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ABSTHACT

NITROSOMONAS EUROPAEA AND NITROBACTER AGILIS:
PURE CULTURE STUDIES, CELL ENUMERATION
AND THE EFFECT OF PESTICIDES ON NITRIFICATION

by Aline L. Garretson

Readlly reproducible growth conditions in 250 ml sta-

tionary flask cultures were obtained for Nitrotacter agilis

and Nitrosomonas europaea. For both organisms a minimal
inoculum of 3.13% (by volume) was required for the initiation
of growth in Medium A with a lag period of less than 48 hrs.
Ne agilis completely oxidized the energy substrate during
the exponentlal growth phase. However, N. europaea cultures
terminated the exponential growth phase leaving 12 to 24% of
the NHu-N unoxidized to N02-N, depending on the growth condi-
tionse N. agllis grew equally well in Medium AA, contalning
no insoluble components, at a pH of 10,0 after autoclaving.
N. europaea did not survive in this medium when CaCl, was
added and NO,=N was replaced by NHu-N. The removal of
amines from distilled water used in the preparation of melia
had no gross effect on the rate of nitrification by

Nitrobacter.

Three bacterial and 2 streptomyces cultures were isola-
ted from a contaminated N. agilis culture. These 1solates
were heterotrophic and incapable of utilizing NHQ-N, NOZ-N or

NO_,-Ne When grown along with pure cultures of either

3



Aline L. Garretson
N. agilis or N. europaea, they exerted no adverse effect
on either growth or nitrification of the nitrifiers.

A membrane filter technique was attempted for the
quantitation of cell populations by a modified colonial
plate count method. However, colonial development was
inadequate on the filter to permit easy enumeration and
further work will be necessary to enhance colonial size
or to facilitate visualization.

The nitrification process of N. agilis was sensitive
to aldrin, lindane, and rhothane at final concentrations
of 1 ug/ml. Complete inhibition for 14 days was obtained
with rhothane, aldrin, and parathion at 10 ug/mle. Delayed
nitrification occurred with baygon at 10 ug/ml and with
lindane at 1 ug/ml. Malathion caused delayed nitrification
at 1000 ug/ml. Lindane, malathion, and baygon were at least

100 times more toxic for Nitrosomonas cultures than for

Nitrobacter.
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INTRODUCTION

Soil nitrification has long been of interest to both the
agronomi st and theoretical microbiologist. This process is
important in agriculture since nitrate or ammonium is the
major nitrogen form assimilated by higher plantse Nitrogen
assimilated in the inorganic state is then incorporated in the
proteinaceous ﬁatter of all living tissue. The nitrogenous
materials available in the so0ll exist largely in the organic
form. The release of the organically bound element is accom-
plished by two separate and distinct mlcrobislogical processes,
ammonification and nitrification. The latter process i1s limited
to a relatively small number of nitrifying organisms. Their
importance in the nitrogen cycle lies in their capacity to
produce nitrate. The dominant microbial specles concerned in
the oxidation of ammonium to nitrite, and nitrite to nitrate

are members of two genera of the family Nitrobasteriazease,

Nitrosomonas and Nitrobactere Only two specles of each genera

are recognized, Nltrosomonas europaea, Nitrosomonas monocella,

Nitrobacter winogradskyi, and Nitrobacter agilis.

Up to the present time few reports have appeared concern-
ing metabolic studies on the chemolithotrophic nitrifiers.
The carbon metabolism of these organisms still remains to
be elucidated. The study of these bacteria not only has
practical application to agriculture but also offers a stim-

ulating challenge to biochemical investigationse.
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My 1nitlal objective was to study the effect of various
chemical factors, including pesticides, on the nutrition and
physiology of these organismse. Bécause of thelr unique prop-
erties ordinary microbiological methods were not readily
utilizable and the methods applicable were cumbersome and
time consuming.

The size of colonies formed on a solid medium is so
small that visualization without optical magnification is not
possible. Turbidimetric measurement of cell numbers is also
impossible unless repeated supplementation of both nutrients
and buffer are made to prolong the exponential growth phase.
Therefore, these methods are not applicable for the prepara-
tion of large numbers of replicate cultures. With the excep-
tion of an analytical chemical analysis for the three states
of nitrogen (NH4+, NO,™, or NOB'), no other assay m?thod is
avallable for the accurate quantitation of small numbers of
microorgani snse Consequentl&,Qlé_was deemed advisable nﬁt
only to develop an accurate method of cell quantitation but
also to improve on o;il culture conditions for faster rates
of reproduction and more efficient utilization of metabolites.

During the course of this study, difficulties were
encountered in tﬁe maintenance of pure culturese. Hetero-
trophic contamination therefore became an additional area for
attention.

There subsequently evolved three major areas for

researchs (a) pure culture methods, (b) cell enumeration,

and (3) the effect of pesticides on nitrification. Although



3
ciosely interrelated, eacn area revresents a <istin-t prasse
cf activity and the Judznent was rale =o treat <g2on as a
separate unlit in this éisse:tatzon.

The results described in this dissertation have estab-
lished a necessary foundation for future study of the blochen-
istry and physiology of these microorganisms. The need for
an effective cell enumeration method also warrants further,

studye.



HISTORICAL

Blological Nitrification Concept

Despite its great economic importance in agriculture,
the process of nitrification has received relatively little
attention and then only spasmodically during the past eighty-
five years. Although Pasteur in 1862 was the first to
suggest that the formation of nitrate in soll was micro-
biological and perhaps similar to the conversion of alcohol
to acetic acid it was not until 1877 that Schloessing and
Mihtz demonstrated that the oxidation of ammonia was indeed
microbiological. The experimental evidence was obtained by
passing sewage dally through a column of sterile sandy soil
and chalke. After twenty days, the ammonia input appeared in
the effluent almost completely as nitrate-nitrogen. This
process after inhibltion by the addition of chloroform or
heating the column could be restored to its former activity
by the addition of fresh garden soll washings.

Between 1890-1891 the oxidizing organisms were isolated
apart from the s0ll by three independent workers (Frankland
and Frankland, 1890; Warrington, 18913 Winogradsky, 1890a,b,c;
1891la,b)e It followed from the work of Warrington that two
kinds of special, aerobic organisms must be responsible, -
respectively, for the two stage oxidation, ammonia to nitrite
and nitrite to nitrate. His attemdpts to subculture these
organisms from enrichment cultures falled. Winogradsky,

however, was able to isolate colonies on an inorganic medium

4
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solidified with silica gele Two types of nitrifiers were
isolated, Nitrosomonas, oxidizing ammonia to nitrite, and

Nitrobacter, oxidizing nitrite to nitrate.
Metabolic Activities

The next advance came in 1916 when Meyerhof extensively
investigated the respiratory activity of these organlisms
and the effect of various inhibitors. By measuring oxidation
rates the optimal pH of Nitrobacter was found to be about the
same as that of Nitrosomonas, 8.5 to 8.8 (Meyerhof, 1916a,b).
Meyerhof®s early studies (1916a, 1917) also throw light on
many other factors influencing the metabollism of these
organiamse The extreme sensitivity of these organisms to
hydrogen ion concentration requires a bicarbonate btuffer.
Growth inhibition of Nitrobacter occurs as nitrate accimulates
or in the presence of free ammonia, while on the other hand
Nitrosomonas i1is inhibited by both ammonia and nitrite. Both
forms are inhibited by divalent metal ions and lowered oxygen
pressure (Meyerhof, 1916; Amer and Bartholomew, 1951). This
fact suggests that at least one stage of the oxidation involves

an oxidase with much less affinity for O_ than cytochrome

2
oxidase. Meyerhof's 1nvestigatiohs indicate that ions must
freely enter the Nitrobacter cell, since at the optimal pH

both nitrite and bicarbonate are very largely dissociated,

and non-ionized-NO, and =NO groups in the form of metallioc

complexes or organic nitroso-compounds (Meyerhof, 1917)

could not be used.
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Glaring gaps in the literature on the metabolic activ-
ities of the nitrifiers continued until the advent of the
first soil perfusion apparatus described by Lees and Quastel
(1944) and subsequently modified by Audus (1l946) and Lees
(1947)e In this apparatus, a metabolite is continuously
percolated through a soil column, the repeated perfusion
permitting direct study of the kinetics of soil nitrifica-
tion under controlled environmental conditionse The sub=-
sequent use of this technique for the study of organic and
inorganic conversions was published intermittingly in several
reports from 1944 to 1954. It is to be expected that in soil,
With its complex microflora and its special physicochemical
oonditions, the kinetics, possibly even the mechanism of
nitrification, could differ materially from what takes place
in pure cultures of the nitrifiers. A significant difference
between growth in soil and in pure culture is the response
to the effect of organic matter. Peptone is far less inhib-
itory in sand than in solution cultures (Wimmer, 1904), and
cottonseed meal and ammonium sulfate both are more rapidly
nitrified in soil than in solution. The presence of certain
heterotrophs developing éymblotlcally in soil greatly influences
the nitrification process (Desal and PFazal-un-Din, 19373
Pandalai, 194€)s. The stimulation by colloids in culture
media on bacterial behavior (Albrecht and McCalla, 1937,
19383 Conn and Conn, 19403 Nommik, 19573 Zobel, 1943) suggests
the possibility of similar effects in soils.
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Nutrition

Although considerable attention has been given to the
nutrition of the nitrifying chemolithotrophs these studies
often have been incomplete and ambiguouse. Many of the
earlier investigations performed in impure media and in
mixed culture should be verified under improved cultural
conditions now avallable. Most studies were concerned with
the influence of organic compounds on both growth and nutri-
tion of the nitrifiers as a group, and the effect upon the
oforall oxidation of ammonium ion to nitrate (Bomeke, 19503
Lees and Quastel, 1946a,b,c,; Meiklejohn, 1951, 1952aj;
Quastel and Scholefield, 1949). Using pure culture methods
in a defined medium recent studies have been sharply focused
on the possible effects of organic supplementse In the light
of these recent experiments no sugar, organic acid or other
organic molecule will serve as sources of elther carbon or
energy for the growth of N. agilis (Delwiche and Finstein,
19653 Ida and Alexander, 1965). A stimulatory effect on
nitrification and growth of this strain i1s obtained with
supplements of yeast extract, Vitamin-Free Casamino Acids,
and certain amino acids, while a strong stimulation limited
to growth 1s obtained with acetate (Delwiche and Finstein,
1965). Both acetate and glycine contribute to cell carbon.
These same workers demonstrated that the organism is permeable
to certain organic acids. At least some of the enzymes for
organic metabolism must also be present. No stimulation of

nitrite production by N. europaea by either B vitamins or
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amino acids (Gundersen, 1955a) has been found and similar .
negative responses have been obtained with N. agilis (Aleem
and Alexander, 1960). Krulwich and Funk (1965), however,
have more recently reported enhancement of both nitrite
utilization and growth with blotin using four strains of

Ne. agilis.
It 18 quite certain that Nitrosomonas and Nitrobacter

do develop in inorganic solutions from which all traces of
organic matter is removed. The sole energy sources support-
ing growth are nitrogenous, typically ammonium or nitrite
saltse The nitrogen of amino acids, amides, proteins or urea
is not oxidized by N. europaea although some of the nitrogen
in certain purines may be converted to nitrite by some strains;
the purines are likely deaminated prior to nitrification
(Ruban, 1958). Engle and Alexander (1960) and Silver (1960)
have demonstrated hydroxylamine and formic acid oxidation by
this bacterium but there 1s no evidence that these compounds
are energy sources for proliferation.

