3.2.2 and part 3.3.1), twenty

milliliters of this preculture was transferred into a bottle containing 180 mL modified

DM-N; the resulting preculture II was anaerobically cultivated in a 30 °C water bath until

no nitrite was detected (usually less than 48 h). This product was used in the formal

experiments within 10 h. A 130 mL aliquot of preculture II was added to 1170 mL

modified DM-N, the mixed culture was separately added to 100 mL cap screw bottles

with 100 mL per bottle. When the bacteria-growing culture was put into a 30 °C water

bath, the formal experiment to determine ammonia began.
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3.4.3 Determination Method for Ammonium

This method was a method in the Standard Methods for the Examination of

Water and Wastewater (Arnold et al., 1992). According to the trial experiments, the

ammonium ion concentration produced in the bacterial medium was low, so the filling

solution of the electrode was chosen to be 0.01 mol/L NH4
+Cl (not the regular 0.1

mmol/L) which was adapted to determine the low-level ammonium in the sample

(instruction was provided by the manufacture).

3.4.4 Preparation of Ammonium Standards and Samples

Stock Solution: A mass of 2.675 g (0.050 mol) ammonium chloride was dissolved in 50

mL sterilized deionized water and diluted to the 500 mL scale in a volumetric flask to

prepare stock solution I, which contained NH4
+ with 100 mmol/L.

A 10.0 mL aliquot of stock I was diluted to 100 mL deionized water to get stock

solution II in which NH4
+ was 10 mmol/L. A 1.00 mL aliquot of stock II was diluted to

100 mL deionized water to get stock solution III in which NH4
+ was 1 mmol/L.

Standard Solution Series:

(1) High NH4
+ Concentration. Aliquots of 0.50, 5.00, 50.00 mL of stock II

were separately added to 50 mL volumetric flasks and diluted to the line. The resulting

concentration range was: 0.1, 1.0, 10.0 mmol/L NH4
+. One half milliliter of 10 M NaOH

was added to the flask to produce NH3. The ammonia gas-sensing electrode was rinsed

and its tip was suspended in the headspace, close to the surface of the sample. In the last
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step of this procedure the flask mouth was covered with a rubber glove (with a hole for

the ammonia electrode already created), the solution was stirred, and the ammonia

measurement was recorded after stabilization of the reading, normally less than 5

minutes.

(2) Low NH4
+ Concentration. A 49.5 mL aliquot of deionized water and 0.5 ml

of 10 M NaOH were added to a 125 mL Erlenmeyer flask which was put on a magnetic

stirrer and stirred. The electrode was rinsed and its tip was suspended in the headspace,

close to the surface of the sample. Increments of the 1 mmol/L stock solution were added

to the Erlenmeyer flask using the following steps. The Erlenmeyer flask was covered

with a rubber glove as above during the determination procedure.

Table IV

Low NH4
+ Concentration Standard Series

step             volume (mL)           Added Concentration (mmol/L)

1                     0.05                               9.99 x 10-7

2                     0.15                               3.98 x 10-6

3                     0.3                                 9.90 x 10-6

4                     2.0                                 4.76 x 10-5

5                     5.0                                 1.30 x 10-4

Sample Preparation: Forty-nine and one-half milliliters of bacterial culture were

measured out from the 100 mL culture and put into the 125 mL Erlenmeyer flask, then

0.5 mL of 10 M NaOH was added. Then headspace ammonia was determined as above.
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Part 4: Toxic Influence of Tellurite on Pseudomonas fluorescens K27

4.1 Amendment Experimental Procedure

Preculture II in stationary phase (described in Part 3.1) was added into tellurite-

amended medium (normally in TSN1) with the ratio 1:9 (v/v). The resulting culture was

added to multiple test tubes with 15 mL of culture per test tube to do the formal

experiments. Control samples were prepared at the same time. All poisoned samples and

controls were anaerobically incubated in a 30°C water bath. Three test tubes and one

control were taken to measure optical density and other components, such as nitrate

concentration, after certain time intervals (normally 2 h at the beginning period, then 12

h) depending on the biological activity of the bacteria.

4.2 Bacterial Growth Measurement, Investigation of Nitrate and Nitrite

All of these items were carried out as described in Part 3. The only problem was

the black color of elemental tellurium blocked the optical density measurement when

TeO3
2- concentration was too high, which will be discussed in detail in Discussion

Chapter.
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Part 5 Measurement of Nitrate Reductase Using Capillary Electrophoresis

Only some trial work was finished in this enzyme detection.

5.1 Instrumentation

   A Beckman P/ACETM MDQ Capillary Electrophoresis system coupled with a

UV detector was used to analyze nitrate reductase. A 80-cm neutral capillary column

with 50 µm I.D. (Beckman, Fullerton, California; catalog No. 477431) was utilized.

