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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 PNA transfer. Transformation results from the 

incorporation of~ 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-

nee ting 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 th:erefore necessary. only in co:t1jugation. 

Conjugation was first discovered by Lederberg and Tatum 

in 1946 in Escherichia coli K-1.2 (1)o They found that the 

presence of a certain episome confers on a cell the ability 

to transfer genetic material to a cell lacking such an 

episome. The episome was referred to as the fertility or F 

factor; it may exist in two states: autonomous or incorpo-

rated. + In the forrtter 1 the cell is referred to as an F , and 

the episome may pe transferred to recipient cells independ-

ently of the bacterial chromosome. In the latter, the cell 

is called an Hfr (for high frequency of recombination) 

1 
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because o.uring conjugation the transf'er of' bacteria,! 

chromosome is greatly promoted. Each o.f these male forms is 

capable of conversion to the other by mutation (one mutation 

in 106 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 presented in Figure 1 (2). 

In 1955, Holloway ( J) reported a conjugating sys

tem for Pseudomonas aeruginosa which was later shown to be 

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

The infectious fertility factor associated with maleness was 

called pseudomonal fertility factor or FP0 

Holloway and Fargie (5) found that the two fertility 

factors (F and FP) had similar characteristics. The trans

fer of FP is unidirectional; i.eo, FP is transferred only 

from the FP+ donor to the FP recipient. FP is transferred 

with varying degrees ~f efficiency depending on the particu

lar FP+ strain used. At the ~ame time, F and FP were found 

to differ, in that FP is not destroyed by acridine, cobalt, 

or nickel [one except.ion has been noted with nitrogen half 

mustc1.rds ( 6) J,, nor has FP been shown to mutate to a stable 

Hfr form. 

The conjugation system of P. aeruginosa has produced 

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

that in the F+ X F- mating sy~tem (8). However, Lout.it and 
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Pearce (9 1 10) in 1965 reported that a greater efficiency of 

mating was obtained when parental cells were dLJ..l.lted to 

approximately 10 '!!·· cells per ml. They found that mating was 

a variable event susceptible to changes in environmental 

conditionsj 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 syst.em that does not exhibit high variability but 

that is efficient and reliable. Since the best linkage 

data for E. coli have come from the use of high-f:,;-equency or 

Hfr donors, this author, despite negative result~ reported 

by Holloway and Fargie (5)j also sough~ to isolate Hfr 

donor strains of Pc aeruginosa. 

An important feature of ge~etic analysis by conjugation 

is the selection for the inheritance of donor markers amo:q.g 

recombinants; it is necessary to restr.ict the growth of both 

parental strainso A selective minimal medium may be used to 

prevent the growth of the auxotrophic recipient and anti-

biotics may pe included to inhibit the growth of the sensi-

tive donor. Only those cells whic;:h have received the 

necessary biosynthetic information from the donor 

(re~ombinants) will be able to grow. 
:.-:; 

Because analysis of a low-frequency conjugation system 

is difficult 9 transduction studies were aiso used to ana~yze 

linkage of methionine loci in P. aeruqinosa. Zinder and 

Lederberg originally described transduction (11), a process 
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whereby bacterial genetic markers from the ;initial host ce;Ll 

are carried by phage particles to cells subsequently in

fected (12). For these markers to become permanently asso

ciated with the second cell line, genetic repompination must 

take place between the fragment of genetic material trans,

ferred and the host chromosome. Since tn.is fragment repre

sents only a small fraction of the entire eh~omos9me~ 

transduction is not useful for studying the over-all rela

tionship of chromosomal markers. However, it is valuable 

for genetic fine structure analysis, such as intragenic 

mapping. 

The technique of transduction has bee:p. widely expl.o:;i. t~d 

in the study of metabolic pathways. In Salmopella 

typhimurium, Demerec and Hartman (13), and Hjartman (14) 

demonstrated that the groups of loci contrql],ing tryptophan 

;,,i.nd h.istidine biosynthesis ~ respectively, were linked and 

ordered in a ma1~~er corresponding to the reaction sequences 

involved" Based on biochemical and genetic studies, trans

ductional analysis was shown to be capable of distinguishing 

groups of mutants with blocks in different react;ion steps ;in· 

a pathway ( 15) q 

The value of a transducing system for mapping is deter

mined by the length of chromosomal fragment tra11sferred, 

which varies with the phage involved. Lenno:x;: (16), using 

phage Pl with E. coli~ was able to demonstrate co,

transduction of up to four markers. Yanofsky and Lennox 

(17) used the co-transducing properties of this phage in 
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their fine structure study of the loci concer~ed with 

tryptophan biosynthesis in E. coli. 