The mineral requirements, except for the carbon and
energy sources, resemble those known for heterotrophse The
nutrient demand in laboratory studies i1s low since the num-
ber of cells 18 relatively small. Specific requirements for
magnesium, phosphate, and nitrite have been reported (Bomeke,
1950; Meiklejohn, 1952b; Meyerhof, 1916a) but under question-
able cultural conditions. The optimal iron concentration for
growth of Ne. winogradskyi 1s reported to be about 6 ug/ml for
the oxidation of 200 ug/ml nitrite-nitrogen (Meiklejohn,

1953) but this iron level exceeds the amount of cell carbon
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formed (Meyerhof, 1916a). The use of well-defined culture
methods has been recently initiated for nutritional studies
of N. agllis (Aleem and Alexander, 1960). Using an alumina
purified inorganic medium, the requirements for each nutrient
is studlied by omitting the nutrient under study and adding
graded amounts to flasks in a standard series. Using these
methods the optimal nutrient levels now appear to be approx=-
imately 5 ug/ml for both phosphorus and magnesium and at
least 0.005 ug/ml for iron with N. agilis. These data con=-
flict with the findings of Meikle john who reported the iron
requirement as high as the P and K levels, It 1s suggested
that the data of Meiklejohn may result from reactions with
ca003 rendering most of the iron unavailable to the
microorganismse The investigations of Aleem and Alexander
(1960) also reveal that the effect of nitrate on rate of
nitrite oxidation 18 one of retarding the initiation of
growth, results which are similar to those obtained in soil
(Stojanonic and Alexander, 1958). The toxicity of ammonium
salts in alkaline environments seems to be a generic property
since No agllis 1s markedly inhibited as are other Nitrobacter
1solates (Bomeke, 19503 Boullanger and Massol, 1903; Meyerhof,
1916b). Cell-mass development and concomitant nitrite oxida-
tion is enhanced in freshly inoculated cultures if the medium
contains small amounts of molybdenum (Finstein and Delwiche,
19653 Zavarzin, 1958). Zavarzin postulated that a molybdo=-
flavoprotein is concerned in the energy yielding reaction of

these autotrophs. According to investigations of Finstein
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and Delwiche the enhancement may simply be a response to the
development of greater cell mass and not a direct molybdenum
function in enzymatic nitrite oxidations. A function of
molybdenum in nitrate reductase (Nicholas, Nason and McElroy,
1953) does suggest, but does not establish, a function in the
' reverse direction. Winogradsky (1890a, 1891) used HgCOB,
instead of CaCOB. in his original medium. When made up with
purified reagents this medium gave poor growth and nitrifica-
tion. Kingma Boltjes (1935) established Ca ion as the missing

factor which was essential for Nitrosomonas but not necessary

for Nitrobacter (Meyerhof, 1916a,b). However, Alexander (1965)
believes there is no valid evidence for a requirement for
significant quantities of calcium and cited several reports

in support of his argument (Aleem and Alexander, 1960; Bomeke,
1950; Lees and Melklejohn, 1948). Potassium (Welch and Scott,
1959) and sulfur are also required elements, and copper is
reported to be stimulatory to Nitrobacter (Kiesow, 19623
Zavarzin, 1958).

Pure Culture Methods

After gelatin proved to be useless for the colonial
development of the nitrifiers from enrichment ocultures,
Winogradsky (189la,b), using an inorganic medium solidified

by silicic acid, finally isolated Nitrosomonas and Nitrobacter

in monoculture. Since Winogradsky's time the isolation and
pure culture of nitrifying bacteria were repeatedly reported

(Bilsset and Grace, 1954; Bomeke, 1939; Gibbs, 19193 Gould and
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Lees, 19603 Kingma Boltjes, 1935; Lees, 19523 Lewis and
Pramer, 1958; Meiklejohn, 1954; Nelson, 1931)e. Considerable
difficulty still exists, however, in obtalning monocultures
free of contaminating microorganisms. These contaminants
often remain undetected because of the morphological similar-
ity to the predominant organism and some may be incapable of
developing on conventional laboratory media. Common contam-

inants in the final enrichments include species of pPseudomonas,

Hyphomicrobium, Mycobacterium, Flavobacterium and Serratia as

well as an occasional myxobacterium (Gundersen, 1955b; Stapp,
19403 Ulyanova, 1960). A symblotic relationship may exist
which might explain the growth of the autotroph in an unfa-
vorable soil environment.

Many methods have been described to separate the auto-
trophs from their contaminants. In some of these procedures,
the autotrophic population is increased by addition of succes=-
slve increments of nitrogen and thereby increasing the ratio
of autotrophs to heterotrophse The enrichment culture is
then diluted, and pure cultures made by single-cell technique,
either by plating or by tube dilution to a heterotroph free
endpointe Several modifications have been devised, one
modification entails bubbling carbon dioxide through the
cultures to remove the cells from the carbonate particles
(Meiklejohn, 1950). Inhibitory compounds such as antibiotics
and dyes are also employed (Gould and Lees, 1958, 19603

Prouty, 1929) for suppression of contaminating speciese.
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Lewis and Pramer (1958) eliminated the problem of adsorption
of contaminant and nitrifier on the carbonate particles by
using soluble carbonates in their mediume.

The problem of contaminants i1s not ended once a nitri-
fier i1s obtained in pure culture. The corollary problem of
maintaining a culture contaminant free is perhaps more impor-
tant when studylng the blochemistry of these organisms. The
recent study of Clark and Schmidt (1966) on the effect of
mixed culture on N. europaea serves to emphasize this point,
and indicates the ease in which stock laboratory cultures

become contaminated with chemoorganotrophs.

Blochenistry of Nitrification

Until recently, effective investigations on the mech-
ansim of nitrification were hindered because of the lack of
cell culture methods for the production of large quantities
of active cells which could be easily freed from insoluble
medium ingredients. Improved cultﬁre methods are now avall-
able (Engle and Alexander, 1958a,b) for N. europaea in which
this chemolithotroph grows in a medium free of insoluble
carbonates with a relatively short generation time. The
yield of metabolically active cells is 72.4 mg (dry weight)
per liter when grown in a 25 L pyrex fermentor fitted with a
stainless steel heating and sparging assembly. Similar
apparatus for large scale aerated batch cultures are described
for Nitrobacter (Aleem and Alexander, 1958; Butt and Lees,
1958; Gould and Lees, 1960; Lees and Simpson, 19573 Skinner
and Walker, 1961).
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Since the development of these large batch cultures, a
nunber of investigcations have been reported on thne blochemical
reactions of wasned cell suspensions and cell-free prepara=-
tionse These studles have resulted in numerocus reports on
the intermediary metabolism of nitrification.

All considerations of the nitrogenous ilntermediates in
the mechanisns of nitrification originates with Kluyver and
Tonker (1926). The conversion of ammonia to nitrate involves
a sequential conversion of nitrozen from the -3 to the +5
oxidation state. The compounds of ritrozen known for all the
possible oxidation states in thils sequence ares hydrazine
(-2), hydroxylanine (-1), molecular nitrogen (0), hyponitrous
acid or nitrous oxide (¥1), nitric oxide (£2), nitrous acid
(#3), and nitrogen dioxide (#£4). Subsequent investigators
have attempted to provide eilther confirmatory evidence in
support of the proposed pathway by Xluyver and Donker, or
evidence for a satisfactory alternative. Kluyver and [onker
preocposed a sequence consisting of a series of oxidatlons

each representing a loss of two electrons:

HH 1/2 0o X 1/2 o, H,0 P
N =OH == V=0H HeN-0 > {-N 1/2 C, KC-N=0
N, -—-;1—2-35 l}\ ——:H;—? . 5

H H OH -:g;3?>
Anmoniun Hydroxyl- Nitroxyl Dihydrexy- Nitrite
hydroxide amine ammonia

Hydroxylamine (Nﬁon) 1s commonly considered to be the initial
product of ammonla oxidation. Some weak evidence in support

of hydroxylarine as an intermediate 1s provided by several
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investigatorse Added hydroxylamine 1is oxidized by N.
europaea cell suspensicns to nitrite rapldly and stoichiomet-
rically without any time lag (Engle and Alexander, 1958a).
Hydroxylamine 1s identified as the accumulated nitrogenous

compound wnern Nitrosomonas is incubated with ammonium sulfate

in the pre:.:nze of hydrazine (NZHG)’ which inhibits the cxila-
tion of hyzrorxylamine (Yoshida and Alexander, 19%4)e N
europaea cells contain an enzyme catalyzing the oxidatlions

of hydroxylamine (Burse, Malavolta, and Delwiche, 1963; Enxle
and Alexander, 16593 Nicholas and Jones, 1960). These enzyme
preparations show no detectable oxidation of ammcniuam but in
tne presence of some sulitable electron acceptor rproduced
about three=fourths of tne expected quantity of nitrite. 1In
this reaction, neilther nicotinamide adenine dinucleotide
(NAD) nor nicotinamide adenine dinuclectide phosghate (NADP)
is reducede.