5.2 Method Establishment

The manufacture’s test mix was used as the indicator to show if the operating

conditions worked. The applied concentration of the test mix was between 0.1 to 1 mg

per mL.

The operating conditions were: neutral capillary; 20 mM citrate/MES Buffer

(pH = 6.0); UV 214 nm absorptive wavelength; 3 seconds 0.5 psi pressure injection;

normal polarity; 500 V/cm electric field strength; 22°C current coolant temperature.
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CHAPTER III

Results and Discussion

These experimental results are normally for triplicate batch cultures unless

otherwise noted. Error bars on x-y plots represent one standard deviation of the mean. In

some graphs error bars are not shown in order to reduce clutter.

Part 1: The Nitrate, Nitrite and Ammonia Determination Methods

(1) UV-VIS spectrometry to detect nitrate

Among a lot of methods used to determine nitrate, the classical UV-VIS

spectrometry was adopted on the basis of the need to select a proper method: simple,

convenient, fast, low-polluting. Based on the known information obtained from the

preliminary experiments (data not shown) showing no detectable nitrate existed in the

medium and the fact that background absorbance was relatively stable before the nitrate

and nitrite were used up, the UV-VIS spectrometry method was established with essential

modifications as described in Chapter II to eliminate the nitrite interference. In the article

by Yu et al. (1996) one conclusion was made that only _ of added nitrate could be

consumed in 10 mM selenite amended culture of K27. In fact, it was likely that nitrite

was in part detected as nitrate as determined by the UV-VIS method used in that work,

because her method did not correct for this interference. This means using the original

UV-VIS method without any modification, the resulting data were misleading.
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A typical calibration curve for nitrate analysis is shown in Figure 2. The linear

range was from 0.00 to 0.15 mmol/L. In order to have the nitrate level of the samples lie

in the linear range, the samples were diluted by 500 times during the experimental

procedure. The limit of quantification was 0.004 mmol/L NO3
-, which was obtained by

determining the noise (absorbance fluctuation of the blank), then calculating the

corresponding NO3
- concentration of such signal which was ten times the noise. In

practical detection, the limit of quantification was adjusted to be 0.02 mmol/L because of

the fluctuation of the signal-producing matrix. Noise (absorbance fluctuation) = 0.0017,

10 times of noise = 0.017. The limit of quantification = (0.050mmol/L / 0.2582)∗0.017 =

0.004 mmol/L. (Note: The figure of 0.2582 was the absorbance of the 0.05 mmol/L NO3
-

standard solution).

(2) UV-VIS spectrometry and colorimetric method to detect nitrite

The colorimetric method was a sensitive and selective method to determine

nitrite in the medium used in this research, and was a very convenient technique to

indicate the kinetic change of the nitrite concentration, and provided a double check for

the nitrite results obtained from the UV-VIS spectrometry.

Two typical calibration curves (at two different wavelengths) for nitrite analysis

by UV-VIS spectrometry are shown in Figure 3. The linear range of the both calibration

curves for the UV-VIS spectrometry was from 0.00 to 0.15 mmol/L. The quantification

limit was 0.005 mmol/L NO2
- which was obtained by determining the noise (absorbance

fluctuation of the blank), then calculating the corresponding NO2
- concentration of the

signal which was ten times that of the noise. In practical detection, the quantification
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limit was adjusted to be 0.02 mmol/L because of the fluctuation of the signal-producing

matrix. Noise (absorbance fluctuation) = 0.0018; 10 times noise = 0.018. Quantification

limit = (0.050mmol/L / 0.2164)∗0.018 = 0.005 mmol/L.

A typical calibration curve for nitrite analysis by the colorimetric method is

shown in Figure 4. The linear range was from 0.00 to 0.0125 mmol/L. In order to have

the nitrite level of the samples lie in the linear range, the samples were diluted by 500

times during the experimental procedure. The quantification limit was 0.0005 mmol/L

NO2
-, which was obtained by determining the noise (absorbance fluctuation of the blank),

then calculating the corresponding NO2
- concentration of such signal which was ten times

of the noise. In practical detection, the bacteria-growing matrix had no influence on the

quantification limit. Noise (absorbance fluctuation) = 0.003; 10 times of noise = 0.03.

The quantification limit = (0.005 mmol/L/0.269)∗0.03 = 0.0005 mmol/L.

(3) Ammonium-selective electrode method to detect ammonia

Moderate-level ammonia calibration curve (not shown) was used to determine

the ammonia concentration change in TSB and TSN1 medium; low level ammonia

calibration curve, established to detect the ammonia in modified minimal medium, is

shown in Figure 5. The linear range for the ammonia-selective electrode method was

from 0.001 to 0.130 mmol/L NH4
+. The ammonium level produced by K27 in the

modified minimal medium with nitrate added during the experimental procedure fell in

the linear range, so there was no need to dilute the samples.

