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CHAPTER I
INTRODUCTION

Three systems are known for genetic exchange in bacte- .
ria involving the transfer of deoxyribonucleic acid (DNA)
from a donor to a recipient cell, They differ basically in
the mode of DNA transfer. Transformation results from the
incorporation of a free exogenous DNA fragment into a compe-
tent recipient cell. Conjugation involves the transfer of a
large segment of DNA from donor to recipient through a con-
necting tube. Transduction is dependent upon enclosure
of donor DNA by phage coat protein and subsequent injec-
tion of the DNA into a recipient cell. Direct cell~to-cell
contact is:therefore necessary. only in conjugation.

Conjugation was first discovered by Lederberg and Tatum

in 1946 in Escherichia coli K-12 (1). They found that the
presence of a certain episome confers on a cell the ability
to transfer genetic material te a cell lacking such an
episome. The episome was referred to as the fertility or F
factor; it may exist in two states: auntonomous or incorpo-
rated. In the former, the cell is referred to as an F+s and
the episome may be transferred to recipient cells independ-
ently of the bacterial chromosome. In the latter, the cell

is called an Hfr (for high frequency of recombination)



because during conjugation the transfer of bacterial
chromosome is greatly promoted. Each of these male forms is
capable of conversion to the other by mutation (one mutation
in 10° cells), or conversion to the female form by loss of
the F factor. However, the female (F") strains cannot
mutate to the male state; they may become males only by
acquiring the F factor from a male.

A schematic drawing of conjugation showing the transfer
of the episome in either state is presemted in Figure 1 (2).

In 1955, Holloway (3) reported a conjugating sys-

tem for Pseudomonas aeruginosa which was later shown to be

similar to the ol mating system of Escherichia coli (4).

The infectious fertility factor associated with maleness was
called pseudomonal fertility factor or FP.

Holloway and Fargie (5) found that the two fertility
factors (F and FP) had similar characteristics. The trans-
fer of FP is unidirectional; i.e., FP is transferred onily
from the FP+ donor to the FP_ recipient. FP is transferfed
with varying degrees of efficiency depending on the particu-
lar FP' strain used. At the same time, F and FP were found
to differ, in that FP is mnot destfoyed by acridine, cobalt,
or nickel [one exception has been noted with nitrogemn half
mustards (6)}, nor has FP been shown to mutate to a stable
Hff form. | |

The conjugation system of P. aeruginosa has produced

only low frequency mating (3, 4, 5, 7) which is similar to

that in the F' X F~ mating system (8). However, Loutit and



F' Male x Female ' ' Hfr‘Maie x Female
———— Dbacterial chromqsome

______ fertility factor

Figure 1. Schematic Drawing Showing Transfer of
Episome in Two States by Conjugation



Pearce (9, 10) in 1965 reported‘that a greater efficiency of
matiné was obtained when parental cells were diluted to
approximately 107“cells per ml. They found that mating was
a variable event suséeptibie to changes‘in>environméntal
conditions, which further complicated the already difficult
analysis of the low~frequency system.

In part the following report describes modifications of
methods previously used in hope of obtaining a low-
frequency syétem that does mnot exhibit high variability but
that is efficient and reliable. Since the best limnkage
data for E. coli have come from the use of high-frequency or
Hfr donors, this author, despite negative results reported
by Holloway and Fargie (5), also sought to isplate Hfr

donor straims of P. aeruginosa.

An important feature of genetic amalysis by conjugation
is the selection for the imheritance of donor markers among
recombinahts; it is‘necessary to restrict the growth of both
parental strains. A selective minimal medium may be used to
pre?enf the growth of the auxotrophic regipient and anti--
biotics ﬁay be iﬁcluded to inhibit the growth of the sensi-
tive donor. Only those cells which have received the
necessary biosynthetic information from the donor
{(recombinants) will be able to grow.

Because analysisb@f a low—-frequency conjugatgéh's;;£em

is difficult, transduction studies were also used to amnalyze

linkage of methionine loci in P. aefuginosa. Zinder and

Lederberg origimally deécribéd transduction (11), a process



whereby bacteriél genetic markers from the jinitial host cell
are carried by phage parficles to cells subsequently in-
fected (12). For these markers to become permanently asso-
ciated with the second cell line, genetic recombination must
take place between the‘fragment of genetic material trans-
ferred and the host chromosome. Since this fragment repre-
sents only a small fractiom of the entire chromosome,
transduction is not useful for studying the over-all rela-
tionship of chromosomal markers. However, it is valuable
for genetic fime structure analysis, such as intragenic
mapping.

The techmnique of fransduction has been widely exploited

in the study of metabolic pathways. In Salmonella

typhimurium, Demerec and Hartman (13), and Hartman (1ik4)

demonstrated that the groups of loci controlling tryptophan
and histidine biosynthesis, respectively, were linked and
ordered in a manner corresponding to the reaction sequences
involved. Based on biochemical and genetic studies, trans-—
ductional analysis was éhown fé be'capablé of distinguishing
groups of mufants with blocké in different reaction stepsviﬁw
a pathway (15). l
The value of a fransducing system for mapping is deter-
mined by the length of chfdm@sémalmfféément transferred,
which varies with thé phége'involvedo Lennox (16), using
phage Pl with E. coli, was able to demonstrate co-
transduction of up to four markersg Yanofsky and Lenmox

(17) used the co-tramsducing properties of this phage in



their fine structure study of the loci concerned with
tryptophan bicosynthesis in E. coli.
In 1958 Loutit reported a generalized transducing sys-—

tem in P. aeruginosa (18). Culture filtrates of this

organism were used to obtain genetic transfer within a
single strain.
Transducing phages B3, P110, and F116 were isolated for

P. aerugincesa by Holloway and Monk (19), and Holloway et al

(20)., Treatment of F116 with ultraviolet radiation led to
the discovery that this phage could co-transduce linked
bac}érial markers at heasurable fréquencies (20, 21). These
r;;ults indicated the suitability of this phage for a fine

structure study of the P. aeruginosa chromosome.

The composite information from conjugation, transduc~
tion, and biochemical studies indicates that, in general,

E. coli (17, 22, 23, 24), Salmonella typhimurium (25, 26,

27), Bacillus subtilis (28, 29), and Staphylqcoccus aureus
(30) show clustering of loci affecting sequential steps in
certain biosynthetic or degradative pathways. Such an

arrangement does mot seem to exist in Neurospora crassa

(31, 32) and Saccharomyces cerevisiae (33). It has also

been reported that many functionally related loci in P.

aeruginosa are widely distributed throughout the genomé_

Linkage was mnot found within groups of mutants requiring
histidine, leuciune, argimine, tryptophan, methjionine, or
isoleucine-valine by Helloway, Hodgins, and Fargie (21).

This report was confirmed in 1965 by Fargie and Holloway



(34) with éys‘teine5 proliné,.aAenine; énd uracii auxotrophs
tentatively added to.the list. Mee and Lee (35), and Loutit
and Marinus (36) reported non-linkage of histidine markers,
while methionine markers were found by Calhgun and Feary
(37) to be unlinked. There have beeﬁ a few exceptions to
this rule: +two loci controlling the homoserine—-threonine
pathway and possibly two markers of the tryptophan pathway
(34); four loci comtrolling the biosynfhesis of isoleuciner
valine (38); and nine loci involved in the biosynthesis of
mandelate (39).

The difference in genetic organization between the two
groups, those orgamnisms with clustering of related genes and
those without, is significant because of the type of genetic
control involved in each. In the former, the unit of
metabolic control is the operon (40), but in those with
scattered loci, the means of control are not fully under-
stood. It is not unlikely that the latter group are subject
to another type of control mechanism or at least a modifi-

cation of that foumd in the group with clustering. Demerec,

in a 1964 review (26), pointed out that since P. aeruginosa
and N. crassa show little clustering of genes and are con-
sidered to be lower and higher, respectively, than E. coli

and S. typhimurium on the evolutionary scale, those organ-

isms which developed the operon control system may have
evolved as a side-branch in the evolutionary scheme,
The following work was undertaken to investigate the

genetic systems in P. aeruginosa using both conjugation and




transduction methods in order to develop more efficient and
reliable systems of genetic transfer. Linkage of related

genetic markers was also investigated using primarily those
from the methionine biosynthetic pathway. It was felt that
by restricting the study to methionine-negative mutants of

P. aeruginosa and by combining the results of biochemical

tests with the transduction analysis, information might be
obtained pertaiming both to the steps involved in methionine

biosynthesis in P. aéruginosa and the degree of linkage of

methionine loci.