The intermediate at the next higher oxidétion state
rermains completely obscure. Although hyronitrous acid
(HO=NZN=-OH) 1s a possible intermediate, no microbial conver-
sion of hyponitrite to nitrite is noted with either cell

susperision or enzyme extracts prepared from Nitrosomonas

(Lees, 19543 Nicholas and Jones, 1960).

Heduction of cytochrome ¢, in tne absence of oxygen,
takes place during hydroxylamine oxidations with cell=-free
extracts (Nicholas and Jones, 1960). In this process nitrous
oxide 18 evolved which is probably a Z2esradation product of

the unxnown intermediate formed between hydroxylamine and
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nitrite (Falcone, Shug, and Nicholas, 1752). Aleem et al.
(1962) propose that this intermediate i1s nitrohydroxylamine
(NOZ'NHOH). These investizators observed that one mole of
nitrite is formed for each mcle of nitrohydroxylamine metab-
olizeds It is suggested that nitrohydroxylamine 1s generated
in a reaction between hydroxylamine and endogenous nitrite,
and the resulting product is then oxidized by the bacterium

to 2 moles of nitrite,

~

1/2 0 1/2 ©
NH, OH # HND, m————p NO,*NHOH —m—>25 ZHNO
2 2 ~H 0 2 2

Anderson (1564) reports negligible amounts of nitrite
formed from hydroxylamine anaerobically in the presence of

Nitrosomonas extract and methylene blue. Nitric oxide and

nitrous oxide are produced in amounts equivalent to the
hydroxylamine added.

Nitrite 1s rapidly metabolized by extracts of N. agllis
cells with complete conversion to nitrate and tne consumption
of oxygen i1s essentially equal to the theoretical amount

expected according to the following equatiors

The enzyme 1s assoclated with the particulate constit-
uents of the cell (Aleem and Alexander, 1953). Laudelot and
Van Tiechelen (1960) report the Michaelis constant, Ka, to
be 6.7 x 10-4 M at 3200. Aleem and Nason (1959) report the
enzymic oxidation of nitrite 1s catalyzed by a cytochrome-

contalning electron transport particle via cytochrome c and
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cytochrome oxidase-=like components. Thils oxidation is
courled with the generation of high-energy phosphate bonds
identified as adenosine tripnosphate, ATP (Aleem and Nason,
1960)s The overall reaction is s

cytochrome electron

NO, £ 1/2 02 # nADP # nPi transport chain - NO3 #+nATP

The energy liberated by the above equation is available
for the reduction and assimilation of carbon dioxide (Aleem,
1965) and for the reduction of pyridine nucleotides essential
for the operation of the carbon reduction cycle (Aleem, 1965;
Aleem, Lees and Nicholas, 1963). Thls process of chemosyn-
thesis appears to be analogous to photosynthesis.

As in photosynthesis, water must be the hydrogen donor
for the pyridine nucleotide reduction. Aleem, Hoch, and
Varner (1965) report that water, and not molecular oxygen
participates in the nitrite oxidation and that the hydrogen
donor for the concomitant reduction of pyridine nucleotides

is also water:

- 4 4 18 - 18
NO,™ 4 H,0 A A SE2 NOyT £ AR,

From thelr results it appears that a hydrated nitrite molecule,
or some activated form of it, may be the substrate for a
denydrogenations

H,0 ( OH 1=2H P
HO=-N=0 = EHO-N ) ————> HO-QO

H)
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Iron, but not zinc, molybdenum, magnesium or copper,
is stimulatory to nitrite oxidation by enzyme preparations
(Aleem and Alexander, 1958)e This observation suggests a

role for iron in this reaction.

Pesticides

Since World War II the use of synthetic organic blocides
has resulted in a marked increase in crop production and
decrease in incidence of insect-borne diseases. More
recently, however, there has been a growing concern with the
effects of their distribution in the environment. This
interest has been mainly centered on the presence of pesticides,
in or on foods for human consumption, and the contamination
of alr and surface waters. The pesticide residues in soil
have been well studied but relatively few investigations have
been directed toward their effect on soil microbial inter-
actionse.

Among the possible toxic effects of pesticides on the
normal microbial flora in the soil, in addition to the inhibi-
tion of specific members of the population, there are sec-
ondary effects changing microbial dominance and concommitant
‘alteration of the nitrogen cycle. Since nitrate is the major
source of nitrogen assimilated by higher plants one would
expect that an imbalance in the microbial population could
ultimately affect the rates of nitrification and influence
plant nutrition.

Approximately 60,000 pesticidal products have been

reglistered in the United States. A minimum of 490 basic
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chemicals are on the market, 200 of which are of first-rate
importance. These economic poisons include the insecticldes,
herbicides, fungicides, rodenticides, and nematocides. These
substances fall into one of several groups of chemical com-
pound 8§ chlorinated hydrocarbons, organic phosphates, carban-
ates, dinitrophenols, orsanic mercurials, orzanic sulfur
compound s, natural products, and inorganics.

A beneficial use of inhibitors is the pravention cf
nitrogen losses following fertilization. Surveys have been
almed at finding non-phytotoxic chemicals which would selec-
tively inhibit the nitrifying bacteria and thereby waintain
the fertilizers in a reduced form for lonzer periodse One
such compound, 2-chloro-6-{trichloromethyl)-pyridine, causes
a marked deleterious effect on nitrifying organisms (Goring,
1962a,b) and this action was not noted with other groups of

orzanisms (Shattuck and Alexander, 1963).



EXPERIMENTAL

PART I. MAINTENANCE AND PROPAGATION IN PURE CULTURE

Introduction

Methods for the continuous propagation of pure cultures
of N. europaea and N. agilis in stationary culture have
received little attention in the past and the more recent
publications on the growth of these nitrifiers have been
limited to large scale aerated batch cultures, shake flask
cultures or soil perfusions.

Since none of these culture systems was applicable to
our intended investigations requiring large numbers of repet-
itive cultures, it was first necessary to establish readily
reproducible growth conditions. Small volume, stationary
flask cultures were utilized in which pH, aeration, and sub-
strate nitrogen closely approximated the optimal conditions

for nitrification in the soil.

Materials and Methods

Culture strainse. Cultures of N. europaea were received

on two different occasions, 7/25/65 and 4/15/66, from Dre.

Ee L. Schmidte This strain was identified as ATCC 12248,

N. agllis was obtained as follows: from Dr.'I. Fischer a
garden soil 1solate of Dr. C. Ceo Delwiche, and an unidentified
culture from Dr. David Pramer. All of these cultures were
maintained at 25-30 C by continuous subculture in fluid media.

19
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Growth media. For cell culture maintenance and
experimentation the organiams were cultivated in 250 ml
flasks contalning 50-75 ml of the appropriate growth
mediume This resulted in an alr space to culture fluid
volume ratio ranging from 2 to 4.

Ne europaea was grown in a basal medium, referred
to as Medium A in the text, supplemented with 0.3 or 0.5 g
(NHu)zsou/liter. The concentration of NH,-N in the
complete medium was 63.6 and 106 ug/ml, respectively.
Medium A is described in detail in the appendix (page 83)
and is a modification of the medium of Pramer and Schmidt
(1965)

Ne agllis was propagated in one of two medias
either Medium A, Jjust described, but containing 102 ug
NOo-N/ml in the form of NaNO, instead of (NH,),S0,, or a
modification of the medium described by Aleem and
Alexander (1960). The latter basal medium, designated
as Medium AA in the text, 1s also described in the appen-
dix (page 83)e The complete medium contained 0.6 KNO,/
liter (98.8 ug NOZ-N/hl).

All of the components of the media were reagent grade.
Distilled, deionized water was routinely used throughout
the course of this study. A further reduction of water impur-
ities was effected in most of the experiments by the passage

of distilled water through a mixed cation and anion resin
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(Barnstead Still and Sterilizer Co., Boston, Masse.) and then
a cation removal resin (Barnstead Still and Sterilizer Co.,
Boston, Masse.)e This second resin was for tne removal of
amines known to be commonly present in the condensed "boller"
water.

The pH of all fluid medla prior to sterilization ranged
from 8.0 to 9.0 depending upon the specific reagents in the
mediume The pH was independent of the quality of the water
used to dissolve the reagentse

Sterilization of the complete medium was accomplished
by autoclaving unless otherwise indicated. In certain exper-
iments sterilization was accomplished by passage through
sterile membrane filters (Millipore Filter Corp., Bedford,
Mass.) with a pore size of 0.45 ue Stock cultures were incuba-
ted at 25-30 C, and experimental cultures were incubated at
23-30 C.

Nitrification analysise Analysis of culture fluids was

routinely made on the basis of the appearance of nitrite in

the case of Nitrosomonas, or tne disappearance of nitrite

in the case of Nitrobacter, by the alpha-naphthylamine-
sulfanilic acid procedure of Rider and Mellon (1946) which
was performed spectrophotometrically at a wave length of 520
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Culture puritye 7~he presence of heterotrophic contam-

inants in autotrophic cultures was routinely evaluated by
the addition of a 5 to 10% inoculum to each of the following
organic fluld medias Nutrient Broth, Lactose Broth, (zapek
['ox Broth, and Thioglycollate Broth. Incubations were
carried out at 28 to 30 C for 1 monthe The absence of

turbidity was considered an indication of culture purity.