I~ 1958 Loutit reported a generalized transducing sys-

tem in P. aeruginosa (18)0 Culture filtrates of this 

organism were used to obtain genetic transfer within a 

single strain. 

Transducing phages BJ~ P110, and F~16 were isolated {or 

P. aeruginosa by Holloway and Monk (19), ~nd Holloway et al 

(20)~ Treatment of F116 with ultraviolet radiation led to 

the discovery that this phage could co-tran~du~e linked 

bac~rial markers at measurable frequencies (20, 21). Tbei;se 
.~/·' 

results indicated the suitability of this phage for a fine 

structure study of the P0 aeruginosa chromosome. 

The composite information from conjugation, transduc-

tion, and biochemical studies indicates that, in general, 

E. coli (17i 22i 2J 1 24) 9 Salmonella typh:i,murium (25, 26, 

27), Bacillus subtilis (28 1 29)i a:p.d Sta~hy.;Lq<;!occus aureus 

(JO) show clusteriµg of loci affecting sequential steps in 

certain biosynthetic or degradative pathways. S~ch an 

arrangement does not seem to exist in Neurosp9ra crassa 

(J1 1 32) and_Saccharomyces cerevisiae (33). It has also 

been reported that many functionally related, loci in P® 

aeruginosa are widely distributed throughout the genome. 

Linkage was not found within groups of mutants requiring 

histidinei leucinei arginine 1 tryptophan, me~hionine 1 or 

isoleucine-valine by Holloway 1 Hodgins, a:p.d Farg:i,e (21). 

This report was confirmed in 1965 by Fargie and Holloway 
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(J4) with cysteinej prolinej adenine, and uracil auxotrophs 

tentatively added to the list. Mee and Lee (35), and Loutit 

and Marinus (J6) reported non-li~age of h;i.sti~ine markers, 

while methionine markers were found by Calhqun and Feary 

(37) to be unlinked. There have been a few exce~tions to 

this rule: tw-0 loci controlling the bomoserine-threonine 

pathway and possibly two markers of the tryptophan pathway 

(34); four loci controlling the biosynthesis o;f isoleuciner 

valine (38); and nine loci involved in the b;i.oi;;;ynt;hesis of 

mandelate (39). 

The difference in genetic organization between the two 

groups, those organisms with clustering of related genes and 

those without, is significant because of the type of genetic 

control involved in each. ln the former, the unit of 

metabolic control is the operon (40), but in tbose with 

scattered loci, the me~ns 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 leaist a modif;i.

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

in a 1964 review (26), pointed out that sine~ P. aeruginosa 

and N. crassa show little clustering of genes and are con

sidered to be lower and higher, respectively, tban E. coli 

and ~· typhimurium on the evol.utionary 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. aerug~nosa using both conjug~tion and 
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transduction methods in order to develop ~ore efficient and 

reliable systems of genetic transfer. Li:p,kage of related 

genetic markers was also investigated us:i,ng pr;lmarily those 

from the methionin.e biosynthetic pathway. It was felt that 

by restricting the study to methionine-negative P1Utants of 

P. aeruginosa and by combining the resultf;I of biochemical 

tests with the transduction analysis, information might be 

obtained pertaining both to the steps involved in methionine 

biosynthesis in P. aeruginosa ~nd the degree o{ linkage of 

methionine loci. 