CHAPTER IT
MATERIAILS AND METHODS
A, Strains of Bacteria

The organism used throughout these studies was strain

1 of P. aeruginosa (designated PA-1), which was kindly sup-

plied by Dr. B. W. Holloway, Monash University, Clayton,
Australia. This is a female (FP ) strain. Dr. Holloway
also supplied the following cultures for use in conjugation
studies: 1-36-8c¢, an adenine, leucine requiring

(ade ~ leu ) male (FPT) strain; 1~-3 and 1-60, female (FP )
strains requiring serine (ser ) and isoleucine~valine

(ilv ), respectively. Other bacterial cultures which were
tested but were not isolated by the author were obtained
from Dr. Glen Bulmer, Medical Research Center, University of

Oklahoma Medical School.
B. Strains of Phage

F116 was the bacteriophage used for transduction. This
temperate phage was isolated and supplied to the author by

B. W. Holloway.
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C. Cultivation of Bacteria

The medium primarily used was a glucose minimal medium
which was a modification of Robert's M—-9 medium (41) and
contained the following amounts per liter in distilled -

water: Na,HPO,* H,0, 8.2 gm; KH2P04, 2.7 gm; MgSO, < 7H,0,

2
0.4 gm; NH,C1, 1.0 gm; FeSO,, 0.1% solution, 0.5 ml. Agar
was added at a concentration of 20 gm/L when a solid medium
was desired. The pH was adjusted to 7.0 before autoclaving.
Glucose was used as the carbon and energy source at a fimnal
concentration of 5 gm/L; it was autoclaved separately as a
10 per cent (w/v) solution and added to the sterile salts
solution. When the salts and agar were to be autoclaved
together, the minimal time and temperature were utilized to
avoid discoloration of the medium and precipitation of

phosphates. Incubation of cultures was normally carried

cut at 37°C on a reciprocal shaker.
D. Treatment With Mutagens

1. vN—Methyl—N'—nitro—N—nitrosoguanidine (MNNG.)

The mutagenicity of MNNG was first reported by
Mandell and Greenberg (42). However, the actual procedure
used was a modification of the method of Adelberg
et al. (43) and is as follows: PA-1 cells were grown to
5-8 x 108 cells/ml in nutrient broth. A 10 ml sample was
filtered through a 47 mm Millipore filter, pore size O0.45H,

and the cells were washed on the filter with 10 ml of
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sodium citrate buffer, pH 6.0. Cells were suspended by
placing the membrane in the original volume of citrate
buffer containing 20pg MNNG/m1 on a shaker for 2 hr at 37°C.
The cell suspension was poured off, centrifuged, washed with
physiological saline (0.85%), centrifuged and feSuspended in
10 ml of nutrient broth. This cell suspension was placed on
a shaker overnight at 37°C. Then the cells were centrif-
uged, resuspended in minimal salts conta%ning no carbon or

nitrogen source, and placed on a shaker at 37°C for 5 hr.

2. Ethylmethane Sulfonate (EMS)

A modification of the EMS procedure used by: J. Necasek
et al. (44) to obtain auxotrophic mutants was uéed. The
method is as follows: PA-1 cells were grown in nutrient
broth on a shaker at 37°C. The cells were then diluted with
nutrient broth to 3 x 10° cells/ml, and again diluted 1/3
with M-9 salts. Five ml of this cell suspension were cen-
trifuged; the cells were washed twice and resuspended in
5 ml volumes of 0.067 M phosphate buffer, pH 7.2, and added
to a flask containing 0.065 ml EMS. The flask was allowed
to sit for 16 hr at room temperature before centrifuging and
resuspending the cells in saline. To 6 ml of nutrient
brqth, a 0.2 ml inoculum of the treated cells was added, and
these were allowed to grow to 10° cells/ml. Cells were
then diluted with nutrient broth to 10%° cells/ml. Six ml of
diluted cell suspension were centrifuged and washed éwice

and resuspended in 6 ml volumes of M~-9 salts (containing no
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ammonia) plus 0.5% glucose, and placed on a shaker at 37°C

for 3 hr to exhaust the amino acid pools.
E. Isolation of Mutants

1. MNNG

A 1/10ldilution was made of the 5-hr culture using
glucose minimal medium containing 50,000 units of
penicillin/ml. (The penicillin was obtained from
Calbiochem of Los Ange;es as Penicillin G, Potassium,
U.S.P.) The penicillin was weighed and added directly to
the medium. The culture was incubated overnight on the
shaker at 37°C, then centrifuged, washed once and resus-
pended in an equal velume of 0.85% saline. Dilutions of
10-% , 10“25 and 10°® were prepared in saline and 0.1 ml
amounts of each dilution and of the undiluted suspension
were spread with a glass rod on plates of glucose minimal
agar plus 0.02% casamino‘acids (CAA). The plates were
incubated at 37©¢? The éell suspension was kept at 4°C
until growth could be scored oun the glucqse plates. The
dilution giving between 50 and 100 colonies per plate was
noted and 20 plates of glucose minimal agar plus 0,02% CAA
were inoculated by spreading 0.1 ml of the same dilution on
the surface. Incubation was at 37°C until the colonies were
1-2 mm in diameter. The colonies were then replica plated
by the velveteen pad techniqué of Lederberg and Lederberg
(45) onto plates of glucose mini@al agar and glucose

minimal agar plus 0.02% CAA. Mutants were those which
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formed colonies on glucose plus CAA but not on glucqgse
alone. These were picked individually from plates con-
taining CAA, and were checked again for growth on glucose

and on glucose plus CAA.
2. EMS

Carbenicillin (& -carboxybenzylpenicillin) was dissolved
in 0.05% glucose — M-9 medium and then added to the’
6 ml of cell suspension to a final concentration of
50 u.g/ml. (The carbenicillin was obtained from Beecham
Research Laboratories, Piscataway, New Jersey). The cul-
ture was incubated for 7 hr. Dilutions of 101, 1072 | 1023
and 10~% were prepared in sterile saline and 0.1 ml amounts
of each dilution and of the undiluted suspension were spread
on plates of glucose minimal agar plus 0.1% methionine.
The cell suspension was kept at 4°C until growth could be
scored. The dilution giving about 100 colonies per plate
was noted and 0.1 ml of this same dilution was spread on
each of 20 plates of glucose minimal agar plus 0.1%
methionine. After incubation‘for 24 hr at 37°C, those
plates were replica-plated onto glucose minimal medium and
glucose minimal plus 0.1% methionine. Mutants, which grew
only on the glucose minimal plus methionine plates, formed
colonies only after 48 hr incubation. These colonies were -

picked individually and checked again on the two media.
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F. Identification of Mutants

The glqcose minimai medium described previously
(section C) was modified to contain no nitrogen and only
one-~half the quantity eof NAZHPO4° 7H20 and KHZPOQW This
medium, containing 1.5% agar was poured in 10 ml portions
into tubes and auteoclaved. Cells were washed from a fresh
(24 hr) nutrient agar slant with 2 ml of saline and 0.1 ml
of this suspension was added to each tube of agar before
pouring into petri dishes. Loopfuls (about 0.05 ml) of 2%
amino acid solutions were placed at marked spots om the
agar surface. Solutioms containing groups of related amino
acids were used first; then the members of the groups on
which the mutants grew were checked individually in the same
manner. Incubation at 37°C was for 72 hr. Identification
was confirmed by growth in liquid medium (M-9 plusvglucose)
containing from 0.03% te 0.5% solution of the required

amino acid.

G. Selection of Streptomycin-Sensitive

Prototrophic Cultures

Cells were washed from a fresh nutrient agar slant
with 2 ml of saline and 0.1 ml of this suspension was spread
over the surface of glucose minimal agar and replicated onto
glucose minimal agar and glucose minimal agar plus 100 u g
streptomycin per ml. (The streptomycin was obtained from
Nutritional Biochemicals Corporation, Cleveland, Ohio).

Incubation was at 37° for 72 hr. Cultures which formed
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colonies on the glucose minimal but not on glucose minimal
plus streptomycin were chosen. Colemnies from glucose agar
plates were picked imndividually amnd checked again on fresh

media.

H. Selection of Streptomycin-~Resistant

Amino Acid Auxotrophs

The cultures used were amino acid-requiring mutant
strains isolated previousiy. Cell suspeusions were spread
over glucose minimal agar plus 0.02% CAA and replicated onto
glucose minimal agar and glucose minimal agar comntaining
100 u g streptomycin per ml and 0.02% CAA. Cells which
formed colonies omnly on the streptomycin plates were picked

and checked further.

I. Selection of Colymycin-Sensitive and

Resistant Cultures

Cell suspensions were spread on nutrient agar and on
nutrient agar plus 200 g g colymycin per mi. Seusitive
cultures were picked from colonies on nuﬁrient agar plates;
and resistant cultures were picked from colymycin plates.
All were checked further befere making stock cultures.
Colymycin (Colistin) was obtained from Warmer-Chilcott,

Laboratories Div., Morris Plains, N. J.
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Jo. Selection of Double Resistance in

Amino Acid Auxotrophs

Cells were washed from a fresh nutrient agar slant of a
streptomycin~resistant culture with 2 ml of saline, and 0.1
ml of this cell suspension was spread on plates of nutrient
agar plus 200 yg colymycin per ml. Likewise, 0.1 ml of a
saline suspension of colymycin-resistant cells was spread on
nutrient agar plus 100 §i' g streptomycin per mi. After incu-
bation for 72 hr at 37°, those colomies which appeared on
either the streptomycin or colymycin plates were picked and

checked further.