RESULTS

Rates of Nitrification

It was noted in initial experimentation that the rates
of nitrification differed greatly with the two types of
chemolithotrophs. 1In order to evaluate these differences

accurately, duplicate experiments for Nitrobacter agilis

(Pramer) and Nitrosomonas europaea (Schmidt) were conducted

in Medium A. A standard series of flasks for each strain
was inoculated at twofold dilutions ranging from 25 to l.56%
(by volume). Samples of 1 ml were taken dally over a 7 day
incubation period from the Nitrobacter cultures and over an
8 day incubation period from the Nitrosomonas cultures. The
rates of nitrification were determined by chemical analysis.
The %'NOZ-N oxldized by various levels of inoculum was plotted
against time for Nitrobacter (Fige l)e. The % NO,-N produced
by the 3.13 and 12.5% inocula 1s similarly represented (Fige.
2) for the Nitrosomonas series. The 25 and 6.25% inocula
were omitted from this graph as they approximated the 12.5
and 3.13% inocula, respectively.

The results of both experiments demonstrated a short lag
period of oxidation, or growth, followed by a rapid period of
exponential growth with the 3.13% inoculume. In the case of
the Nitrobacter cultures, this was the minimum level of inoc-
ulum initiating exponential growth within 48 hours.

The Nitrobacter culture series effected the complete

| conversion of N02-N to NOB-N during the exponential growth
23
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phases A similar response was also obtained with the

Flscher strain of N. agilis. For Nitrosomonas, however,

the exponential growth phase was terminated when 70 to 80%
of the theoretical amount of NH, -N appeared in the form of
NOZ-N. These patterns of nitrogen oxidation have been
repeatedly encountered in this laboratorye.

Incomplete Oxidation by Nitrosomonas
A more detalled analysis of the data obtained in the

previous growth experiment showed that approximately 14.8%
(average value) of the NH),~-N was not converted to NO,-N after
10 days incubation (Table 1l). Although slightly higher %
values were obtained with the 25 and 12.5% inocula, this was

not considered significant. The amounts of NO,.-N initially

2
present in the media were considerably lower than concentra-

tions reported to be inhibitory to Nitrosomonas (Engle and

Alexander, 1958).

In order to determine if NHM-N becgme inacocessible during
the incubation period another series of duplicate cultures
was seeded in Medium A containing 66.3 ug NHu-N/hl. After

& 7 day incubation period assays for both N02-N and NH, -N

were conducted on the culture fluids (Table 2). The c:mbined
values for NH;~-N and NOZ-N after 7 days incubation were sim-
ilar to the initial concentration of NH,-N for the two inoc-
ula of 6¢25 and 3.13%. These results demonstrate that most
of the NH,-N not converted to NO,-N was still avallable in

the medium for the ultimate oxidation to NO,=N.
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Table 1. The incomplete utilization of NH,-N in Medium A
by Nitrosomonas europaea (Schmid%) after 10
days incubation

Inoculun Oxidative state of nitrogen
(%)
Initial After 10 days incubation
NO =N NH,,~N® NO,=N _ NH,-N not
from rrcdiice?™ converted to
inoculum® (ug/ml) NOL=N
{uz/ml) (ug/ml) (2)
25 50.0 8245 70,0 15.2
12.5 25.8 93.3 772 17.3
6.25 11.3 978 3Le7 13.3
3.13 5690 103.0 90.1 12.6

2 Values obtalned by assay.

b Calculations based on the dilution of the medium which
contained 106 ug NH,~N/ml.
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Table 2. The availability of NHu-N for conversion to N02-N
in Medium A during the late exponential growth
phase of Nitrosomonas europaea (Schmidt)

Culture description

Oxidative state of nitrogen

Inoculum Growth phase Initial After 7 days
(%) incubation
- NE,-N NN NN NN
NO,-N NO,=N
(ug/ml)
6025 Late 62.3 66.6 19.8 63.3
exponentlal
3.13 Early 6443 66.9 5368 62,5

exponential
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Media Studles

Medium A was routinely used for the maintenance of stock
cultures of both nitrifiers, the only composition difference
being in the nitrogen sourcee. This medium contained a large
amount of a fine precipitate which settled out rapidly and
under certaln condltions aggregated into larger particles.

For pure culture isolation and plate counting methods
the even dispersal of microorganisms is an essential reguire-
mente Since the nitrifiers as well as possible heterotrophic
contaminants tend to adhere to the insoluble particles, aniform
dispersion and separation of the microorganisms are not pos-
silble in this type of medlume A completely soluble medium
1s also desirable for the preparation of cell suspensions
free of media constituents.

Growth of these microorganisms was therefore attempted
in Medium AA, wWhich contained no insoluble components and
which was originally described by Aleem and Alexander (1960)
for the growth of Ne agilis in flasks incubated on a 235-rpm
rotary shaker. The results obtained in this laboratory with
N. agilis are given in Table 3. Equal, if not slightly
better rates of oxidation were obtained in Medium AA with
two 1solatess In spite of the fact that the inoculum
consisted of microorganisms grown in Medium A, no period of
ad jJustment to the new Medium AA was observed.

Attempts to culture Ne europaea in Medium AA (Table &%)

containing 63.4 ug NHA-N/ml in place of NO=N and with
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Table 3. Similar rates of nitrification by two
Nitrobacter agilis cultures in Medium A
and Medium AA

Medium Culture NO,-N remaining (ug/m1)®
Days
2 3 4
A Pramer 97.0 6840 0
Fischer 9645 6640 0
AAP Pramer 795 515 Y
Fischer 75¢5 33.0 0

2 105.0 ug NO>-N/ml present initially in both media
as determined by chemical analysis.

lb Medium AA sterilized by filtration through a membrane
filter.



31

Table 4, Dissimilar rates of nitrification by Nitrosomonas
europaea (Schmidt) in Medium A and Medium AA

Medium NOZ-N produceda
(ug/ml)
Days
3 b 5 11 14 17 21
A 0 8.8 10.5 18.0 28.5 3"’05 -
0 10.2 1645 33,0 41.5 - -
AA® o 6ol 7.0 12,5 13,0  13.5  13.0
0 7.6 10.8 12,5 15.0 15.0 16,0

8 NH,-N contained in medium was approximately equal to
63.5 ug/mi.

b gsee text (page 25) for modification of Medium AA.
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calcium chloride added (0.136 g/L), were unsuccessful. In
Medium A, the end of the exponential growth phase was reached
at about 14 days after the conversion of most of the NHQ-N to
NOZ-N. In Medium AA, however, only 15 ug/ml NO,-N were detected
after a similar incubation period, and no further oxidation

was noted after a subsequent period of 7'dayse

Influence of pH
Meyerhof (1916a,b) clearly defined the effect of pH by

the bicarbonate ion upon the respiration of Nitrosomonas and
Nitrobacter. The rate of respiration reached a maximum at pH
8¢5 to 847 for both microorganisms and a steep decrease in
rate was initiated on the alkaline side at a pH value slightly
above these values. Complete inhibition of oxygen uptake
cccurred between pH Fe5 an? 1245 for Nitrceszonas and
Nitrobacter. Less dramatic drops in rate of respiration were
observed on the acid side.

Since the effect of pH would thus appear to be very
critical, studies were made on the influence of pH on
Nitrobacter in Medium AA. The pH of this medium was found
to vary considerably depending on various physical factors.
The initial pH at time of media preparation was 9.0 but upon
refrigeration at 10°%¢ for 18 hours the pH dropped to 8.53.
Attempts to lower the initial pH by the addition of KHZPOu
were made and replicate cultures prepared (Table 5). The
observed rates of nitrification over a 3 day growth period

were equal for the three levels of KHZPOu added to the medium.



Table 5. Influence of pH on nitrification by Nitrobacter
agilis (Fischer) in Medium AA

Initial PH Amount NO,=N remaining
pH Post K43,P0, %ug/ml)a
autoclave agded
(s/L) Tays
2 3
853 10,0 - 59.0 0
8405 10.0 0.08 6240 0
763 10.0 0.20 59.0 0

% 105.0 ug NO,-N/ml in medium initially.
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The added amounts of KHZPO had no measurable effect on the

4
final pH since after autoclaving the pH rose to 10.0 in each
cases It appears that the buffering capacity of this medium
was too great to be altered by the relatively small amounts
of added KHZP°u° It is interesting to note that in spite

of the high pH at the time of inoculation no inhibition of
Nitrobacter ococurred.

Further attempts to regulate the pH nearer to 8.0 by
the use of increased amounts of NaHzPou were also unsuccess-
ful. When the pH was adjusted to 7.6, 8.0 and 8.50 by varia-
tions in the amount of NaHzpou, the resulting pH after over-
night exposure to air, increased to 8.9-=9.0.

It 18 apparent that the pH rises as the bicarbonate

dissociates with the concommitant loss of CO and the

. 2’
phosphate buffer system is ineffective in its presence. A
more easily controlable puffer system would be required for

the proper evaluation of pH effects.

Removal of Amines f{rom Distilled Water

Because of the method of cleaning commercial steam
distillation apparatus contaminating amines are frequently
present in the distillate. The high pH of the distilled
water encountered in this laboratory indicated that such
contamihatlon was probably taking place. Values of pH as
high as 8.5 were not unusual. Because of the known sensitiv-
ities of the nitrifiers to amines, measures were undertaken

either to remove the amines from the distilled water or
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eliminate thelr presence entirely by the use of glass distilled
tap water. A growth experiment was then performed to deter=-
mine if the absence of amines grossly affected the rate of
nitrification (Table 6). From the results obtained no such

unfavorable effect was evident.

Heterotrophic Contamination

Periodic checks for microbial contaminants were routinely

made since it had been our experlence that both Nitrosomonas

and Nitrobacter fluid cultures readily became contaminated

with heterotrophic bacteria, as well as with species of molds
commonly encountered in microbiological laboratories,
Frequently, contaminants went unnoticed in the stock cultures
of the mitrifiers because of insufficlent growth in the
inorganic mediume. In most cases of ccntamination, however,
growth was initiated within 1 to 2 days in all subcultures
made in test broths except Czapek DoxX.