The detection limit was 0.001 mmol/L NH4
+. Normally, a linear relationship

exists between detector response and analyte concentration. But in the NH4
+
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determination method using ammonia gas-sensing electrode, the corresponding signal of

NH4
+ is negatively proportional to the logarithm of its concentration [the equation was:

signal = (-61.237) + (-54.631) ∗log[NH4
+]]. So the detection limit was determined via the

following: Blank (a 49.5 mL aliquot of deionized water plus 0.5 mL 10 M NaOH) was

determined 10 times; the mean = 124 mv which corresponds to 0.000407 M NH4
+ (the

equation used is conc. = 10 [(signal + 61.237)/ (- 54.631)]). The noise (signal change of the blank

solution) was 6 mv; 3∗noise = 18 mv; 124 mv (blank signal) - 18 mv = 106 mv which

corresponded to 0.000986 mM NH4
+. So the detection limit which caused 3 times of

noise was: 0.000986 mM - 0.000407 mM = 0.000579 mM which was rounded to be

0.0006 mM NH4
+.
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Figure 2. A typical calibration curve for nitrate analysis by UV-VIS spectrometry.
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Figure 3-a. A typical calibration curve for nitrite analysis by UV-VIS spectrometry

(absorbance at 218 nm versus concentration).

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

-0.05 0 0.05 0.1 0.15 0.2

y = -7.6251e-05 + 4.3443x   R2= 0.99999 

ni
tri

te
 a

bs
. a

t 2
18

 n
m

 - 
2*

ab
s.

 a
t 2

75
 n

m

nitrite concentration (mmol/L)



34

Figure 3-b. A typical calibration curve for nitrite analysis by UV-VIS spectrometry

(absorbance at 200 nm versus concentration).
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Figure 4. A typical calibration curve for nitrite analysis with the colorimetric method

(absorbance at 543 nm versus concentration).

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

-0.002 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

y = 0.0015258 + 53.493x   R2= 0.99996 

as
or

ba
nc

e 
(a

t 
54

3n
m

)

nitrite concentration (mmol/L)



36

Figure 5. A typical calibration curve for ammonium analysis by the ammonia-selective

electrode method. The linear range is from 0.001mmol/L to 0.13 mmol/L NH4
+.
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Part 2: The Stability of Nitrite, Nitrate and Ammonium

In anaerobic sterile conditions nitrite, nitrate and ammonium showed great

stability (Figure 6). A nitrite concentration of 6.20 mmol/L was stable for 72 hours in

TSN1 (Figure 6-a); a nitrate concentration of 10.50 mmol/L was constant for 48 hours

(Figure 6-c) in TSN1; the ammonia concentration of 0.034 mmol/L stayed constant for 48

hours in modified minimal medium (Figure 6-d). Any change of nitrate, nitrite, ammonia

amounts in the experiment was caused by bacteria consumption or production, not

common chemical reactions. The reasoning for that follows.

In microaerobic conditions without K27 growing, the nitrite concentration

changed at the degradation rate of 0.22 mmol L-1 h-1 by reacting with oxygen (Figure 6-

b). In experiments involving bacterial growth in partially aerobic conditions (K27 grown

in an uncovered beaker being vigorously shaken), the redox degradation of the nitrite

with oxygen could be ignored because of the following two reasons: (1) Most of the

small content of oxygen dissolved from the air was utilized by the flourishing

reproduction of K27 before it reacted with the nitrite. (2) Compared with the high nitrite

reduction rate of approximately 2.1 mmol L-1 h-1 in the experiment with K27 growing in

microaerobic conditions (see Figure 11), the nitrite redox degradation (0.22 mmol L-1 h-1)

was very small. It is shown in Figure 11 that in time course from 4 to 6 hour, nitrite

concentration was decreased from 4.2 to 0.0 mmol/L in the experiment of partially

aerobic growing in TSN1. So all of the nitrite from the reduction of nitrate can be

regarded as being reduced only by K27, not by simple chemical reactions.
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Figure 6-a. Nitrite stability in anaerobic conditions in TSN1.

Figure 6-b. The change of nitrite concentrations in partially aerobic condition in TSN1.
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Figure 6-c. Nitrate stability in anaerobic conditions in TSN1.

Figure 6-d. Ammonium stability in anaerobic conditions in modified minimal medium.
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Part 3: The Nitrate and Nitrite Influence on Bacterial Growth

A 100 mL aliquot of TSB solution consists of tryptone, soytone, dextrose,

sodium chloride, dipotassium phosphate. While TSB medium does not contain any

terminal electron acceptor such as nitrate, P. fluorescens K27 grew quite well

anaerobically in it by fermentation (organic carbon acting as both electron donor and the

electron acceptor) to get the necessary energy. A typical growth curve and the specific

growth rate with bacteria growing in TSB are shown in Figure 7. Almost no lag phase

was seen in the growth curve; normally K27 went through its log phase in 4 hours.