K. Grouping of Mutants According to Response

on Methionine Precursors

Methionine—requiring (met ) mutant cultures were grown
on nutrient agar slants, and a washed cell suspension of
each mutant was used to inoculate‘15 ml of glucose minimal
agar (1.5%). The tubes were mixed thoroughly, poured into
sterile petri dishes and the agar aliowed to solidify.
Crystals of DL-homoserine, DL allo-cystathionine, DL-
homocysteine thiolactome hydrochloride (Mann Research Lab-
oratories, Division of Becton, Dickimnson & Co., New York,
N. Y.) and L—ﬁethionine (Nutritional Biochemicals Corpora-
tion, Cleveland, Ohio) were placed at marked poimnts on the
surface of the plates. After an incubation of 24 hr at
37°C, mutants were scored and grouped according to presence

or absence of growth. These same mutants were tested in
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liquid medium by adding 0.1 ml of the washed cell suspen-—
siéns to 6 ml of glucose minimal medium, and glucose plus
33 mg/1l of a specific biocsynthetic intermediate or
methionine. Optical density readings were taken at 12, 2k,
and 48 hr. Again mutantS‘weré grouped according to growth
response on intermediates. The results of the two te§ts

were compared.
L. Phage Titration

The Pseudomonas phage broth (20) used was composed of

the following amounts per liter inm distilled water: Difco

nutrient broth, 8.0 gm; Difco yeast extract, 5.0 gm; NaCl,
5.0 gm. For platings, the bottom layer was made by adding
.11 gm of Difco agar per liter of broth; plates contained
30 ml of agar. The top layer was semi-soft and contained
only 6.5 gm agar per liter of broth.

The suspension to be titered was diluted serially in

Pseudomonas phage broth. A 0.1 ml volume of each dilution

(10~2, 10-%*, 10~%, 10°7 , 10-%) was added to 2.5 ml of the
top layer phage agar along with two drops of a heavy suspen-—
sion of the sensitive bacteria. This was mixed and poured

over the bottom layer, Incubation was at 37°C for 16-20 hr.
M. Phage Plate Stocks

Plate stocks of phage grown on both mutant and proto-
tropic strains were prepared by a modification of the tech-

nique of Swanstrom and Adams (46) as follows: O.1 ml of a
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phage suspension containing approximately 1 X 10° plaque~
forming units (PFU) per ml was plated with the desired cells
as described above. .After incubation for about 16 hr, 5 ml
of phage broth were added to each plate and allowed to soak
for 30 minutes. This was pipetted off and centrifuged to
remove the cells. The supernétant was filtered through a
Millipore filter (HQAQ9 0345p pore size), and titered on
wild type cells. This method yields plate stocks of F116

with a titer of 10'°=10'' PFU/ml.
N. Transduction

The transduction technique of Murphy and Rosenblum (47)

for Staphylococcus aureus was used with slight modification.

The plating medium was glucose minjimal agar. Cells were
washed from a fresh nutrient agar slant with 2 ml of saline
and 0.1 ml of this suspension was spread on the agar. One
drop of a phage ﬁlate stock was fhen prlaced on the surface
at a marked poiﬁt@ At least six different plate stocks
could be tested on each plate. Growth was scored after

72 hr at 37°C.



CHAPTER ITI
EXPERIMENTAL RESULTS
A. Conjugation Studies

1. Amino Acid Auxotrophs

Amino acid mutants of PA-1 were obtained through
treatment with nitrosoguanidine and jdentified using the
methods described in Chapter II. (See Appendix for a list

of mutants.)

2. Conjugation With Donor Strain 1-36-8c

Using the above mutants and two FP amino acid mutants
supplied by B. W. Holloway, conjugation studies were per-—
formed with an FP' strain, 1—36—8c, also domnated by
Holloway. Various modifications in Holloway's procedurg
were tried. Since 1-36-8c required both adenine and
leucine, it was necessary to add adenine or leucine fo the
medium to prevent loss of recombinants due to. the transfer 
of an adenine or leucine requirement, Optimal growth of
1-36-8c was achieved with 0.05% adenine and 0.2% leucine.
Time of plating, temperature of incubation, and plating
medium were variéd9 but numbefs of recombinants were

extremely low and variable. Such frequencies of

19
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recombination were consistent with Holloway's work

(3, &, 5, 7).

3. Antibiotic Sensitivity of Strain 1-36-8c¢

Since antibiotic sensitivity is preferable for elimina-
tion of donor cells in a cross (as compared to nuytritional
requirements), an attempt was made to find an antibiotic

which was effective against P. aeruginosa for use in subse-

quent studies. The FPT strain, 1~36-8c, was used to test
various antibiotics. Cells were grown in nutrient breth

for about 4 hr; 0.1 ml of the cell suspension was added to

2.5 ml of Pseudomonas phage soft agar. The cells and agar
were thoroughly mixed and poured over 10 ml of solidified

Pseudomonas phage bottom layer agar. The top layer was

allowed to solidify, and commercially prepared antibiotic
discs were placed on the surface (discs were obtained from
the Stillwater Municipal Hospital). As can be seen from
Table I, oply colymycin definitely prevented growth of the
FP+ cells. |

Colymycin was obtained, and the concentration necessary
to inhibit male cells was determined first in liquid media
and fhen in an agar medium. The FPY stréin uséd, 1-36-8¢,
is ade_, leu—, and chlorampheniceol-resistant (cth). When
testing this organism in liquid defined medium, each tube
contained M-9 salts plus 0.5% glucose, 0.05% adenine, and.
0.2% leucine. Table II (a) indicates that 50 pug of

colymycin per ml was sufficient to inhibit growth



TABLE I

THE EFFECTS OF VARIOUS ANTIBIOTICS ON PSEUDOMONAS AERUGINOSA 1-36-8¢

No Clearing

Moderate Clearing

Complete Clearing

10.
11.

12.

13.
1k,
15.

" 16.

Altafur -~ 50 mcg

Erythromycin estolate
(ilosone) - 2 mcg

Furazolidone (furoxone) -

100. mcg

Keanamyein (Kantrex) -
10 mcg

Methicillin .
(staphcillin) ~ 5 mcg

Nitrofurantoin

(furadatin) - 100 mcg

Nitrofurazone
(furacin) = 100 mcg

Novobiocin= 30 mcg

Nystatin (myostatin) -

25 units

Oleandomycin A
{matromycin) - 15 meg

Oxacillin (prostaphlin) -
1 meg .

Penicillin G-~ 2 units

Sul famethoxy-pyridazine
(madribon) = 50 mcg

Triacetyloleandomycin (TAO) -

15 mcg

sul famethazine

sulfamerazine) - 50 mcg

Vancomycin (vanococin) -
5 meg

1.

Slight Clearing

Demethyl chortetra=-
cycline (declémycin) =
30 mcg

Oxytetracycline
(terramycin) - 30 mcg

Tetracycline
(tetracyn) = 30 mcg

Triple Sulfa (sulfadiazine,

1. Sulfamethizole 1. Colistin (colymycin) -

(thiosulfil) 10 mcg
1 mg
mecg = micrograms
mg = milligrams
= the measured amount of antibiotic

units

1st name
2nd name

non

necessary to cause destruction of
the bacteria

common name

trade name

12



TABLE II

22

DETERMINATION OF THE CONCENTRATION OF COLYMYCIN NECESSARY

TC INHIBIT GROWTH OF SENSITIVE FP* CELLS

=

a) Colymycin, Wg/ml
in M=9, ade, leu

0

10
50
100
b) Colymycin, Mg/ml

in glucose minimal
agar, ade? leu

0
25
50

75
100

200

c) Colymycin, dg/ml
in nutrient broth

0

50
100
200

Appearance of
plate at 24 hy

Heavy growth over plate
Heavy growth over plate

Moderate growth over
plate

Isolated colonies over
plate

No growth

No growth

0.D. (optical density) readings were taken at 540 nm.

e

0.D. Reading
at 24 hr

0.886
0.542
0.395
0.008
0.009

Appearance of
plate at 48 nhr

Same

Same
Same

Same

Isolated
colonies

No growth

0.D. Reading
at 24 hr

0.653
0,011
0.009
0.011
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completely. quever, when tested in an agar medium a four-
fold incre;se‘in the minimal inhibitory concentration was
required. A washed cell suspension of 1-36-8c was spread

on a plate of glucose M-9 agar containing adenine, leucine,
0.005% nutrient broﬁh, and varyiﬁg amounts qf colymycin.
Results.are given in Table II (b).