A particular stock culture of Ne agllis was 7o -7
to contain a variety of bacterial contaminants when plated
on membrane fllters (refer to Part II of this thesis)s Since
these contaminants had no apparent toxic effect on the

Nitrobacter, studies were undertaken to determine the role

of these organisas in the growth and nitrification of the
chemolithotrorhe Preliminary i1solation of the contaminants
was accomplished by transfer of a portion of the membrane
filter containing representative types of the various coloniles
to fresh Medium AA containing 106 ug=N/ml. After 14 days,

2 successlve subcultures were zal2 in Nutrient Broth followed



fable 6. The influence of amine-free water on
nitrification by Nitrobacter

Media Water Culture NO,=-N remaining (ug/ml)
source
Days
0 3 L4 5
a b
A Rege Pramer 99.0 97.0 33.0 0.0

Fischer 103.0 740‘4 26.6 0.0

A% Glass®  Ppramer 99.0  90.0  L43.2 0.1
Fischer 102.0 7360 3060 0.0
AA deg Pramer 104.0 73k 12,0 0.0
Fischer 105.,0 Theld L4e9 0.0
AA Glass Pramer 100.0 744 2246 0.0
Pischer 104,0 S56e .4 0.0

8 calcium chloride omitted.

b Regular distilled water passed over standard deionizer.

€ Glass distilled tap water passed over standard
deionizer,
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by cross streaking on Nutrient Agare. Elghf individual
colonles were then isolateds Upon later examination only
4, or perhaps 5, different morphological types were recognized,
1pclud1ng 2 different streptomyces.

Nutrient Agar plates were then prepared from brbth
suspensions of the bacterial isolates gnd individual colonies
were again cultivated. When cross streaking of these 1solates
on agar gave colonies of a single type, subcultures were
made on Nutrient Agar slants. These cultures were designated
isolates 34-1 to 34-7. At this time all of the isolates
differed morphologically. Three bacterial and 2 streptomyces
species were readily distingulishable while the remaining 2
1solates were only slightly different from the bacterial
isolates. The bacteria were gram negative rods of varying
size. With the exception of isolate 34-3, all remained viable
after repeated subculture in Nutrient Broth.

Preliminary Characterization. In an attempt to distin-

guish among the various isolates, their oxygen requirements
and growth characteristics in Nutrient Broth were investigated
(Table 7)s Further characterization of the isolates was
attempted by growth in various media (Table 8). Additional
tests on the bacterial 1solates were performed using

Phenol Red Broth Base Redi-Disc (Pennsylvania Biological
Laboratories, Ince., Philadelphia, Penn.) with 23 different
carbohydrates (Table 9). In all media excluding Nutrient

Broth growth was slow and sparse



Table 7e

)
o

Cultural characteristics of heterotrophs
isolated from Nitrobacter acilis (Fischer)
and grown in nutrient broth at 30 C for 42 hrs

Isolate Surface Sediment Turbldity Media delatlve

Noe growth appear- growth
ance

34-1 None Pellets None Brown Sparse
34=2 + + + Cleouiy Lbundant
3=l + + + Zloudy Abunian®
34=5 None Pellets None Unchanged Sparse
34=5 None + + Cloudy Abundant
34=7 None + + Cloudy Abundant
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Table 8, Characterization of heterotrophs isnlated froma
Nitrobacter agilis (Fischer) in various media?

Medla Growth and reaction 1solate

34=1 34=2 3=l 345 346 347

Nutrlent Broth (24 hr)

30 C WK + + - + +
37 C WK + + - + +

0e5% Inulin
(Phenol Red Broth) - - - - - -

O 5% Sorbitol
(Phenol 1ed Broth)

Litmus Milk

2 day -
10 day - + + - + +

Simmons Cltrate Agar

Growth WX - + WK + +
Reaction - -

'
!
+
+

u}é Gele 1in NeBe.

Growth Wk + + - + +

Liquifaction - + - - - -
L% Gele. in BHI

Growth + + + Wk + +

Ligquifaction - + - - - -

& A1l results based on a 43 hour test period at 30 C
unless otherwise indicated.
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Table 9. Growth at 14 days of heterotrophic bacteria
1solated from Nitrobacter agilis (Fischer)
without carbohydrate fermentation at 37 C
Carbohydrate Isolate
34=2 34-6 F4=7
Dextrose + - +
Sucrose + - -
Sorbitol + - -
Lactose + - -
Salicin + - -
llannitol + - -
Xylose + + Slight
Maltose + Slight "
Hhamno se + - "
Pulcitol + Slight "
Arabinose + " "
Galactose + " "
Raffinose + " Slight
Levulose + + +
Inositol + Slight Slight
Trehalocse + " "
Adonitol + " "
Manno se + " "
Sorbose + - "
Starch + Slight "
Inulin + " "
Melibiose + " "
Mellzitose + + "
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for the bacterial isolates compared to the abundant growth
obtained in Nutrient Broth using an identical inoculum. The
Streptomyces isolates 34-1 and 34-5 even grew poorly in
Nutrient Broth. For this reason the carbohydrate fermenta-
tion study (Table 9) was not utilized for the streptomyces
isolates.

From the foregoing tests certain basic similaritiles
anong the heterotrophs were recognized. Maximum growth was
obtained in Nutrient Broth at 30 or 37 C within 48 hrs and
growth in Phenol Red Broth containing eilther 0.5% inulin or
0e5% sorbitol was sparse even after 10 days. As one would
suspect the streptomyces 1solates grew poorly in all of the
media tested, and the mycelia formed pellets in the liquid
media. A positive response in Litmus Milk was obtained with
the bacteria and a negative response was obtained with the
streptomyces at 10 days.

Distinction between 2 of the bacterial isolates was
made on the basis of the following: ‘

Isolate 34-2 Gelatin liquifaction at 43 hours,
negative test on Simmons Citrate
Agar, surface growth on Nutrient
Broth, and growth in 23 carbohydrate
medias

Isolate 34-6 No gelatin liquifaction, positive
test on Simmons Citrate Agar, no
surface growth in Nutrient Broth,
and varled growth response in

carbohydrate mediae.
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Isolates 34-4 and 34-7 were similar to 34-2 and 34-6, respec=-
tively. 1Isolates 34=1 and 34-5 were readily distingulshable
on the basls of morphology.
It was clearly evident that a minimum of & different
heterotrophs had been isolated from the contaminated

Mitrcbacter stock culture. Isolate 34-7 was suspected of

containing a mixture of bacteriae.

Theee cultures were subsequently rechecked microscop-
ically for purity using the Gram staine. Isolates 34=4 and
34=7 were indeed found to be mixed with the 34-2 and 34=6
typese Pour plate colony isolations were again made in an
attempt to confirm the purity of the 34-2 and 34-6 isolates
and to separate the bacteria in the mixed cultures. Isolates
34=2 and 34=6 had remained pure while 34=4 was found to be a
mixture of these two. Isolate 34=7 contained the 34-6 type
in small amounts as well as a type differing from the pure
culturese The 3 different bacterial isolates are described
in Table 10. Gram stains of these colonies confirmed the
purity of the 34-2 and 34-6 cultures and the impurity of the
34=7 1solatees The 34=2 culture consisted of very short gram
negative rods, less than 0.7 u in lengthe The 34=6 gram
negative rods were considerably larger. Isclate 34=7
contained a mixture of gram negative rods and the predominant
type was larger tran those of the 34-6 isolate. It was
impossible to determine if this new colony type still contained

a mixture cf bacteria or if the rods were pleomorphice
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Table 10. Colonial characteristics on nutrient agar of
heterotrophic bacteria isolated from Nitrobacter
agilis (Fischer)

Colonial Isolate
characteristic
342 34-6 34=7
Surface
colonies
Size 10=16 mm 2-4 mm 5«7 mm
Form Circular Circular Circular
Surface Smooth Smooth Rouzh
(Radlately
ridged)
Edge Entire Entire Undulate
Elevation Flat Convex Flat
Optical
characters Opaque Transparent Transparent
Lustre Lull Glistening Glistening
Consistency Membranous Membranous Butyrous
Color Milky white Tan Tan
(reverse-
large yell.
center)
Deep colonles + + -
Slze Extend to 1l mm
surface
Form Zllipsoidal
Pigmentation - Pink Golden brown
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Non-utilization of NHQ—N and NOZ-N. Since the

heterotrorhic contaminants had no apparent toxic effect on
the cultivation of N. aglllis various studles were undertaken
to determine if they played a role in the nitrification
processs

The heterotrophic l1solates were seeded singly or combined
in the Nitrobacter medium (Medium AA containing 106 ug NOZ-N/ml)
in the absence of Nitrobacter. After 13 days, no loss in
NO,-N content was detected (Table 11). This fact clearly
indicated that the inorganic form of nitrogen remained
unchanged .

No effect on the rate of nitrification by a pure culture
of N. agilis was demonstrated when the contaminants were
added individually or all together (Table 12).

The continuous presence of one or more of these contam-

inants in the stock culture of Nitrobacter was followed over

a 7 month period. No change in the culture behavior or rate
of nitrification was observed during this entire period.

The effect on the oxidation of NH, + by Ne europaea was
also investigated under similar experimental conditions.
The heterotrophic isolates were not only unable to convert
the NH,* to NO,~ during a 14 day incubation period (Table 13)
but their presence had no overall effect on the oxidation by

Nitrosomonas (Table 1l4). The presence of two of the isolates,

34-1 and 34-2, may have slightly delayed the oxidation process.
However, other factors could have been responsible for the

slight difference in the results.



Table 1l. Fallure of heterotrophic contaminants to
oxidize NO,=-N in Medium AA contalning 106 ug
NOp=N/ml (Sfter 13 days)

Heterotrophic Glucose NO,=N

isolate added remalning
(%) (ug/ml)

34-1 None 107

1.0 102

34=2 None 106

1.0 105

34=5 None 109

1.0 100

34=-6 None 104

1.0 100

34=7 None 114

1.0 104

All None 110

1.0 106
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Table 12, Fallure of heterotrophic contaminants

to effect NO,-N oxidatlon by N

agillis
(Fischer) in"Medium AA containing 106 u

NO,=N/ml s
Heterotrophic NO,=N (ug/ml)
isolate
Pays
L 5
None 3448 6e1
34=-1 3¢5 0.0
34-2 13.5 0.0
345 3o 5 1.7
=6 4y 0 Ce0
34=? 34,0 362
a11? 27.0 047
Nutrient brothb 31.5 2.8

a

All above heterotrophic isolates added.