CHAPTER II 

MATERIALS AND METHODS 

Ao Strains of Bacteria 

The organism used throughout these studies was stra:i,n 

1 of P. aeru~i.nosa (designated PA-1), which wal;l kindly sup

plied by Dr. B. W. Holloway, Monash Univers:i,ty, Clayton, 

Australia. This is a female (FP-) strain. Dr. Hollow;;ty 

also supplied the following cultures for use in conjugation 

studies: 1-J6-8c 9 an adeninei leucine requiri:p,g 

(ade leu-) male (FP+) strain; 1-J and 1-60, female (FP) 

strains requiring serine (ser-) and isoleuc:i,ne-valine 

(ilv-), respectively. Other bacterial cultures which were 

tested but were not isolated by the auth0r w~re obtained 

from Dra Glen Bulmer, Medical Research Center, University of 

Oklahoma Medical Schoolo 

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" 

9 
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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: ~a2HPo4 • H20, 8.2 gm; KH2Po4 , 2.7 g1t1; Mgso 4 • 7H20, 

0.4 gm; NH4c1, 1.0 g~; Feso4 , 0.1% solution, 0.5 ml. Agar 

was added at a concentration of 20 gm/L when a solid medium 

was desired. The pl! was adjusted to 7.0 before autoclc;1.ving. 

Glucose was used as the ca:i;bon and energy source at a final 

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 .• Incul;>ation of cultures was normally carried 

out at J7°C on a reciprocal shaker. 

D. Treatment With Mutagens 

1. N-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 A<;lelberg 

et al. (4J) and is as follows: PA-1 cells were grown to 

5-8 X 1oe cells/ml in nutrient brat~. A 10 ml sample was 

filtered through a 47 mm Millipore filter, por,e sizl;l 0.45µ, 

and the cells were washed o~ 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 20µ.g MNNG/ml on a shaker for 2 hr at J7°C. 

The cell suspen~ion was poured off, centrifuged, washed with 

physiological saline (0.85%), centrifuged and ;e~uspended in 

1,0 ml of nutrient broth. This cell suspension was placed on 

a shaker ove:rnight i'lt J7°C. Then the cells were centrif-

uged, resuspended in minimal salts conta~ning no carbon or 

nitrogen source, and placed on a shaker at J7°C for 5 hr. 

2. Ethylmethc;1.ne Sulfonate (EMS) 

V/ 

A modification of the EMS procedure used by J. Necasek 

et al. (44) to obtain auxotrophic mutants was used. The 

method is as follows: PA-1 cells were grown in nutrient 

broth on a shaker at J7°C. The cells were then diluted w~th 

nutrient broth to 3 x 109 cells/ml, and again di.luted 1/J 

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 

resuspend,ing the cells in sc;1.line. To 6 ml of nutrient 

broth, a 0.2 ml inoculum of the treated cells was added, and 

these were allowed to grow to 10 9 cells/ml. Cells were 

then diluted with nutrient broth to 10 6 cells/ml. Six ml of 

diluted cell suspension were centrifuged and washed twice 

and resuspended in 6 ml volumes of M-9 salts (containing no 



ammonia) plus 0.5% glucose 1 and placed on a shaker at J7°C 

for J hr to exhaust the amino acid pools. 

E. Isolation of Mutants 

1. MNNG 

A l/10 dilution was made of the 5-hr cultuve using 

glucose minimal medium cont~ining 50,000 unit~ of 

penicillin/mlo (The penicillin was obtained from 

Calbiochem of Los Ange~es as Penicillin G, Potassium, 

U.S.P.) The penicillin was weighed and add,ed directly to 

the medium. The culture was incubated overnight on the 

shaker at 37@c, then centrifuged, w~shed on.Ge and r~sus-

pended in an equal volume of 0.85% saline. Dilutions of 

10-1 , 10""~ , and 10"'3 were prepared in. saline and O. 1 ml 

amounts'of each dilution and o:f the undiluted susp~n.!:;lion 

were spread with a glass rod on plates of glucqse minimal 

agar plus 0.02% casamino acids (CAA). The plates were 
I 

incubated at J7@Ca The cell suspension was kept ,;it 4°C 

until growth could be scored on the gluco1se plates. The 

dilution giving between 50 and 100 colonies per plate was 

noted and 20 plates of glucose min~mal i'lgar p;J.us 0,02% CAA 

12 

were inoculated by spreading 0.1 m~ of the s~me dilution on 

the surface. Incubation was at J7°C until the colonies we~e 
' 

1-2 mm in diaqieter. The colonies were then replica plated 

by the velveteen pad technique of Lederberg and. ;Lederberg 

(45) onto plates of glucose minimal agar a~d gluqose 
,1 

minimal agar plus o.02%•cAA. Mutants were those which 



formed colonies on glucose plu,s CAA but not on gluc<?se 

alone. These were picke\i individually from plates con-

taining CAA 1 and were checked again for growth on glucose 

and on glucose plus CAA. 