Next, growth was checked in nutrient broth containing
varying ambunts of colymycin to determine whether the
nutrients or the agar itself weré responsible for the in-
crease in inhibitory concentration. Table II (c) indicates
that 50 pg of colymycin/ml was sufficient for inhibition of
growth. Apparently, thevagar is responsible for the lowered

effectiveness of colymycin.

4, Selection of Prototrophic Streptomycin-

Sengitive Cultures

Since 1-36-8c gave poor recombination frequencies, an
attempt was made to find a new prototrophic Fp* strain of

P. aeruginosa.

Forty-nine strains of P. aeruginosa, previously ob-

tained from Dr. Glen Bul@er, were tested for ability to
grow on glucose minimal medium; 41 strains grew.

Before cheéking for the fertility factor, the strains
found to be prototrophs were tested for semsitivity to;
streptomycin so that the males would have a contraselective

marker for conjugation studies. The procedure used was
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described in Chapter II. Six strains were streptomycin-

sensitive, but four later became resistant.

5. Selection of Potential Donor Strains

Those strains which were streptomycin-sensitive (strs)
and prototrophic were tested for‘ability to transfer amino
acid markers to the streptomycin-resistant (strR) females.
Transfer of the amino acid markers would indicate the
presence of Hfrs in the strS strains. The procedure used
for conjugation studies was as follows: The two parental
strains were grown separately overnight on a ghaker in
nutrient broth at 37°C. One ml of a strS culture was added
to a flask containing one ml of a strR amino acid mutant
plus 2 ml of nutrient broth. Control flasks contained omne
ml of a strS or strR culture plﬁs three ml nutrient broth.
The flasks were placed on a gently shaking water bath at
37°C for one hr. A 0.1 ml volume of each mixture was
plated on glucose minimal agar containing 100 g
streptomycin/ml and 0.005% mutrient broth. Five days later
the plates were scored. From the data shown in Table IIT,
it appears that E—& is an FP' strain. Comjugafion with
PA-1-54 (arg ) and PA-1-76 (trp ) gave relatively high num-
bers of recombinants. With PA-1-1, -27, -56, -73, and -75,
there may have been a low frequency of recombination.
Strain E-3 appeared to be inactive as a donor. The one
amino acid mutant_9 PA-1-1, with which E-3 appeared to give

recombinants had a relatively high rate of back mutation,



TABLE III

RECOMBINATION USING E-4 AND E~3 AS DONORS

E-4 and E=3 controls gave no growth. R indicates reversion

of recipient.

~ FP™ No. of No. of No. of No. of No. of No. of
colonies on colonies on recombinants colonies on colonies on recombinants
FP™ control E<Lk x FP~ ’ FP~ control E-3 x FP~

PA-1-1 17 27 10 81 105 : 24
PA=1-17 2 o » ) 2 2 _ )
PA~1-23 R. - R -
PA=1-27 : 11 17 ‘ 6 18 19 1
PA=1-k1 . R R R 12 ) )
PA~1-54 13 40 - 27 25 25 o
PA-1-~55 ' o) o o ) 0
PA-1-56 11 9 16 9 )
PA-1-60 0 ) o o o
PA=1-63 I 2 25 ) - - -
PA-1-6k . . 20 10 0 8 5 0
PA=1-72 1 i o 1 3 2
PA-1-73 1k 9 3 1 o
PA-1-75 8 ' 7 11 7 0
PA-1-76 . 30 168% ) 138+ 39 20 0
PA-1-83 R R : s - R 'R -
PA-1-555 R R - R R -
PA-1-586 "R R ' - R R -

6%
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therefore the results were questioqable.

Strain E-4 was used for further conjugation studies,
but to eliminate possiblebinterference by mutatien of E54
to streptomycin resistance, another contraselective marker
was necessary. The minimal inhibitory c¢oncentration of
colymycin for this strain was determined on nutrient agar

plates and found to be 200 pg/ml.

6. Isolation of FP_  Colymycin-Resistant Strains
. sistant Strain:

and Doubly Resistant Strains

At the same concentration of colymycin (200 p. g/ml) that
inhibited growth of E—Q,'colyR FP; strains were isolated
using the method described in Chapter IXI. These were then
used to obtain double resistance (strR colyR) in the FP
cells. The procedure used was given in Chapter II., It was
necessary to modify this procedure to obtain the desired
mutants of Holloway's strains 1-3 and 1-60, i.e., mutants
resistant to 200 g g/ml colymycin. The cells were treated
with UV radiation prior to plating since no spontaneous
mutants resistant to this level of antibiotic were found.
Doubly resistant mutants were obtained for the following

amino acid auxotrophs:

1-3 (ser_i. PA-1-27 (met’)
1-60 (ilv ) ~ PA-1-%1 (pro”)
PA-1-1 (?) PA-1-54 (arg )
PA-1-17 (arg ) PA-1-55 (arg )

PA-1-23 (his ) PA-1-56 (his")
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PA-1-60 (arg—) : ' PA*1*75‘(his—)

PA-1-63 (arg ) PA-1-76 (trp )
PA-1-64 (met ) A PA-1-83 (his™)
PA-1-72 (arg;)‘ | “ PA—1;555_(1eu”, i1v0)
PA-1-73 (arg ) PA-1-586 (leu , val )

7 - Optimal Conditions for Conjugation

Conjugation studies were done with E-4 and strR colyR
amino acid auxotrophs using the procedure described pre-
viously, i.e., placing one ml of a freshly grown FP" culture
wifh one ml of}a freshly grown FP~ culture_plus 2 ml of
nutrient broth in a flask in a gently shaking water bath at
37°C for one hr. A 0.1 ml volume of each mixture was spread
on a plate of glucose minimal agar containing 100 B g
_streptomycin/ml, 200 Lg colymycin/ml, and 0.005% nutrient
broth. (Hereafter, all media containing streptomycin and
colymycin will be at these concentrations.) >Inifially,
optimal cell concentrationsvwere»cheeked-along with the
effect that different ratios of FP' to FP  cells might pro-—
duce on recombination frequencies. Strainms E-Q:and PA-1-54,
a combination knéwn to produce recombinants (Table III) were
grown in nutrient broth, and each was diluted to 1 X 1010,

5 X 10° , aﬁd 1 X 10° cells/ml., The latter tquconcentra—
tions were tested at male to female fatios of 10/1, 5/1,
1/1, 1/5, and 1/10; however, the first cqncentrétion,

1 x 10*° cells/ml, was tested ogly af;the ratios 10/1 and

1/10. After the proper amounts of cells were added to the
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flasks to give the desired ratios, the remainder of the
mating procedure was as described above. As can be seen
from Table IV, it appeared that a cell concentration of

1 x 10° with 10 times more females than males gave the best
recombination. This is in agreement with Loutit and Pearce
(9); however, they obtained an even greater number of
recombinants when the cultures were diluted -to 1 X 107
cells/ml. Jacob and Wollman (48) reported an optimal
female to male ratio of 20:1 for conjugation in E. coli.

Holloway (5), for conjugation in P. aeruginosa, diluted both

parents to 5 ¥ 109 cells/ml, mixed equal volumes of the
parental suspensions, and immediately plated 0.2 ml of this
suspensiop. However, in later work (published after com-

pletion of this research), he used 10-20 males per female

(6).

8. Attempted Isolation of Hfr Strains

Since the frequency of recombination obtained with E-4
was low, it seemed wqrthwhile to attempt to isolate an Hfr
mutant of E-4. The procedure, that of Jacob and Wollman
(49), was as follows: A 0.1 ml aliquot of a washed cell
suspension of E-4 was spread on glucose minimal agar and
allowed to grow overmnight. FEach plate of E~-4 was replica
plated onto an amino acid auxotroph freshly spread on’
glucose minimal agar plus streptomyéins colymycin, and
0.005% nutrient broth. Twenty different auxotrophic

strains were used. The plates of E-4 used in replicating



TABLE IV

CONJUGATION WITH VARYING CELL CONCENTRATIONS AND DIFFERING
RATIOS OF FP™ TO FP~ CELLS

29

s of Colonies

T

: N
E-4 control (0.1 ml of 1 X 10t? cell conc.)
PA-1-54 control (0.1 ml of 1 ¥ 10*° cell conc.)