Nitrate is used as terminal electron acceptor in the respiration process of P.

fluorescens K27 growing anaerobically. Nitrate respiration can provide the microbes

more energy compared with the energy produced by fermentation [Michael, 2002]. When

nitrate was added to the TSB medium, the bacterial growth rate was increased. The trend

was that if other nutritional items such as the carbon resources were not limited during

the process of nitrate reduction, then the more nitrate that was added, the better growth

K27 showed. Typical growth curves and the specific growth rates are shown in Figure 7.

The specific growth rates for the TSB, TSN1 (1% NO3
-) and TSN3 (3% NO3

-) cultures

were respectively 0.35 h-1, 0.42 h-1, 0.43 h-1 which are the slopes of the lines in Figure

7 c.

 Nitrite played two distinct roles in the K27 growth procedure. On one hand,

nitrite was used as terminal electron acceptor just as nitrate in the respiration process of

P. fluorescens K27 growing anaerobically. K27 showed better growth in the TSB

amended with 0.1 g nitrite than that in pure TSB medium (Figure 8). On the other hand,
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nitrite showed a toxic influence of inhibiting bacterial metabolism such as the phosphate

uptake (phosphate provides the necessary P resources) [Michael et al., 2004] of K27. This

was shown by the fact that K27 growth was decreased in the TSB with high levels of

nitrite (ex. 0.3 g/L nitrite) compared with growth in pure TSB.

Figure 7. The comparison of bacteria growth in TSB, TSN1 and TSN3. a represents the

time course of growth (apparent exponential phase and stationary phase) in 32 hours.  b is

the bacterial growth of the initial 6 hours. c expresses the different growth rates in the

three media.
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Figure 8. The comparison of bacteria growth in TSB, TSB + 1.0 g/L nitrite, TSB + 3.0

g/L nitrite and TSB + 0.1 g/L nitrate (TSN1) during the initial period of the time course

(a) and the complete time course (b).
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Part 4: The Nitrite Influence on the Nitrate Reduction

 K27 expressed nitrate-reducing ability (Figure 9). In TSN1 medium, nitrate

concentration was decreased from 9.58 mmol/L to below detection limits in 5 hours. At

the point that nitrate was used up, the nitrite concentration reached its highest

concentration level (5.15 mmol/L). If the nitrite reduction did not begin until the

medium’s nitrate was used up, the accumulated nitrite level should be 9.58 mmol/L

before its reduction began, based on stoichiometry. The observation that the measured

nitrite level was 5.15 mmol/L showed that the nitrite reduction was occurring along with

the nitrate consumption process. The fact that nitrate and nitrite reduction were conducted

at the same time was further shown in the later toxic experiments with tellurium.

 In TSN1 amended with 12.35 mmol/L nitrite (0.1± g NaNO2) (Figure 9), the

nitrate reduction rate was little influenced even if the growth rate of K27 (which was 0.35

h-1) was slightly decreased compared with the control culture (TSN1). The growth rate in

those controls was 0.44 h-1. Similar to the results in TSN1, the nitrate concentration in

TSN1 amended with 12.35 mmol/L nitrite deceased from 9.22 mmol/L to 0 mmol/L in 5

hours.

On the other hand, in TSN1, 4.43 mmol/L newly-produced nitrite was further

reduced and 5.15 mmol/L nitrite was accumulated at the five-hour point; in TSN1

amended with 12.35 mmol/L nitrite, 4.21 mmol/L newly-produced nitrite was further

reduced and 5.44 mmol/L nitrite was accumulated at the five-hour point. The nitrite

reduction rate in the two experiments was close, but the bacterial population in TSN1

amended with 12.35 mmol/L (0.1 g NaNO2/100 mL) nitrite was smaller than that in
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TSN1 as measured by optical density (data not shown), so the nitrite reduction rate was

increased because of nitrite’s high availability even if the nitrite anion was toxic to the

bacterial biological activity.

One possible explanation for this is: the outflow of the newly-produced nitrite in

the cells was inhibited by the concentration barrier from a low level NO2
- inside to high

level NO2
- outside. The result was that biologically produced part of the newly-produced

nitrite had to stay in the cells. At the same time nitrite reduction ability had to be raised in

order to avoid its toxicity in the cell. Therefore the higher the outside nitrite concentration

was, the more the newly-produced nitrite was kept and consumed in the cells. This was

tested with the results of TSN1 containing 0.3 g NaNO2: the nitrite concentration in the

medium (outside the cells) stopped increasing when the extracellular nitrite concentration

had risen from 36.5 to 40.61 mmol/L at the 5-hour point of the time course (at this point,

nitrate was reduced from 10.37 to 5.59 mmol/L). After this 5-hour point, the nitrate

reduction continued until nitrate was used up; however, during this process, the nitrite

level kept constant. This suggests that the newly-produced nitrite was used up inside the

cells instead of flowing out into culture solution.