D Equivalent amount of Nutrient Broth added
as in heterotroph inoculations.
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Table 13, PFallure of heterotrovhic contaminants
to oxidize LI N in petlun [ contalninz
€6 ug NHy-N/wt (after 1i lays).

Heterotroph (%) NO,=N
1solate Glucose proddced
(ug/ml)
34-1 None 0.25
1.0 0.25
34=2 None 0.0
1.0 1.0
34=5 None 0.0
1.0 0.75
34-6 None 0.0
1.0 0.0
34=7 None 0.0
1.0 0.0
All None 0.0

1.0 0.0
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Table 14, Influence of neterotrophic contaminants on
NH,-N oxidation by Nitrosomonas europaea
(Schmidt) in Medium A containing 66 ug NH,=-N/ml

Heterotrophic NO,-N produced (ug/ml)
isolate
Days
6 7 9 14

None 3445 39.4 41.0 42.0
3“"‘1 906 903 1105 L&l.O
342 6o1 565 7.0 373
34=-5 38.0 45,8 46,0 Lé6.5

34=6 32.5 375 L4,0 45.5
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Test tube experiments in Nutrlent Broth containing
nitrate were negative in all cases for nitrate reductase
activitye Therefore, none of the isolates were capable of
reducing niltrate to nitrite, when tested in a medliun giving

optimal growtne



DISCUSRSION

For lsck of a better method of estimation of cell
growth, the rate of oxidation of the energy substrate was
re.-ularly determined colorimetrically using the a-navhthyl-
anine and sulfanilic acid method. Engle and Alexander (1953a)
presented evidence that the rates of nitriflcation by
Ne europaea paralleled cell synthesis as estimated by viable
cell counts by the 4ilution tube methodes It 1s assumed that
2 similar relationship between wviable cell count and rate of

oxldation also exists for Nitrobactere Consequently, the

rate of oxidation of the energy substirate was considered
synonymous to cell growth, and all growth stuiles were made
using the criterion of oxidation rate.

Short Lerm stationary cultures prepared in wmedia contain-
ing limiting amounts of energy substrate were used throughout
tne course of this studye This type of culture system permit-
ted the handling of large nunmbers of rerlicate cultures with
a minimum amount of manipulatione This cell culture method,
however, did 1lmpose serious restrictions in the use of cell
enumeration metnods which could have been employed had larger
cell populations been produced. These metnods include
turbidimetric and cdirect microscopic cell counting techniques.,
Since no such method of cell enumeration was applicable,
inoculum size had to be quantitated on a % basise This was

done for betn nitrifierse.

50
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The results indicated that a 3.13% inoculum taken from
a culture which had recently completed the oxidation of 100
ug (NHu-N or NOZ-N)/ml was the minimal inoculum for both
nitrifiers for the initliation of growth within a reasonably
short lag period.

Recent growth studies cited in the literature nave all
been for large scale continuous culture systems in wnich
amounts far greater than 100 ug N/ml1 were oxidizei. The
growth curves contained in Fige. 1 and 2, however, are typ-

l1cal of the growth responses obtalned by other investigators,

except for the incomplete utilization of NHa-N by Nitrosomonase.

The % utlilization of enerxy substrate by N. europaea

differed marxeily from N. agllis. Unlike Nitrobacter,

Nitrosomonas cultures regularly terminated the exponential

growtn phase prior to 100£4 conversion of NH4-N to N02-N. In
fact, cessation of the exponential phase occ¢urred when 12.6
to 31.7% of the NH,-N still remained 1in the unoxidized form.
Because of thlis wide range among various experiments it would
appear that multiple factors were involved,

The experimental data in Table 2 precludec the inacces-
sibility of NH,* for oxidation to nitrite. Only 3.3 and 3.4
ug N, for the 2 inocula levels respectively, could not be
accounted for as NHQ-N and NOZ-N. These amounts of nitrogen
may have been present as an intermediate oxidative state and

not detected by NHu-N and NO.~-N assays In the case of the

2
cultures in the late exponential pnase of growth (6.25% inoc-

ulum), 24.7% of the initial NHu-N added still remained
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unoxidized.

Engle and Alexander (1958a) reported a slight diminution
in the rate of nitrite formation at the end of the exponential
growth phase in a 25 L pyrex fermentor culture with a final
nitrite concentration of 1162 ug NOZ-N/ml. A perfunctory
re-analysis of their data showed that the logarithmic phase
for nitrite production was maintained for approximately 70
hours during which time only 700 ug NO,-N/ml were detected.
In view of the results obtained in this laboratory concerning
the incomplete oxidation of NH,-N, it 18 possible that their
results were, at least partly, a reflection of a similar
phenomenone.

Compari sons were made on the growth of 2 cultures of
N. agilis in Medium A containing a large amount of a fine
precipitate, and Medium AA, containing no insoluble compo-
nents. HRates of nitrification were identical for both cul-
tures in the 2 medias A similar comparison was made for
ﬁ. europaea (Schmidt) in the same basal media containing
NHu-N in place of NO,=N. Medium AA did not support the
growth of this nitrifier even with CaCl2 added.

The growth of N. agilis was not affected by initial
PH as high as 1%+7e¢ Thls contracsts narkedly with ths
findings of Meyerhof (1916a,b) who demonstrated a steep
decrease in rate of respiration for Nitrobacter on the
alkaline side of pH 8.7. It 18 apparent that the effect
described by Meyerhof is not obtained in fluid cultures of

Ne agillis during active growth.
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Pelonized distilled water used in the preparation of
media was routinely passed over a cation removal resin for
the removal of aminess This was done as a precautionary
measure since continuous monitoring of the distilled water
supply was not feasible, and it was decided to elirninate
the possibility of the presence of inhibitory levels of
aminese.

The use of impure strains of the chemolithotrophs,

although widely practiced in the past, 1s extremely unwise,

particularly for blochemical investigationse Ilevertpneie:sz,
orly & {ow re--nt studles nave specifin~ily -fred <he yso
¢ opure culture Toonnlaues.

The use of an unsterilized 48 L carboy contailning unster-

1lized delonized tap water also was reported (Anderson, 1l964).

Another investigator reported the use of a Nitrobacter cul-
ture containing known quantities of heterotrophic contaminants
(Fischer, 1965).

Since methods for obtaining pure cultures of the
nitrifiers have been available for some time, there is no
good reason for the use of impure strains. An attempt was
made in this laboratory to define the role of heterotrophic

contaminants which had no apparent toxic effect on Nitrobacter.

The heterotrophs found as contaminants in our stock cul-
ture of Ne. agilis and previously described in detail, were
unique in several respects. They produced no toxic effect

on either the Nitrobacter or on one another. They were

maintalned at a low optizal density in Nitrobacter cultures
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for a period of 7?7 months, and they were incapable of utiliz-
2-N, or NOB-N°
Their nitrogen requirements must have been satisfled indirectlye.

ing inorganic nitrogen in the form of NHu-N, NO

The presence of these organisms also had no effect on the

growth or nitrification of the Nitrobacter.

One can readily appreciate from these interactions with
the nitrifier, that any biochemical investigations, aside
from the nitrification process itself, performed on this
mixed culture could lead to possible erroneous interpretation.

So far as the identity of the bacterial heterotrophs is
concerned, insufficlent differential tests were performed for
accurate classification, and further testing is beyond the
scope of this thesise It is most probably that the bacterial

contaminants represent different species of Pseudomonase




PART II. ATTEMPT TO DEVELOP AN IMPROVED CELL ENUMERATION
METHOD USING MEMBRANE FILTERS.

Introduction

It can not be assumed that cultures oxidizing an equal
amount of an inorganic nitrogen substrate have the same
activity since it has been shown by several investigators
that growth and oxidative capacity are not simultaneously
inhibited. Meyerhof (1916a) and Gould and Lees (1958)
demonstrated nitrate inhibition of growth first and then
oxidation of Nitrobacter. Lees (1952) found that streptomy-
cin at concentrations inhibitory to growth had no direct
effect on ammonia oxidation.

Such dual type of inhibition could be extremely complica-
ted. A direct method of growth evaluation in addition to
the quantitative estimation of products of oxidation would
be desirable in the study of the effects of various inhibitory
or stimulatory substances.

The methods available for the quantitative detection of
cellular growth of nitrifiers in liquid media are seriously
restricted due to the nature of these microorganisms. Colony
growth on solid media is limited to silica gels (Allen, 19573
Punk and Krulwich, 1964; Pramer, 1958; Temple, 19493
Winograd sky, 189la), or an inorganic medium supplemented with
washed agar such as Noble's Agar (Difco) (Gould and Lees,
1960; Kingma-Boltjes, 1935; Melklejohn, 1950). The silica
gels are unsuitable as a rapid means of obtaining plate

55
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counts. The use of Noble Agar is at present the only reli-
able means for colony growth but does not allow macroscopic
identification of these organismse The colonies formed are
80 minute, less than 0.1l mm, that they must be viewed under
low power magnification of 20 to 30 X. Having to employ a
magnification device seriously hampers the use of the plate
dilution technique, by requiring standardization of the
microscopic field and the plate area observed.

The use of a membrane filter was therefore investigated.
Membrane fllters offered the advantage over agar plates in
that they could be obtained with grid markings facilitating
the counting of colonies with the ald of an ordinary dissect-
ing microscope. The ease with which the membrane filters
could be stained, and indicators applied also offered addi-
tional advantages over colony identification on an agar sur-
face. Furthermore, the filtration of low bacterial popula-
tions permits the concentration of organisms on the membrane.
And lastly, the stained membranes could be easily preserved
and stored for later evaluatione The methods developed for
the use of membrane filters ars dez~nribedl and evaluated 1in

this section.

laterials and Methods
Membrane filterse MF-Millipore filters of HA type
(Oe45 u pore size) and 47 mm in diameter were obtained
presterilized and grid-marked. Each grid-square (3.l mmz)

2

equals 1/100th of the 9.6 cm“ effective filtering area of a
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47 mm filter used in the Millipore filter holder.