Both Cultures Diluted to 1 X 10}¢ cells/ml:

FP* /FP~ ratio
10/1
1/10

Both Cultures Diluted to 5 X 10° cells/ml:

FP*/FP™ ratio

10/1

5/1
1/1

1/5
1/10

Both Cultures Diluted to 1 X 40° cells/ml:

FPY /FP” ratio

10/1
. 5/1
1/1
1/5
1/10

T

85
117

21

9k
58
L7

78
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were stored at 4°C. From Table V, it can be seen that re-
combination took place between E-4 and the FP strains
PA-1-41, —55; -60, and =72. When recombinant colonies were
found on the amino acid mqtant plates, the corresponding
areas were located on the E-4 plates used for replicating,
and a portion of the growth was removed"io make fresh cul-
tures on nutrient agar slants. These cultures should have
higher concentrations of Hfrs since Hfrs are required for
genefic trangfer_(49). To test for increased numbers of
Hfrs, the mating procedure in nutrient broth was repeated,
However, usiﬁg the information gained earlier, the FP+ and
FP  cultures were first diluted to 1 x 10° cells/ml and a
10/1 female to male ratiokwas used. Resultg are shown in
Table VI. Recombination occurred when "Hfr" 1 was combined
with Holloway's Strain 4-3 or with PA-1-54; "Hfr" 5 with
PA-1-54 and -72 (the latter was questionable due to a heavy
background of very thin growth); "Hfr" 9 with PA-1-5k;

"Hfr" 13 with PA-1-54; "Hfr" 21 with PA-1-72 (again
questionable) "Hfr”.33‘with PA-1-23 and ~54; and "Hfr" 45
with PA-1-23.  (See Table VII for a summary.) It is inter-
esting that the "Hfrs" were picked from areas that indicated
a high frequency of recombination with mutants PA-1~41
(Rro—), —55‘(arg—), -60 (arg ), and -72 (arg ) in an earlier
test; yet when these ''Hfrs'" were tested further, no fecombi—
nation with these particqlar amino acid mutants was found.
However, the marker tramnsferred most frequently in all

experiments was arginine.



TABLE V

CONJUGATION BETWEEN E-4 AND FP™ AMINO ACID MUTANTS IN SEARCH

FOR Hfr MU

1

TANTS OF E-4

31

No. of colonies

-

T

No. of colonies

No. of

Mutant control E<k X FP™ recombinants
PA=1-1 (?) 0 0 0
PA~1-17 (arg™) 0 0 0
PA-1-23 (his™) 0 0 0
PA-1-27 (met™) 2 o] 0
PA=1-41 (pro~) 0 40 Lo
PA-1-54 (arg™) 0 0 0
PA-1~55 (arg™) 0 15 15
PA=1-56 (his~) 0] o] 0
PA=1-60 (arg™) 0 18 18
PA=1-63 (arg™) 0

PA-1-64 (met™) 0

PA-1-72 (arg™) 0 15 15
PA=1=73 (arg“) ‘ 0 0 0
PA=1~75 {(his™) o] 0 0
PA=1=76 (trp~) o ) 0
PA-1-83 (his™) 0 o] 0
PA-=1-555 (leu™, ilv™) 0 0 o}
PA=1-586 (leu™, val™) 1 R -
143 (ser=) 0 0

1-60 (i1v=) 0 0

E-L4 control had no growth.

R indicates reversion of the recipient.
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"TABLE VI
REPEATED CONJUGATION IN SEARCH OF E-4 Hfr MUTANTS

ﬂHfrll

4.2 5 9 13 17 21 35 39 33 37 41 45 47

PA = 1 -

i 00 0 0O 0O 0 0O O O 0 0O O 0 O
17 oo o 0 0 O O 0 2 0 0 0 0 O
23 oo o0 1 0 0 O 0 o 1k 6 0 30 O
27 00 0 9 7 0O 0 0 O © O O O O
k1 o0 0 0 0O 0O 5 0 0O 0 0 0 0 O

56 20 O 102 60 16 6 O O 9 22 3 0O O 2

55 7 6 0 0O 0 0 0 O 0 O O O O O
56 o0 0 0 0 0 0 0 0 ©0 0 0 0 o
60 10 0 0O O 0O O 0 O O O O 0 O
63 00 O 0O 0O O 0 0 O 0 ©0 0 0 O
6L o0 0 0 0 0 0 0 0 0 Q0 0 0 o
72 00 15 0 0 011 O R R R 9 0 O
73 o0 01 0 0 0 0 O O O O O O
75 00 0 O o‘ 0 0 0 0 ©6 0 0 0 0
76 00 O 0 0O 0 0 0 0O 0 P 0 0 O
83 | 0 0 0O 0 o0 b O o0 O O 0 o0 0 O
555 00 0 0 0 0 0 0 0 0 0 0 0 0
586 2 R R R R R R R R R R R R

R
i«g_ 45 0 0O 0 0 0 0 0 & 0O 0 0 o0 &L
1=60 0 O O 0 0O R. R R R R R 0O 0 O

The numbers above are corrected for controls, R indicates
reversion of the recipient.
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TABLE VII

ATTEMPTED ISOLATION OF Hfr STRAINS

1A gt

"Hfr"l | Marker Transferred | B No. of}R;combinants
1 ser (1=3) L5
1 arg (PA-1-5k) 20
5 ‘ arg (PA=1-54) 102
5 - arg (PA-1-72) 15
9 | _ arg (PA-1-54) 60
13 o arg (PA=1-54) o 16
21 arg (PA=1-72) 15
33 his {PA=1-23) 11k
33 . arg (PA=1-54) 22

L5 , his (PA-1-23) . o 30
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Since "Hfrs" 5, 9, and 13 gave relatively high fre-
quencies of recombination, an attempt was made to purify the
"Hfrs" further, again using indirect selection. The proce-
dure was repeated} replicating the "Hfrs" 5, 9, and 13 onto
freshly spread plates of PA-1-54. With each isolation from
a plate and replication onto FP cells, progressively higher

}

numbers of recombinants should be obtained. Results after
incubation for one week are indicated imn Table VIII (a).
”Hfre" 5 and 9 gave greatly decreased numbers of recombi-
nants in comparison with the previous test, while "Hfr" 13
produced.about the same number. Nevertheless; corresponding
recombinant areas on the E-4 plates werexagain picked, the
cells grown, and the procedure repeated. It cam be seen
from Table VIII (b) that no actual Hfr mutants were
isolated. ‘

A last attempt at isolating Hfrs was made. E-4 "Hfrs"
1, 5, 9, 13, 21, 33, and 45 were grown on nutrient agar
slants and 0.1 ml of a washed cell suspension of each was
spread over glucose minimal agar, exposed to ultra-violet
light (15 watt Sylvania germicidal lamp) for 20 sec at 40
cm, and_then ineuﬁated %n the dark. Later, these cultures
were replica plated qnto those amino acid mutants which had
given relatively high numbers of recombinants in a previoﬁs
experiment. (See Table VII,i. No colonies were found on
the plates with the exception qf one on the "Hfr" 33 x

PA-1-54 cross. This inability to obtain Hfrs was shared

by Holloway and Fargie (5) as well as Loutit (36). It
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TABLE VIII

FURTHER ATTEMPTS AT ISOLATION OF Hfr STRAINS

a) Recombination After First Replica Plating

"Hfr! No. of colonies on o No. of Recombinants
P! X PA-1=54

— o 2

5 0 : 0
5 1 ’ 1
9 1 1
9 2 2
13 9 9

13 ’ 12 12

Control plates for Hfr strains and PA=1-54 had no colonies.

b) Recombination After Second Replica Plating

YHfr! No. of colonies on No. of Recombinants
U"Hfy? X PA- 1*54

T T o -

5, 1 | 1
94 L L
9, 1 1
1
93 1
131 2 2
13, o 0
0 0
133
13, ‘ 1 1

Control plates for Hfr strains and PA-1-54 had no colonigs.
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was concluded that Hfrs, if present, may be highly unstable

relative to those in the E. coli system.
B. Transduction Studies of Methionine Biosynthesis

Since Hfr strains had not been isolated, detailed
mapping studies could not be performed using conjugation.
Therefore, it was decided to employ a different system of
genetic transfer, transduction, and the methipnine bi§—

synthetic pathway was chosen forbfurther study.

1. Isolation and Classification of Mutants

Additional methionine auxotrophs were isolated, using
a different mutagen, ethylmethéne sulfonate, for which the
proqedure was given in Chapter TI. Theée @utants and the
previously isolated methionine auxotrophs (a total of 27)
were then grouped on fhe baéis of growth on methionine and
intermediates in the synthesis of methionine. Mutants were
grown on nutrient agar‘slants, and 0,1 ml of a washed cell
suspension of each mutant was used to inoculate 15 ml of
melted glucose minimal agar. These were mixed weil, poured,
and allowed to solidify. Crystals of homoserine,
cystathionine, homocysteine, and methionine were placed in
marked areas on the surface of the plate. From the results
shown in Table IX, there appeared to be two grpups‘of
mutants: PA-1-27, PA-1-64, PA-1-91, PA-1-93, and PA-1-95
with blocks before cystathionine, and PA-1-503, PA-1~506,

PA-1-521, and PA-1-553 with blocks before homacysteine.