According to the description above, a general conclusion could be reached: in

TSN1 medium amended with relatively low levels of nitrite, nitrate instead of nitrite was

preferentially carried into the cells and used as terminal electron acceptor. Once the

nitrate was reduced to nitrite, the newly-produced nitrite had two ways to go: one was to

be further reduced and the other one was to be excreted out of the cells. But the

concentration barrier across the cell membranes caused the nitrite to stay inside the cells

(it’s obvious when the NO2
- concentration was more that 40 mmol/L) . This therefore
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would decrease the cellular nitrate reduction if nitrate and nitrite compete for the same

reductase.  The evidence that nitrate reduction was not inhibited suggests nitrate and

nitrite were acted on by separate reductases.

 Figure 9. The comparison of bacteria growth (upper graph) and the change of nitrate and

nitrite concentration in TSN1, TSN1 + 0.1 g/L NaNO2 (lower graph).
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Part 5: The Ammonium Production from Nitrate by the Assimilative Process

Fresh TSB medium contains about 0.27 mmol/L ammonium. With K27 cells

growing in TSB, more ammonium was produced from further decomposition of the

medium’s protein digest. The reason that the newly-produced ammonium did not come

from the nitrate assimilatory process is that the high-level ammonium (0.27 mmol/L)

existing in the TSB blocked the nitrate assimilatory process [McCarty and Bremner et al.,

1992].

 K27 grew well in the modified minimal medium (Figure 10), although the

growth rate of 0.12 h-1 (data not shown) was relatively slow compared with that of 0.42 h-

1 in TSN1. Others have seen this slower growth [Yu, et al., 1996]. The difference

between the two growth rates comes from the availability of nutrition items in the

different media. The typical growth curve in modified minimal medium showed an

apparent lag phase (0 - 4 hours) during which K27 cells needed to integrate necessary

elements step by step from basic C, N, P resources provided by the modified minimal

medium. So K27 cells spent a lot of energy on this integration instead of reproduction;

this caused the slow growth rate. The ammonium production reached the highest level

(0.025 mmol/L) at the 24-hour point at which nitrate was used up and nitrite had

accumulated to the highest level (5.3 mmol/L). At the same time K27 cells attained the

stationary phase (a steady-state equilibrium where the rate of cell growth (division) is

exactly balanced by the rate of cell death) [Abedon, 2003] because of two factors: (1) the

preferable electron sink (nitrate) was used up and (2) toxic nitrite had built up. With the

progress of the bacterial growth, the ammonium concentration was gradually decreased
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because K27 cells continued ammonium-requiring reproduction and the ammonium-

producing assimilatory process decreased (or stopped). K27 cells reached the endpoint of

the stationary phase at the 54-hour point when ammonium outside the bacterial cells was

used up and nitrite was nearly used up (see Figure 10).

After 48 more hours, the ammonia concentration reached a high level of 0.33

mmol/L (data not shown) from an initial 0.00 mmol/L because of bacterial lysing and

ammonium-containing material produced by protein degradation.
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Figure 10-a. Time course of the ammonium concentrations in cultures, of P. fluorescens

K27 in modified DM-N minimal medium.
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Figure 10-b. The concentration change of nitrate, nitrite and ammonium in K27 growing

in modified DM-N.
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Part 6: The Influence of Unsaturated Content of Oxygen on the Growth of K27

K27 is a facultative anaerobe which uses O2 as the terminal electron

acceptor—instead of nitrate or nitrite in aerobic conditions in TSN1 medium—because

the O2 respiration process provides more energy.

In the case that the solution was not saturated with O2  in growing cultures, K27

cells grew slightly better with growth rate of 0.47 h-1 than that of 0.45 h-1 in anaerobic

condition.  Nitrate and nitrite were reduced faster in partially aerobic conditions than they

were in anaerobic conditions (Figure 11).  Nitrate in partially aerobic medium was used

up at the time of 4-hour point and at which the nitrite attained its highest level (4.3

mmol/L) and was used up after 2 more hours. The corresponding nitrate in anaerobic

medium was used up at the time of 5-hour point and at which point nitrite achieved its

highest level (4.5 mmol/L). Nitrite was used up after 3 more hours.

 In partially aerobic medium, nitrate was reduced faster, but the produced nitrite

did not accumulate a level as high as the nitrite in anaerobic medium even if nitrate was

reduced less in anaerobic conditions. This means nitrite bacterial reduction levels were

also increased in partially anaerobic medium, compared with that in anaerobic conditions.