Basge mecdiaes, Fluid medla identical to that used in the

maintenance of stock laboratory cultures (Part I) served as
the source of nutrientse The filters were supported by
either an absorbent pad saturated with 1.3 to 2,0 ml of fluid
medla or Noble Agar medium consisting of 1.5 per cent agar
in the culture media Jjust described.

Plating procedure. Serlal dilutions were prepared in
growth media from fluid cultures of the nitrifiers in the
exponential phase of growths Colony growth directly on the
agar surface was obtained by spreading 0.l to 0.2 ml of the
culture dilution over the agar surface. In the membrane
filter technique 5 to 10 ml of the diluted cell suspension
was filtered over tne membrane filter previously washed by
the addition of 10 ml of fresh culture medium. The sides of
the flltration funnel were then washed with 10 ml of fresh
medium and the membrane filter transferred to eilther an agar
plate or a petri dish containing an absortent pad saturated
with fluid mediume After incubation at 28 to 30 C for 8--12
days the membrane filter was then observed microscopically
for colony formation, stained and colony counts made.

Preparation of methylene blue stain and indicatorse

Methylene blue chloride (National aniline Co.) solution was
prepared by dissolving l.5 gn of dye in 150 ml of ethyl
alcohol and mixed with 509 ml KOH solution (0.01% Wt/Vol).

The membrane was stained for 3 minutes by placing the filter
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on an absorbent pad saturated with 1.8 ml of the staining
solution.

TTC (2, 3, 5-triphenyl-2H-tetrazolium chloride, Eastman
Organic Chemical) was prepared as a 2% solution in culture
mediume.

Resazurin solutions were prepared by dissolving 58 mg

in 100 ml of M/15 phosphate buffer solution, pH 7.0 at 100°C.

Results

Development of Technigue

A series of plating experiments was devised to deter-
mine the efficacy of using grid-marked membrane filters for
the enumeration of cells in suspension culture. In the
first experiment, a nine day old suspension culture of
Ne agilis (Fischer) was used. Suitable portions of dilutions
ranging from 1/10 to 1/1280 were applied directly to the
surface of agar plates and to the filters which were incuba-
ted over an agar or absorbent pad. After 12 days the plates
contained several types of colonies and attempts were made to

ldentify those formed by the Nitrobacter. Plates seeded with

a 1/1280 dilution were too heavily populated on the agar
surface for the estimation of colony number. The colony
types present were morphologically of the same type obtained
on the filter. Examination revealed at least 4 colony types,
two of submacroscopic size and two readily visible without

the aild of a microscope.
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Staining of membrane filters with methylene blue greatly
enhanced visualization of the colonies both macroscopically
and microscopically. All 4 colony types clearly stood out
as darkly stained areas on a lightly stained background.

Within minutes after the application of the TTC solution
ﬁo membrane filters only a few colonies appeared bright red
while most appeared unchanged. Further observations over a
24 hour period showed no additional changes except for a
decrease in color intensity in the colonies originally reduc-
ing the tetrazolium salt.

The ba-~teria A15 not piolune a lsbt=atable ohangs in the

rezazurine

Quantitation Procedure

After staining with methylene blue colony counts were
obtained by counting the number of colonies within one or
more 3.1 mm squares. Approximatedly 60 colonies were counted
per filter. The number of cells in the undiluted sample was
calculated from the average number of cells observed at each

dilution by applying the formulats

(100) (organisms counted) (reciprocal of dilution)

Cells/ml = {grid-squares exam.) (ml of sample)

Using this method of calculation the data from experiment I
was evaluated on the basis of the numbers of macroscopic and
microscopic colonies present in the original culture. The

results are included in Table 15.
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Table 15 Quantitation of various types of micro-orzanisms
in a fluld culture of Nitrobacter agills (Fischer)
by membrane filter technigue

Type Nutrient Dilutions Average 2
colony base evaluated noe. of
cells/ml
Ylcroscopic Asar 1/320,1/040 5¢3 x 105
1/1230
Absorbent 6.0 X 105
pad
Macroscopic Agar 1/20, 1/40, l.35 x 103
1/%0
Absorbent 3
pad 1.04 x 10

a
The average of cell counts on 3 ¢ilutions run in
triplicate.
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A maximum of 60 colonies/filter grid-square (3.1l mm)
could be accuratedly counted when the colony size was that
of the nitrifiers, around 0.1 mm. As many as 6000 such
colonlies could be effectively evaluated on a single membrane
filter using this technique.

The same plating procedure was repeated using a second
subculture of the same N. agilis stock culture. Identical
results were obtained as in the first experiment, that 1s the
presence of four colony types was again noted. It appeared
that 3 or even 4 different contaminanté were present. The
possibility that both of the microscoplc type colonlies were
other than N. aglilis was considered.

To determine the presence of viable N. agllis oells on
the filter membrane, filter strips were taken after colony
development, by aseptically cutting the filter, and were
tiansrerred to fresh nutrient media in test tubes. Thils
type of subculture was prepared from areas of the membrane
filter in which the macroscopic colonies were absent. Within
a 14 day period nitrification occurred in 21 out of 21 such
subcultures. The ability of N. agilis to grow on membrane
filters was thus established.

The use of the membrane filter technique was then applied
to contaminant-free N. agilis and N. europaea fluid cultures.

When these cultures were plated on a suitable medium contailn-
ing Noble Agar colonies desveloped within 8 dayse. No further
increase in colony size was obtained after 8 dayse. Parallel

studles were performed on the merbrane filters but
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the colony size was much smaller than those obtained growing
directly on the agar surface. In fact, the size of the
colonies was so close to that of media debris that distinc-

tion was not possible.,

Discussion

A reliable membrane filter technique would greatly facil-

itate the enumeration of small numbers of viable cells in

fluld cultures of Nitrobacter and Nitrosomonas. Evidence
was obtained for the growth of N. agills either on the filter
surface directly or in the thin film of medium on the filter
surface.

The reason for not obtalning colonies like those which
appear on an inorganic medium solidified with NooiLe Agar
18 not understood. The possibility exists that Noble Agar
contailns certain substances conducive to growth enhancement.
Several factors which increase colony size on washed agar are
known. Trace amounts of peptone (Fred and Davenport, 1921)
caused enlarged colonies of both nitrifiers, while biotin
was found to accelerate colony formation by Nitrosomonas
(Gunderson, 1955a)e. These as well as other compounds reported
to be stimulatory to growth or nitrification should be inves-
tigated as potential stimulants of colony growthe.

The inhibitory effect of membrane filters on colony
formation should not be overlooked. Membrane rilters produced
by several manufactures are reported to contain 2 to 3% of
thelr dry weight as detergent (Cahn, 1967). The same inves-

tigator found that the use of tissue culture medium filtered
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throuzh unwashed Miliipore filters, containing Triton X-100
or a similar detergent, considerably lowered the plating
efficlency of clonal cultures of cartilage cells in yitro.

The use of membrane tilters in many areas of sterility
testing is widely accepted, but the more specific application
for fastlalous microorgani sms has been reported infrequentlye.
The continuation of efforts leading to tne application of

this technique to the nitrifiers is warranted.



64

PART III. EPFECT OF PESTICIDES ON NITRIFICATION.

Introduction

The persistence of pesticides in soils for many months
or even years may affect the role of the nitrifying bacteria
in the maintenance of soil fertility.

The results of many investigators have indicated that
many herblcides and insecticides when applied at the
recommended fleld rates generally have no harmful effects
upon the microscopic population or upon its biochemical activ-
ities (Alexander, 1964).

At the present time, however, little information 1is
avalilable on the effect of various peséicides on nitrifica-

tion in pure cultures of Nitrosomonas and Nitrobacter.

Caseley and Luckwell (1v65) have shown that monuron, a

substituted-urea herbicilde, inhibits Nitrobacter at concentra-

tions similar to those applied to solls. Campbell and Aleem
(1965a,b) have shown that another substance, N-Serve, inhib-
its Nitrosomonas at extremely low concentrationse

Studies on the effects of other pesticides on nitrification

by both of these chemolithotrophs were undertaken in this

laboratorye.

Materials and Methods
Replicate cultures for pesticide assays were prepared.
as previously described under Part 1 or this thesis. Each
culture flask contained a final volume of 50 ml after the

appropriate additions of both test material and inoculum.
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Medium A containing 64 ug NHQ-N/mL was used for the
N. europaea (Schmidt) experiments while Meaium AA contain-
ing 100 ug NOZ-N/mL was used for the N. agilis (Fischer)
experiments.

Solutions of the pesticides were prepared in the appro-
priate solvent, elther acetone or ethyl alcohol, and ster-
1lized by passage through a sterile UF sintered glass filter.
These preparations were then added aceptically in the apgro-
priate volume to their respective assay flasks at the time of
culture inoculation. Cultures in all expesrimenis wera incuba-

ted at 25-30 £ for a periai up to 14 days.

Results

The Effect of Testicides on Nitrobacter agilis

The effect of pesticides at final medium concentra-
tions ranging from 10~ to 103 ug/ml on the growth of this
organism was followed by determining the decrease in nitrite
in the culture mediume Nitrite determinations were made as
described previously.