TABLE IX

GROWTH OF MUTANTS ON METHIONINE AND INTERMEDIATES

(SOLID MEDIUM)

37

Mutant Homeoserine Cystathionine

—

Homocysteine Methionine

PA-1;27 eam + St ++
PA-1-64 I 4+ ++ et
PA=1=901 s ++ ——— +++
PA~1-93 e ++ - +++
PA~1=905 ecac ++ ——— +++
PA—1-503 ey e ++ ot
PA=1-506 R S . .
PA=1=521 o ' —— ++ oot
PA=1=553 = e ++ +++

mee N0 growth
+ slight growth
_ ++ moderate growth

+++ heavy growth

Plates contained no hack mutation
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Growth of mutants on methionine and intermediateé was
checked further in liquid medium. A 0.1 ml volume of washed
cell suspension was added to glucose (0.5%) minimal medium
containing 0.003% of an intermediate or methionine. Optical
density readings were made at 12, 24, and 48 hr. Results,
shown in Table X, agree with those on solid medium except
that PA-1-91, PA-1-93, and PA-1-95 apparently grew skightly
on homocysteine. The slight growth was not detectable by
the auxanographic method. |

The methionine pathway in E. coli is given in Figure 2.
It is not known whether this pathway is the same in P.

aeruginosa, but from the information above, the inter-

mediates appear to occur in the same order;

Met mutants were then tested for cross-feeding.
Several methods were tried. | |

Cells were grown on nutrient agar slants, and a small
inoculum was remoyed and streaked across plates of glucose
(0.5%) minimal agar comntaining 0;0025% CAA. One mutant was
streaked vertically down the plate, while the other mutaﬁts
were streaked horizontally with care taken not to touch the
inoculum of the other mutants. This method was described
by Hayes (50). All mutants Weré tested in all possible

combinations using the following pattern.



TABLE X

GROWTH* OF MUTANTS ON METHIONINE AND INTERMEDIATES
(LIQUID MEDIUM)

. Homo= Cysta= Homo- Meth-

Mutant serine thionine cysteine ionine Control
PA~1-27 0.046 0,233 0.678 0.846 0.07%
PA~1-6L4 0.039 1,059 0,770 0,912 0.028
PA-1-91 0.030 0,292 0.192 0.699 0,036
PA-1-93 - 0.026 0,240 0,097 0,663 0,032
PA-1-95 0.026 0.308 0,149 0.653 0.029
PA=1-503 0.016 0,032 0,710 1.000 0,016
PA-1-506 0.030 0.036 0.688 0.969 0.027
PA=1=521 0.016 0,022 0.620 0.878 0.027
PA-1-553 0.018 0.053 0.678 0,912 0,040
PA-1 wild 0,770 0.870 0.886 0.903 0,770

type
Incubation was at 37° C,

*0,D,(readings taken at 48 hr at 540 nm.)
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Diagram of Cross-feeding .

The theory involved is as follows: each mutant may excrete
into the medium the intermediate befpre its own block. The
intermediate is then available to the other mutants, but
only those mutants which are blocked before the intermediate
are able to use it, and thus grow, Theréforé, any mutant
which'can‘feed another will have a block in its pathway
after that in the mutant which can be fed. From these data,
an idea of the order of steps in a pathway can beg obtained.
However, poor results were obtained with this technique;
mutants that did not show back mutatioh showed no cross-—
feeding.

Met mutants were again checked for crossﬁfeeding using
the procedure of Pearce and Loutit (38) by first streaking
for isolated colomnies and then emulsifying a single colany
in 1 ml of saline. Mutants were streaked as before on the
same medium. Again no cross-feeding was o?tained.

Fifteen ml of melted glucose minimal agar (1.5% agar)
contaiging 0.0025% nutr%ent broth were seeded with 0.1 ml
of a washed cell suspenéion9 according to the procedure of

Fargie and Holloway (34). This was mixed thoroughly and
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poured intoc a sterile petri dish. Once itvhad’SOIidified,

drops of washed cell suspensioné of the other mutants were

spotted on the surface. Thus, feeding of oné‘mutant by

another could be detected as growth of eifhar the surface

cultures or the embedded cultures;: Again, results were poor,
D. H. Calhoun (personal communication) had been

successful with cross-feeding in Pseudomonas by inoculating

20 ml of melted glucose minimal agar (1.5%) containing
0.1 pg methionine/ml, or 0.025% nutrient broth and 0.005%
yveast extract, with 0.5 ml of washed overnight culture,
allowing to solidify, and spotting, as above, with other
mutanfs, This differs from Fargie and Holleway's Prpcedure
in the amount of mutrient broth and cell concentration
added (both greatly increased). This procedure was followed
using glucose minimal agar plus 0.1 Bk g methionine per ml'tq
tesf met mutanfs. The results obtained are shown in Table
XI.

From cross-feeding data as well as growth on inter-
mediates, it is believed that the most probable arrangemént
of the mutants according to their metabolic blocks is that

shown below.

Homo- 3 Cysta-— 3 Homo- il Meth-
serimne thionine cysteine "' ionine
Z_,/A‘*\* ) ’
- N _ ‘ PR
PA-1-64 PA-1-27  PA~1-553 PA-1-503
PA-1-91 ' PA-1-506
PA-1-93 = PA-1-521
PA-1-95 '

Growth respounse to the available'intermediates in'thé

pathway is the most unequivocal basis for classification of



TABLE XI

CROSS-FEEDING OF METHIONINE AUXOTROPHS.
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M+

+

no growth
slight growth

moderate growth

No back mutation occurred on plates -

Fed By PAr1- R

503 506 521 553 27 6k - 91 93 95

503 - - - - - - - - -
506 - - - - - - - - -
521 - + - - - - - - -
553 & o + = - - - - -
27 + + + + - - - - -
6h % & + + + - - - -
91 + + + & = - - - -
93 + + + i £ - - - -
95 + + + & + - - - -
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mutants requiring methionine for‘growth. vThe;e dqfa (given
in Table X) allowed séparafion of the mutants isolated and
used in the present study into two groups, one capable of
growth on cystathionine, homocysteine, and methipnine and a
- second whiéh grew only on cystathionine and methionine. The
first group is, therefore, blocked in the conversion of
homoserine to cystathionine and the second‘grOup in»the sucw
ceeding step, the conversion of cystathionine to
homocysteine.

The cross-feeding data are in complete agreement with
the division of the mutants into the two majqor groups.
Howeve?, crqsg—feeding data indicate further division of
these groupé into sub-groups. Within the group blocked
after homoserine, PA-1-27 feeds the other four mutants,
PA-1-64, -91, -93, and -95. Within the second group, only
the position of PA-1-521 is questionable, due to its appar-
ent ability to be fed by PAf1—506. Howevey, since PA—1—-5031
-506, and -521 all feed PA-1-553, it seems most reasonable
to place PA-1-521 with the other two (i.e., with PA-1-503

and -506).

2. Grouping of Mutants by Transduction

As has been stated earlier, transduction is one method
of genetic exchange in bacteria. Since it tranéfers only
‘small segments of bacterial DNA, it can be used in fine
structure mapping and elucidating metaﬁolic pathways.

Plate stocks of F116 phage were prepared pon the various
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mutants. However, several mutants (PA-1-64, -91, -g93, -~95)
did not produce plaques. The experiment was run repeatedly
with the same results. Another phage known to produce

plaques on P. aeruginosa (P$-25) was tested om these

mutants with no plaques resulting. Transduction was carried
out with all the possible combinations of the phage-~
sensitive mutants, using eacﬁ as donor and as recipient.
Each mutant was also treated with phage from the wild type
strain.

The transduction techniqué, described in Chapter II,
gave the results shown in Table XII. Conclusions regarding
the linkage of methionine loci are based on comparisons of
numbers of transductants obtained in wild type x mutant and
mutant x mutant crosées (21). Data indicate that all the
methionine mutants are linked. Phage propagated on
'PA—1—503 and -506 and used to transduce PA-1-27 give a few
transductants indicating that perhaps PA-1-503 and -506 are -
not as closely linked to PA-1-27 as are the other mutants,
PA~1-521 and -553. This corresporids to cross-feeding data.
It is unfortunate that transduction studies could not be
done with the other met mutants (PA—1—649 -%91, -93, and
~95) for which data on cross—feeding and growth require-

ments were obtained.



TABLE XII

TRANSDUCTION IN METHIONINE MUTANTS
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- Phie1e27 - Ph=1=303 . PA=1-506 PA-1-521 PA=1=553

Donor ‘ o - A ;

PA=1-27 O 0 0 0 0
PA»1;503 6 0 o) 0 o)
PA=-1-506 5 ‘ 0] 0] 0] 0
PA-1=521 0] 1 0 0 0
PA-1=553 0] o] 0] 0 0
PA=-1 wild 50 57 52 75 Lh

type i

No back mutation occurred on plates.

Numbers given are averages of several tests.