 Small amounts of O2 existing in the partially aerobic medium were used

through the O2 respiration process to provide K27 cells energy to promote its

reproduction; the resulting larger population of K27 cells needed more terminal electron

acceptors than that in anaerobic medium.  Since the content of O2 was too small to meet

the need, nitrate (then nitrite) in the partially aerobic medium was utilized. This means
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that after O2 was substantially consumed by growing K27 cultures, aerobic growth

converted to anaerobic, denitrifying growth.

Figure 11. The comparison of the growth and the change of nitrate and

nitrite concentration in both anaerobic and partially aerobic conditions in TSN1.
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Part 7: The Toxic Influence of Tellurite on K27

In the toxic investigation experiments with tellurite, the black color of elemental

tellurium produced in the culture blocked the optical density measurement when TeO3
2-

concentration was too high. In that case, optical density was not taken; the nitrate and

nitrite determination was carried out after the samples were centrifuged to remove

elemental Te.

(1) The Tellurite Inhibition on Nitrate Reduction per Bacterium

In tellurite amendment experiments, the reproduction of K27 was inhibited and

the reduction rate of nitrate also was decreased. Is the reason that nitrate reduction was

inhibited only because of the absolute cell population decrease or because of the decrease

of both the absolute population and the nitrate uptake per bacterium?

The method to answer this question was the following: The absolute nitrate

consumption of K27 in tellurite-amended medium with more bacteria was compared to

that of K27 in Te-free TSN1 (control) with fewer bacteria during the experiment

procedure. If the nitrate uptake per bacterium in the Te-amended medium was not

decreased, then more nitrate was being consumed in this toxic medium than that in TSN1

because there were more cells to consume nitrate in Te-amended medium. If Te

amendment causes K27’s nitrate consumption to decrease, then the Te-free control will

consume more nitrate.

Figure 12 contains two growth curves: K27 growing in TSN1 with 0.005

mmol/L tellurite and growing in TSN1 without tellurite. During the time course from 0 to
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3.5 hours, the population in TSN1 with 0.005 mmol/L TeO3
2- was always higher than the

population in TSN1; the nitrate concentration decrement in TSN1 with 0.005 mmol/L

TeO3
2- was 9.03 mmol/L and the nitrate concentration decrement in TSN1 was 9.18

mmol/L (Table 5). This suggests that a smaller number of bacteria in TSN1 consumed

more nitrate than larger numbers of bacteria in TSN1 with 0.005 mmol/L TeO3
2-,

therefore the nitrate reduction per bacterium was inhibited by TeO3
2-.

Table V

The Nitrate Reduction in the Medium Without Tellurite and in the Medium with

0.005 mmol/L Tellurite

initial [NO3
-]

(mmol/L)

      [NO3
-]

3.5 hours later

   (mmol/L)

nitrate concentration

difference (mmol/L)

bacteria in TSN1

without tellurite

    12.69          3.51              9.18

bacteria in TSN1 with

0.005 mmol/L tellurite

    10.95          1.92              9.03

Note: The bacterial population in TSN1 without tellurite is always larger than that in

TSN1 with 0.005 mmol/L tellurite in the period from 0 to 3.5 hours (initial ln abs.

differences were the absolute value of (-2.2) – (-1.4) = 0.8).
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Figure 12.  The comparison of bacterial population and the concentration change of

nitrate in the medium without tellurite (1.0 mL bacterial preculture + 14 mL TSN1) and

the medium with tellurite (2.0 mL bacterial preculture + 13 mL (TSN1+ 0.0058 mmol/L

TeO3
2-). Note: Error bars represent one standard deviation of the mean of the triplicate

data.
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(2) The Toxic Influence of Tellurite on Bacterial Growth, Nitrate and Nitrite

Metabolism

The experiments undertaken here showed that tellurite anion was toxic to K27:

the higher the tellurite-amendment concentration was, the worse K27 grew as measured

by total final cell population (Figure 13-a). The specific growth rates of K27 in control

medium (TSN1), in TSN1 amended with 0.01 mmol/L tellurite and in TSN1 amended

with 0.05 mmol/L tellurite were respectively 0.33 h-1, 0.27 h-1 and 0.22 h-1.

 In the early part of the time course, nitrate was reduced steadily in both

tellurite-amended media just as in TSN1 (Figure 13-b), although both the bacterial

population and nitrate uptake per bacterium were inhibited to some degree. The smooth

trend of nitrate reduction was blocked at the 4-hour point in both 0.01 and 0.05 mmol/L

tellurite-amended media. This implies that the damage in the nitrate reductase pathway or

other related processes caused by tellurite was accumulated continuously to a critical

degree until K27’s nitrate reduction was extremely inhibited (see Figure 13-b).  The

relationship between the nitrate reduction decrease and the accumulation of

tellurium-containing material (ex. tellurite, tellurium) in the cell can be used as a means

to determine if the damage is probably inside the bacterial cells. But this will be

investigated in the future.