Ne aglllis was sensitive to all 3 chlorinated hydrocarbons
at concentrations as low as 1 ug/ml (Table 16). Lindane
appears to be the least toxic and only produced a delay in
nitrate production even at the highest level tested, 1000 ug/xl.
Both rhothane, the most toxic, and aldrin caused complete
inhibition over a 14 day period at concentrations of 10 ug/ml.
Delayed nitrate production over the same period resu;ted from

exposure to 0.1 and 1.0 ug/mle.
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Table 16. Inhibition of nitrification by Nitrobacter agilis
(Fischer) in Medium AA contalning chlorinated

hydrocarbons
Pesticide NO, =N remaining (ug/ml)®
Name Final Cays

(ve/ul) 3 " 14
Aldrin 103 83,3 90.0 8340 98.5
10° 3648 8545 33.3 100,90
10t 33.3 79.0 87.5 30,0
10° 3.5 6l 2 345 0.0

1071 1.5 0.0 - -
Lindane 102 71.3 62.0 6940 L5
10° 6943 6240 5645 0.0
) 10t 5949 6940 6545 0.0

10° Ly, 2 19.9 0e3 -

10°t 12,3 0ok - -
hothane 107 37.5 90.0 83,3 100.0
102 7540 81.3 90.0 103.0
10t 8540 3340 3745 9645
109 80.3 35.0 81.3 8840

10-1 42.3 1.5 0.0 -

Control - 17.0 Ce0 - -

8 Medium contained 10C ug NOp=N/ml.
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Of the two organic phosphate compounds (Table 17)
malathion was the less toxic, in fact the least toxic of all
the compounds tested, wnlle parathion was as toxic as the
chlorinated hydrocarbon, aldrin. Baygon, a methyl carbamate,
had lower toxicity (Table 17), and was similar to lindane as
it only caused delayed nitrification.

The Effect of Festicides on Nitroscmonasg europaea

.-

Three of the same pesticides tested against N. agills
were also tested against N. europaea using the identical
pesticide stock solutions. Each substanée was representative
of one of the three types of chemical compounds included in
the previous study. With these compounds, lindane, malathion,
and baygon, the sensitivity of this bacterium (Table 18) was
greater than that of N. agilis. Based on complete inhibition
dosage levels for a 14 day period, N. europaea was at least
100 times more sensitive to each pesticide than N. agilis.

At all the concentrations tested, this bacterium gave an all
or none response, that is either no inhibition, or complete
inhibition was obtained. Delayed nitritication was not

evident under these test conditions.

Piscussion

It 18 evident from these stuales and those reported by
others that certain pesticides have a selective action on the
nitrifiers (Campbell and Aleem, 1965a,b; Caseley and Luckwell,
19655 Goring, 1Y62a,b). In the case of lindane, malathion,

and baygon they are more toxic to Nitrosomonas then to

Nitrobacter.



Table 17. Inhibition of nitrification by Nitrobacter
aglilis (Fischer) in Medium AA containing
organic phosrhates and a-methnylcarbamate.

Pesticide NC.-N remaining (ug/ml)?
Ilaxe Final Tays
conce 3 4 6 9 14
(ug/ml)

Malathion 107 5445 39.5 13.5 9.3 0.0
10° 17.7 0.0 - - -
10t 37.3 0.0 = - -
10° 18,0 0.0 - - -
107t 239 0.0 - - -

Faratnion 107 1.3 82.0 R0.3 39.5 92.0
102 79.0 23.3 85.3 82,5 95.0
10t 7643 7545 7445 79.0 7540
10° C.0 = - - -
10-1 1.0 - - - - 4

Bayzon 103 82,5 32.0 83.3 55.3 44,5
102 7445 7045 55.3 23,5 0.0
101 52,3 31.2 0.0 - -
109 28,5 2,0 = - -
100} 14,3 0.0 - - -

Control - 14,7 0.0 . - -

8Medium contained 100 ug NOZ—N/ml.
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Table 13, 1Inhibition of nitrification by Nitrosomonas
europaea (Schmidt) in Medium A contalning
various pesticides.

Pesticiie NO.,=-N produced (ug/m1)®

Name Firal Days
conce
(ug/ml) ? 8 11 14

Lindane 103 1.3 1.5 4.0 l.8
101 245 1.8 3.8 1.0
100 33.3 4043 L43.0 -
1071 5143 43.8 493 -

Malathion 102 4.0 3.8 5.3 40
10t 2.5 3.0 3.8 1.0
10° 23,3 31.3 34,0 3043
1071 4043 bisy3 43.3 -

Bayson 103 2.0 265 4,0 2.3
10° 4.3 6.3 5.3 7.0
10t 1.8 2.3 4.0 2.5
100 35.0 3645 40,2 Lo,5
101 38.5 42,5 4140 4040

Control - L41l.0 45.5 43.5 Lées

28 Medium contained 66 ug NHQ-N/ml.
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The level of toxicity causing complete inhibition of

Nitrosomonas was 10 ug/ml for lindane, malathion and baygon.

Nitrobacter was similarly inhibited with equal amounts of
parathion, aldrin, and rhothane. The application of these
pesticides at rates of 1-10 pound s/acre would result in
similar concentrations in the scil which could cause inhibi-

tion or even death to the nitrifierse.

Casely and Luckwill (1965) reported that monuron
applied at rates of 1 and 3 lbs/acre delayed the start of
nitrification by 6 and 14 days respectively, while applica-
tion at 10 1lbs/acre completely inhibited nitrification.
Their pure culture studies showed monouron to be an inhib-
itor of N. europaea at 100 ug/mi and of N. agilis at 25 ug/mdi.
It 18 concelvable therefore that those compounds showing
inhibitory properties at concentrations of 25 ug/ml or less
could have a detrimental effect on the rates of nitrifica-
tion in the soil. All six of the compounds included in this
study were within this concentration range for the inhibition
of one or the other nitrifiers On the basis of results
obtained from pure culture studies, one could predizt those
compounds likely to cause inhibition of nitrirication under
field conditions in the absence of such factors as the absorp-
tion on soil colloids and degradation of the inhibitor. It
1s also conceivable that degradation products might be even
more toxic than the original substance, as in the case of
aldrin which degrades to dieldrin. It has also been shown

(Caseley and Luckwill, 1965) that the formulated products in



71
pure culture experiments are far more toxic to Nitrosomonas

and Nitrobacter than the pure unformulated herbicides.

Tnese observations were attributed to the wetting agents

ability to also inhibit nitrification.



SUMMARY

This dissertation has been primarily concernecd with the
development of methods for the study of the effects of various
chemical factors, including pesticides, on the nutrition and

physiology ot the nitrifiers: Nitrobacter agilis, and

Nitrosomonas euroraeae.

3ieadlly reproducible growth conditions using 250 mli
stationary flask cultures were obtained in an inorganic medium
(Medium A) by inoculation with a 3.13% (by volume) inoculume.
Inoculations were made from liquid cultures which had
completed the exponential phase or growth in a mediun contain-
ing 100 ug of energy substrate per mnl,

During the exponential growth phase, .. =7'%7- <74y

T I

effected 100% oxidation of Noz-N.

the exponeantial growth phase was terminated when 70 to 80%

891

or N. europaea, however,

of the tneoretical amount of NHQ-N arpeared in the form of

NOZ-N. Ine incomplete oxidation of NH, =N by Nitrosomonas
cultures could not be attributed to elither the spontancous
loss of NHB’ or a biniing of NHQ ionse Nor was 1%t atirit-
utable to intermedilate oxliation states as all of the NHQ-N
supplied to the mediun initially could kte accounted for as

elther IE)~I or NC,-Ne

2
Joth the Framer and fischer cultures of HNitrohacter

azilis srew equally well in lediua AA, a modification of the

=]

edium described by Aleem and Alexanier (1960), which
contained no insoluble coxnponentse This sace basal umediun

72
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but with NH, ~-N replacing NO_-N, did not support the growth of

4 2
Ne europaea. Quantitative, but not qualitative, differences
in the substances present in the medium probably were the
cause of the differences in growth response of the two
nitrifiers. N. europaea may have been less tolerant to a
high hydrogen ion concentratiop (pH 10).

The removal of amines from distilled water through the
use of a cation exchange resin had no gross effect on the
rate of nitrification by Nitrobacter.

All stock cultures of the nitrifiers were repeatedly
checked for the presence of contaminants. From one of the
stqck culturesof N. agilis (Fischer), 2 streptomyces and 3
bacterial strains were obtained. All except 1 bacterial
strain was isolated in pure culture. The bacterial isolates
were tentatively identifled as various species of Pseudomonas.

An attempt was made to quantitate fluid culture popula-
tions using a Millipore membrane filter in a modified colo-
nial plate count method. Growth of N. agilis was observed
in or on the filter membrane but there was no easily recogniz-
able colonial development.

An evaluation was made on the effect of various pes-
ticides on nitrification by both N. agilis (Fischer)
and Ne europasea (Schmidt). N. agilis was sensitive to all 3
chlorinated hydrocarbons, aldrin, lindane, and rhothane at
final medium concentrations of 1 ug/ml. Complete inhibition
after 14 days was obtained with both rhothane and aldrin at

concentrations of 10 ug/ml. Lindane was considerably less
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toxic, causing only a delay in nitrate production over a
concentration range of 1 to 1000 ug/ml. Malathion and
parathion, two organic phosphate compounds, differed widely

in their toxicity for Nitrobacter. Malathion was the least

toxic of all the compounds tested causing only delayed
nitrification at 1000 ug/ml. Parathion, as toxic as aldrin,
gave complete inhibition at 10 ug/ml. Baygon, a methyl

carbamate, delayed nitrification by Nitrobacter at concentra-

tions of 10 ug/al or greater.
Lindane, malathion, and baygon, were also tested against
Ne europaea. All three of these compounds were at least 100

times more toxic for the Nitrosomonas cultures than for

Nitrobacter. Delayed nitrification was not evident in

Nitrosomonas cultures as either no inhibition, or complete

inhibition was obtained,
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APPENDIX

Formulas for basal media®

Components Mediunm Ab Medium AAC
g/liter
CaCl2 0.136
NaCl 00l
Mgsou‘7H20 0420 0.20
FeSO, *7H,0 3.5 x 1072 3.5 x 1077
KHZPOu 0.7
NaZHPOM 13.5
K2HP04 0.175
NaHCO3 0e5
KHCO3 1.5
NalMoO, * 2H,,0 2.5 x 107
Deionized distilled QeSe liter QeSe liter
water

& Does not contain nitrogen. For the addition of
nitrogen to the basal medium consult the text (page 20).

D Modification of the medium described by Pramer
and Schmidt (1965) which contained 0.l g Mssou'HZO, 0.014 g
FeCL3*6H,0 (no FesOy), and distilled HyO.

C Modification of the medium described by Aleem and
Alexander (1960) which contained 0.175 g Mgsou'7H20, and
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