CHAPTER IV
DISCUSSION

Present concepts of genetic exchange systems and
genetic control mechanisms are based primarily on the work

done in Escherichia coli. It is of importance to investi-

gate and develop efficient gemetic transfer systems for

P. aeruginosa. With these, the linkage relationships of

genetic markers and the corresbonding control mechanisms
can be investigated, thus allowing a comparison between mem-
bers of two unrelated bacterial families.

Conjugation studies were first undertaken using
Holloway's mating strains and several amino.aoid
auxotrophic FP  strains in hopes of improving techniques.
‘Temperature and time of incubation as wellvas plating media
were varied with extremely incomnsistent results. When
colonies did appear?‘they frequently were revertants. When
using the same procedures and strains as Holloway, results
similar to his were nefer obtained. For this reason, it is
felt that either the strain was incorrectly identified as
FP+, or had lost the FP factor. Several strains were then
tested with known recipient strains for ability to transfer
prototrophic markers.

Modifications of methods of conjugation were undertaken

b7
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and it was found that diluting the parental cells to 10°/ml
in a ratio of 10 females per male gave the greatest number

of recombinants. A comparison of the frequencies of re-

combination during conjugation in P. aeruginosa oétained in
the present study with those reported by Holloway and Loutit
is as follows: Holloway (3) reported 125 recombinants/10°
parental cells in a strain 1 X sﬁrain 2 cross which is
equivalent to one.recombinant/ﬁ X 108 FP+ or FP~ cells.

With strain E-4, in fhe présent study, one recombinant was
formed per 8 x 10* FP' cells (using figures taken from Table
VII). This is, at best, 50 times greater than the frequency
reported by Ho;loway. When crossing strain 1 with strain 1,
Holloway and Jennings (4) obtained one recombinant per

107 FP* or FP™ cells. However, Loutit and Pearce (9) re-
ported the highest frequency of recombination (using a
strain 1 ¥ strain 1 cross) with one recombinant/500 FP+ or
FP  cells. This:is much greater than the frequency for the
Ft x F crosses in E. coli which has been reported as one
recombinant per 10* or 108 parental cells (8). Loutit

et al. (51) further increased the recombination frequency

to a maximum of 1% through the use of nitrate in nutrient
broth, and by using a second subculture of FP' cells in a
nitrate medium. The frequency at which recombinants are

formed in the B. aeruginosa mating system is very low rela-

tive to the maximum frequency for crosses employing an
Hfr in E. coli (one recombinant/10 Hfr). Until strains

comparable to the Hfr strains are isolated for
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P, aeruginqsa,.efficient mapping of large segments of the
genome will not be possible. |
In the coursé of this investigation, several observa-
tions were made which are of particular interest because
most strains used in screening for donors were clinical
isolates. When searching for an antibiotic contraselective
marker, it was observed that a fourfold increase in
colymycin concentration was necessary in nutrient agar, to
obtain aBsolute killing-of the donor cells. A possible
explanation for this phenomenon came through the work of
Hanus, Sands, and Benmett (52) who tested antibiotic activi-
ty in the presence of washed andbunwashed agar as compared
to activity im nutrient broth. The minimal inhibitory con-
centrafions of certain antibiotics, such as $treptoﬁycin,
were found to be adﬁefsely affected by agar. This inhibi-
tion qf antibiotic activity was believed to be caused by
negatively charged acid and sulfate groups in agar which
reacted w%th the basic groups of the antibiotics. Other
factors wﬁich were shown to reduce antibiotic effects were:
divalent meta%ic cations such as calcium and magnesium
bound tq agar, and traces of growth and stimulating factors
i@ asar‘which alter the sensi?ivity of an organism to an
antiblotic. The use of washed agar often produced minimal
inhibitory concentrations of antibiotics approaching those
in nutrient broth. In a recent paper by Kunin and
Edmondson (53), zanesei‘inhibifion by colymycin and other

antibliotics in various media were increased by replacing
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agar with agarose, a neutral polysaccharide extract of agar
which coﬁtaips less than 0.5% sulféte. Protamine and
toluidine blue were also found to reverse the binding of
constitﬁents inbagar fo antibiotics.

When checking for prototrophic cultures in‘g.

aeruginosa9 it was found that of 49 strains tested, 41 were

prototrophica' Only 6 of thesg were strS while the other 135
were strRo The high number of strR cultures was not sur-
prising since all were isoiated in hospifals or cliniés.
Evaluation and interpretation of data relevant to
linkage of methionimne loci obtained in this study is diffi-
cult because the methods employed for obtaining data are

Variable in their reliability. Cross—feeding in 3.

aeruginosa was difficult to obtéin (as shown by the many
techniques stﬁdied)g an‘dtJ once obtained, was difficult to
score rel;ia'blyw For this reasom, PA-1-521 could be grouped
either with PA-1-553 or PA-1-503 and ;506; It was felt
that PA-1-521 appeared to constitute a third sub-group in
the cysfathionine=hbmoéy5teime block only because of thié
scoring difficulty. The imnability of the auxotrophs to
chSSered may be due to slow excrefion cqupled with a
sensitive feedback inhibition control mechanism such that
a low internal level of the intermediate would be reached
rapidly and would immediately inhibitvfurthe? production.
Autolysis of the cell may be essential for release of
intermediateso |

No difficulties were encountered with growth studies on



51

intermediates or with transduction and the resulting data
are felt to be more reliable than those obtained with
cross~feeding.

In these studies, close linkage was found between all
the mutants which could be used in transduction studies.
These include at least two loci in the methionine biosyn-—
thetic pathway. A more defailed look at all the informa-

tion gathered on this pathway in P. aerugimosa would be

helpful; however, due to the difficuities in methods and
mutants studied, only limited comparisons can be made among
the results reported here, the work of Holloway et al. and
that of Calhoun and Feary. The following diagram may be
helpful in interpreting the data reported for all the
studies. The numbers refer to the position of the metaboelic
block for groups of mutants identified by growth response;

i.e,, mutants able to grow on any intermediate following

the block.
:ml% homo~ _ﬂéi% cysta-— _ 3, homo- \mj;% meth-—
serine thionine ¥ cysteine ionine

In the present study, two cross-feeding sub-groups
were found for both group 2 and group 3. Calhoun and Feary
{(37) identified mutants belonging to groups 2 and 3, but
reported no cross-~feeding data for them. Fargie and
Holloway (34) reported cross—feeding of mutants within a
single groupvwhich'included both group 1 and 2 above.
Therefore, no other cross-feeding data are available for

comparison with those of the present study.
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caihoﬁn énd Feary (37) fepbrted a single linkage.group
for mﬁtants.of'grbuﬁ 3. This agrees with the finding of |
linkage between the two sub-gr§u§s4with this grdup,
' Holloway found no linkage between mutants of his cross-
feeding sub-groups. However, these were not sufficiently
identified to determine Whefher’théy correspond to other
,réportéd'groupsa Calhoun and Feary (37) réported that
groups 1 and 2 are not linked. .This author's data shqw
1inkage between omne subwgroup of group 2 and both subr.
groups of‘gfaup 3. Calhounnand Feary (37),fdundvno lihkage‘
between group 2 and 3. All these data may be consisfent if
Holloway's sub;grouﬁs cérrespond tQ Calhoun;and Feary's sub—‘
groups 1 and 2 and if all the»mutan£s of Caihoun and Feary‘g
group 2 correspond to one of thevsub-groups found in the
.preseht study. -In the abseﬁcé of more complete défa on the
location:of mﬁtants.studied‘by'others, it is impossible to.
cOmpare results more closely. | |

Thegoccurfenceﬂofvtwq sub~groﬁps'with a blpck between
homoserine amﬁ cysféthiwnineg with one'cro§Srfeeding the
other, would seem to suggest‘the pPresence qf:at_leaSt tWQ
enzymatic steps. More than omne enzymé concerned with the

formation of cystathionine from homoserine and cysteine have

been indicated in S. typhimurium (54) and E. coli (55, 56).
Strong evidence has been produéed that 0—succinylhomoserihe
is the intermediate formed in E. coli (56, 57). (See

Figure 2.) The reaction involving two steps is as follows:
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. Succinyl . .
homoserine - ¥ — 0~-succinylhomgserine

cysteine
CoA T i

glucose, ATP

cystathionine -+ succinate. O-acetylhomoserine is the

intermediate formed in Neurospora at this step (57, 58). A

similar reaction could be involved in P. aeruginpsa with
- Z L

either of these or a related compound as an intermediate.
Transduction data indicated that a minimum of two
enzymatic steps involving the conversion of cystathionine to
homocysteine are ched for by closely linked loci or a
single locus. In E. ggliﬁ one enzyme, cystathionine synthe-
tase, sipultaneously cleaves the link betweén'the sulfur
atom and the carbon atom of the three carbon chain of
cystathionine and deaminates the three carbon fragment to
forq homocysteine, pyrﬁvate9 and ammonia (59). However,
before the presence qf one enzyme was confirmed, the possi-
bility of two othef pathways involving two enzymes each was
studied. These possible pathways of cystathionine degrada-

tion were:

cystathionine
synthetase
cystathionine ~—> homoecysteine + serine
serine
deaminase
serine > pyruvate +NH3
or
cystathionine
synthetase
cystathiomnine —y hoyocysteine + alanine
oxidative
deaminase '
alanine > pyruvate + NH

3
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The cross-feeding data obtained in the present study indi-

cate that in P. aeruginosa this rather complex reaction may

involve more than one enzyme.
A considerable amount of additional work is needed

before the methionine pathway in P. aeruginosa can be

defined and the loci mapped. Valid comparisons cannot be
made on the independent studies reported to date due to
limited numbers of mutants used in each case. It would be
desirable to attempt isolation of additional mutants using
various mutagenic treatments to increase the probability of
finding mutants from other growth response groups. Mapping
might be possible using recent advances in conjugation
techniques (36, 51, 60).