The comparison of nitrite reduction in TSN1 and TSN1 amended with tellurite

is shown in Figure 13-c and Figure 13-d; both nitrate and nitrite reduction performance

during the complete time course is shown in Figure13-e. When the time course was at the

4-hour point, the absolute concentration change of nitrate in TSN1 was 10.8 mmol/L; in
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TSN1 amended with 0.01 mmol/L tellurite, NO3
-  decrease was 9.6 mmol/L; in TSN1

amended with 0.05 mmol/L tellurite, NO3
- decrease was 7.9 mmol/L. The corresponding

nitrite concentration change in TSN1 was 4.1 mmol/l; in TSN1 amended with 0.01

mmol/L tellurite was 6.0 mmol/L; in TSN1 amended with 0.05 mmol/L tellurite was 6.2

mmol/L. Before the 4-hour point, 62% newly-produced nitrite in TSN1 was further

reduced before accumulation (Table 6). Correspondingly only 37% nitrite in TSN1

amended with 0.01 mmol/L tellurite and 21% in TSN1 amended with 0.05 mmol/L

tellurite were further used. So the nitrite reduction ability also was damaged by tellurite

similar to the inhibition of the nitrate reduction ability. The trend was: more tellurite,

more inhibition of nitrite reduction.

Table VI

Tellurite Influence on Nitrate and Nitrite Reduction

point of  change
(NO2

- attained
its highest level)

[NO3
-]

change at
4-hour point

(mmol/L)

Nitrite conc.
accumulated

(mmol/L)

Further
reduced
nitrite

(mmol/L)

Percentage of
reduced nitrite

(%)

Growth
rate

TSN1 4-hour 10.8 4.1 10.8 – 4.1
= 6.7

6.7/10.8= 62% 0.33 h-1

TSN1 +
0.01 mmol/L

tellurite

4-hour 9.6 6.0 9.6-6.0
= 3.6

3.6/9.6
= 36%

0.27 h-1

TSN1 + 0.05
mmol/L
tellurite

5-hour 7.9 6.2 7.9-6.2
=1.7

1.7/7.9
= 21%

0.22 h-1
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In media of TSN1 with 0.01 or 0.05 mmol/L TeO3
2-, before the 4-hour point, the

decrease in the degree of nitrate reduction ability of K27 was smaller than the decrease of

the nitrite reduction ability (see Figure 13). As time passed, nitrate reduction was further

inhibited in these cultures. During the time course from 4-hour to 10-hour in TSN1

amended with 0.01 mmol/L TeO3
2-, the remaining 1.53 mmol/L nitrate was used up. The

nitrite concentration was not increased (no accumulation as before) but decreased by 0.55

mmol/L, which implies the nitrite produced from the nitrate reduction was used up very

soon by the nitrite reductase pathway before it could accumulate. Furthermore, part of the

previously accumulated nitrite also was reduced. In this case, nitrite reductase achieved

stronger nitrite reduction ability than the nitrate reduction ability of nitrate reductase

because nitrite reduction reduced more nitrite than was being produced by nitrate

reduction in the same medium and in the same time range. Similar phenomena were

found in TSN1 amended with 0.05 mmol/L tellurite. The different changes in the ability

of both nitrate reduction and nitrite reduction showed that K27 may have separate nitrate

and nitrite reductases.

When the tellurite level was too high, both nitrate reduction and nitrite reduction

were blocked completely in 2 hours. In TSN1 amended with 10 mmol/L tellurite, no

further reduction of both nitrate and nitrite was found after 2 hours. After 3 days, an

aliquot of 1 mL culture was transferred into 99 mL TSN1, in which the poisoned K27

grew well (lag phase was about 1 day) and reduced nitrate and nitrite completely in 5

days. This implied K27 was only inhibited by large tellurite exposure, not killed.
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Figure 13-a. Bacterial growth in TSN1, TSN1 + 0.01 mM and TSN1 + 0.05 mM

tellurite.

Figure 13-b.  Nitrate consumption in TSN1, TSN1 + 0.01 mM and TSN1 + 0.05 mM

tellurite.
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Figure 13-c. The early period of nitrite concentration change in TSN1, TSN1 + 0.01 mM

and TSN1 + 0.05 mM tellurite.

Figure 13-d. The complete period of nitrite concentration change in TSN1, TSN1 + 0.01

mM and TSN1 + 0.05 mM tellurite.
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Figure 13-e. The comprehensive process of the initial part of the nitrate and nitrite

concentration change in TSN1, TSN1 +  0.01 mM and TSN1 + 0.05 mM tellurite.
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Part 8: The Capillary Zone Electrophoresis of Proteins

Figure 14 is the capillary zone electrophoreogram of the manufacture’s test

mixture consisting of histamine reference marker, lysozyme, cytochrome C and

Ribonuclease A. All of the three proteins in the test mix produced symmetric, sharp

peaks.