The marker for F116 sensitivity may be closely linkéd
to the methionine marker, or the proposed igtermediate may
be essential in the synthesig of the F116 attachment site.
If F116 sensitive mutants énaldgogs to the F116 resistant
mutants cannot be found, another phage might be used for
transduction studies. The potential for transducing these
mutants would allow one to look for abortive transductants
as evidence against a one—-enzyme step.

Enzyme assays qf the various mutant groups would aid
in classifying tﬁe mutants as defective in structural genes
or in control genes since these may or may not map in the
éame region. All of this would be relevant to gaining an

understanding of the linkage relationships and control

mechanisms in B. aeruginosa.



CHAPTER V
SUMMARY AND CONCLUSIONS

This investigation included attempts to develop effi-

cient genetic transfer systems in P. aeruginosa, and a
study of the linkage relationships of methionine genetic
markers. Conjugation studies with known FP" and FP~ strains
gave negative results; therefore, a new FP' donor strain was
sought and found, E-4. Attempted isolations of an Hfr
strain of this donor using the procedure of Jacob and
Wollman (49), however, were fruitless. Optimal conditions
" for conjugation using the double antibiotic-sensitive E-4
donor and dogble antibiotic-resistant amino acid auxotrophs
were found to be: overnight growth of the two parental
strains in nutrient broth at 37@C on a shaker; dilution of
each parent with nutrient broth to 1 X 109 cells per ml;
use of a 1 to 10 ratio of males‘to females; very gentle
shaking in a water bath at 37°C for 1 hr; plating of 0.1 ml
of the mixture on glucose minimal agar containing 100 g
streptomycin/ml, 200 pg colymycip/ml, and 0.005% nutrient
broth.

The frequency of recombination?without an Hfr strain
was felt to be too low for detailed mapping studies; there-

fore, the transfer of genetic material by transduction was

55
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investigated with emphasis on the methionine biosynthetic
pathway. Methionine mutants were obtained by treating the

wild type parental organism, P. aeruginosa strain 1, with

nitrosoguanidine or ethylmethane sulfonate, and subsequent
screening wiﬁh penicillin or carbenicillin and the
Lederberg replica plating technique (45).

The methionine-negative mutants were first character-
ized by growth response on the available intermediates and
methionine both in liquid and on agar. Intermediates tested
were: homoserine, cystathionine, and homocysteine thiolac—
tone hydrochloride. The grouping obtained by growth
response was as follows:

1. PA-1-27, ~64, -91, -93, and -95. These

mutants are able to utilize cystathionine,
homocysteine, and methionine, and thus
contain blocks which prevent the conversion
of homoserine to cystathionine. These were
further subdivided on the basis of cross-—
feeding, with PA-1-64, -91, -93, and -95
all being cross—-fed by PA-1-27.

2. PA-1-503, -506, -521, and -553. These
mutants grow on homocysteine and methionine
only and, therefore, must be blocked at
the cleavage of cyétathionine to form homo-
cysteige, Cross—-feeding studies subdivided
this group with PA-1-553 being fed by PA-1-503

and -506. The placement of PA-1-521 is
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questionable due to ambiguous cross-—
feeding data.

Transduction tests, using the technique of Murphy and
Rosenblum (47)9 confirmed the groupings obta%ned by growth
on intermediates amnd cross-feeding. The transducing phage
used was F116e Data for all phage—-sensitive mutanté indi-
cated linkage of the methionine loci.

" In the first group of mutants, the occurrence of two
subgroups would suggest the presence of at least two
enzymatic steps. These steps could be: homoserine —
intermediate — cystathionine with the intermediate being
O-succinylhomoserine as in E. coli (56, 57),
compound.. Neither the specific defect of each subgroup
nor the intermediate has been identifijied.

In the éecond group of mutants, cross—feeding and
transduction data imdicate that the cystathionine to
homocysteine reaction may iunvolve more than.one enzyme
which if coded for by a single locus or closely linked loci,

The bicsynthetic pathway for methionine in 2.

aeruginosa is concluded to be quite similar to that in

E. coli.
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APPENDIX

IDENTIFICATION OF AMINO ACID MUTANTS

ISOLATED IN THIS INVESTIGATION

Mutant Number Amino AcidvReqyirement
PA-1-85 met

PA-1-86 met

PA-1-87 met

PA-1~-88 met

PA-1-89 : met

PA-1-90 " met

PA-1-91 met

PA-1-92 met

PA—1—93 met

PA-1-94 _ | met

PA-1-95 met

PA-1-96 _  met

PA~1-97 met

PA-1-98 | met

PA-1-99 met

PA-1-502 met, (leu), (ilv)
PA-1-503 | | ~ met, (ilv)
PA-1-504 | | met, (ilv)
PA-1-505 leu, (met)ﬂ (ilv)
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Mutant Number

PA-1-506
PA-1-509
PA-1-510
PA-1-512
PA-1-514
PA-1-516
PA-1-518
PA-1-520
PA-1-521
PA-1-524
" PA-1-526
PA-1-528

PA-1-529

PA-1-534
PA-1-535

PA-1-537

PA-1-539
PA-1-540
PA-1-542
PA-1-544

PA-1-546

PA-1-552

PA-1-553

Amino Acid Requirement

met, (leu), (ilv)
met, (leu), (ilv)
met, (leu)

leu, (met)

met, (leu), (ilv)
ieu, (met), (ilv)
met, (lew), (ilv)
met, (1eﬁ), (ilv)
met

leu, (met)

leu, (met), (ilv)
leu, (met), (ilv)
leu, (met), (his),
(glut), (pro)

leu, (met)

ilv

met, (leu), (ilv),
(trp), (tyr)

leu, (met), (ilv)
met, (leu)

leu, (ilv)

leu, (ilv), (praq)
leu, (met), (his),
(glut), (pro)

leu, (ilv)

met



Mutant Number

PA-1-555
PA-1-556
PA-1-557
PA-1-558
PA-1-559
PA-1-561
PA-1-562
PA-1-563
PA-1-565
PA-1-566
PA-1-567
PA-1-568
PA-1-570
PA-1-574
PA-1-575
PA-1-576

PA-1-577
PA-1~579
PA-1-580
PA-1-581
PA-1-582

PA~-1-583

PA-1-584

PA-1-586
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Amino Acid Requirement

leu,
leu,
leu,
leu,
leu,
leu,
met,
leu,
leu,
met

leu,
leu,

leu

- leu,

leu,

met,

(tyr)

leu

" leu,

leu,

leu,

leu,

leu,

(pro)

leu,

leu,

(met),
(met),
(met),
(met),
(met),
(il&)
(leu)
(i1v)

(met),

(met),

(met),

(met) ,

(met),

(leu),

(met)
(met)
(met)
(isl)

(his),

(his)

(val)

(ilv)
(ilv)
(i1v)
(i1v)

(i1v)

(ilv)

(ilv)

(ilwv)

(ilv)

(ilv)

(i1v),

(glut),



Mutant_Number
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Amino Acid Requirement

PA-1-587
PA-1-588
PA-1-590
PA-1-593
PA-1-597
PA-1-598
PA-1-599

PA-1-603

PA-1-605
PA-1-606
PA-1-607
PA-1-608
PA-1-609
PA-1-610
PA-1-611
PA-1-612
PA-1-61k
PA-1-616
PA-1-619
PA-1-620
PA-1-621

PA-1-622

Abbreviations used:

leu,
leu
leu
leu
leu,
leu,
leu,

val,

(tyr)

leu
met
leu
leu,
met,
leu,
leu
leu
leu,
leu,
leu,
leu,
leu,

lew

glutamic acid;

(val)

(met)
(isl)
(ilv)

(phe),

(met)
(leu)

(met)

(met)
(met)
(met)
(met)

(met)

(trp),

his, histidine;

isl, isoleucine; ilv, isoleucine-valine; leu, leucine;



met, methionine; phe, phenylalanine; pro, proline; trp,

tryptophan; tyr, tyrosine; val, valine,

Parentheses indicate amino acids which alsa allow growth.
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