Figure 15 shows the capillary zone electrophoreogram of the commercial E. coli

nitrate reductase sample. Compared with the matrix electrophoretogram of the reductase

sample, no nitrate reductase peak was produced. The probable reason is: (1) the sample

was not fresh and the protein structure of E. coli nitrate reductase was broken; (2) the 20

mM citrate/MES Buffer (pH=6.0) was not correct for the reductase separation. In fact a

neutral capillary with pH 3.0 citrate buffer was also used to investigate the E. coli

reductase without success; amine capillary with pH 4.5 acetate buffer failed too.

This work was not carried beyond this point due to time constraints.
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Figure 14.   The capillary zone electropherogram of the test mixture consisting of three

standard proteins.
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Figure15-a. The capillary zone electropherogram of the commercial E. coli. nitrate

reductase sample.
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Figure15-b. The capillary zone electropherogram of the matrix in the commercial E. coli.

nitrate reductase sample.
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 CHAPTER IV

Conclusions

Some conclusions can be reached based on this research:

The modified UV-VIS spectrometry technique developed is a convenient

method to determine nitrate in a complex matrix such as TSN1.

There is no nitrate or nitrite in the complex medium of TSB as prepared.

P. fluorescens K27 has a nitrate assimilatory system to synthesize ammonium

from nitrate based on the analysis using an ammonia-selective electrode.

Both nitrate and nitrite reduction are carried on at the same time by this

facultative anaerobe. The nitrate reduction ability of K27 was high (2.3 mmol L-1h-1), but

its nitrite reduction ability was relatively low (1.3 mmol L-1h-1) using drops in

extracellular concentration as a measure. Nitrate and nitrite reduction had no influence on

each other under the conditions studied.

With the complete reduction of extracellular nitrate as the criterion, K27 can

resist no more than 0.2 mmol/L tellurite amendment. With the complete reduction of

extracellular nitrite as the criterion, K27 can resist no more than 0.1 mmol/L tellurite

amendment. At amendment levels greater than these, reduction of these nitrogen-

containing anions is incomplete.

Tellurite inhibits not only the reproduction of K27, but also the absolute nitrate

and nitrite uptake per bacterium as measured by optical density.
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In both TSN1 and tellurite-amended TSN1 media, K27 grows quickly with little

lag phase. Nitrate reduction in tellurite-amended TSN1 was carried out smoothly until a

certain time (normally at the 4-hour point). Before the point of change (ex. at 4-hour

point in TSN1 amended with 0.01 mmol/L tellurite; at 5-hour point in TSN1 amended

with 0.05 mmol/L tellurite), the nitrate reductase pathway is damaged little and showed

higher reduction ability than that of nitrite reductase; after the point of change the nitrate

reductase process is further damaged and showed lower reduction ability than that of

nitrite reducase.

K27 apparently has separate nitrate and nitrite reductase systems because the

reduction of these anions is carried on concomitantly no matter which anion is higher in

concentration. Nitrate is used up first even in growth media of high levels of nitrite. On

the other hand, nitrite reduction is not stopped even if the nitrate concentration is high.

The degree of the tellurite inhibition to the nitrate reduction and that to the nitrite

reduction is different.
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APPENDIX

CHEMICAL ABSTRACT SERVICE REGISTRY NUMBERS

Compound Name                                                                CAS Registry  Number

Ammonium chloride                                                                       12125-02-9

Cobalt(II) chloride hydrate (CoCl2· H2O)                                       69098-14-2

Disodium ethylenediamine tetraacetate (EDTA)                              6381-92-6

Glycerol (HOCH2CH(OH)CH2OH)                                                     56-81-5

Hydrogen chloride (HCL)                                                                7647-01-0

Iron(III) chloride hexahydrate (FeCl3·6H2O)                                 10025-77-1

Magnesium(II) chloride tetrahydrate (MnCl2· 4H2O)                    13446-34-9

Magnesium sulfate (MgSO4)                                                           7487-88-9

N-(1-naphthl) ethylenediamine dihydrocloride                               1465-25-4

Phosphoric acid                                                                                7664-38-2

Potassium dihydrogenphosphate (KH2PO4);                                   7778-77-0

Potassium hydrogenphosphate (K2HPO4);                                      7758-11-4
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Potassium nitrate                                                                               7757-79-1

Potassium permanganate                                                                  7722-64-7

Sodium citrate dihydrate (Na3C6H5O7·2H2O)                                  6132-04-3

Sodium hydroxide                                                                             1310-73-2

Sodium molybdate (Na2MoO4·H2O)                                                7631-95-0

Sodium nitrite                                                                                   7032-00-0

Sodium oxalate                                                                                     62-76-0

Sodium tellurite                                                                              10102-20-2

Sulfamic acid                                                                                    5329-14-6

Sulfuric acid                                                                                      8014-95-7

Zinc sulfate (ZnSO4)                                                                         7746-20-0
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