2. EMS 

13 

Carbenicilli:r;t (cx.-carboxybenzylpenicillin) was dissolved 

in O. 05% glucose - M-9 me\iium and then added to the 

6 ml of c~ll suspension to a final concentration of 

50 µ.g/ml. (The carbenicillin was obtained from Beecham 

Research Laboratories, Piscataway, New Jersey). The cul

ture was incub~teq for 7 hr. Dilutions of 10=1 , 10=2 , 10"3 , 

and 10""4 were prepared in sterile sc;1l.ine and O. 1 ml amounts 

o:f each dilution and of the undiluted suspension were spread 

on pl~tes of glucose minimal agar pius 0.1% methionine. 

The cell susp~ns.ion 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 011 

each of 20 plates of glucose minimal agar plus 0.1% 

methionine. After incuba~ion for 24 hr at J7°C, those 

plates we:re replica-plated onto glucose minimal medium and 

glucose minimal plus 0.1% methio:p.ine. 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. 



F. Identification of Mutants 

'J;'he glucose minimal medium q.escribed previously 

(section C) was modified to contain no nitrogen and only 

one-half' the quantity of Na2 ti:Po4 • 7H2 o and KH2Po4 . This 

medium, containing 1.5% agar was poured in 10 ml portions 

into tubes and autoclaved. Cells were washed from a fresh 

(24 hr) nutrient agc;ir slant with 2 ml of saline and 0.1 ml 

of this suspension was ap.ded to each tube of agar before 

pouring into petri dishes. Loopfuls (about 0.05 ml) of 2% 

amino aciq solµtions were placed at marked spots on the 

agar ~urface. Solutions containing groups of related amino 

acids were usec;i first; then the members o.f the groups on 

which the mutants grew were checked individually in the same 

manner;-. In9ubation at J7°C was for 72 hr. Identification 

was confirmed by growth in liquid medium (M-9 plus glucose) 

containing from O.OJ% to 0.5% solution of the required 

amino acid. 

G. Selectiop of Streptomycin-Sensitive 

Prototrophic Cultures 

Cells were washed from a fresh nutrient agar sla:p.t 

with 2 ml of saline and O. 1 ml. of this suspension was spread 

over the surface of glucose minimal agar and replicated onto 

glucose minimal agar and ~lucose minimal agar plus 100 µ g 

streptomycin per ml. (Tn.e streptomycin was obtained from 

Nutritional Biochemicals Corporation, Cleveland, Ohio). 

Incubation was at 37°c for 72 hr. Cultures which formed 



colonies on the glucose minimal but not on glucose minimal 

plus streptomycin were chosen. Colonies from gl.ucose aga:r 

plates were picked individually and checked again on fresh 

media. 

H. Selection of Streptomycin-Resistant. 

Amino Acid Auxotrophs 

15 

The cultures used were amino acid-requiring mutant 

strains isolated previously. Cell suspensions were spread 

over glucose minimal agar plus 0.02% CAA and replicated onto 

glucose minimal agar and glucose minimal agar con~ai.ning 

100 µ g streptomycin per ml and O. 02,% CAA.. Cel.1.s w'hich 

formed colonies only o:n. the streptomycin plates were picked 

and checked further. 

I. Selection of Col.ymycin·-Sensitive and 

Resistant Cultures 

Cell suspensions were spread o:n nutrient a.gar and on 

nutrient agar plus 200 µ g colymycin per ml. Sensitive 

cultures were picked from colonies on nutrient agar plates, 

and resistant cultures were picked from colymycin plates. 

All were checked further before making stock cultures. 

Colymycin ( Colistin) was obtained from Warner-Chi.lcott, 

Laboratories Div., Morrjs Plains, N. J. 



J. Selection of Double Resistance in 

Amino Acid Auxotrophs 

16 

Cells were washed f'rom a fresh nutrient agar slant of a 

streptomycin-resistant culture with 2 ml of saline 1 and 0.1 

ml of this cell suspension was spread on plates of nutrient 

agar plus 200 µg colymycin per ml. Likewise, Oo1 ml of a 

saline suspension of colymyc.in-resista:rtt cells was spread on 

nutrient agar plus 100 µ .g streptomycin per ml. .After incu

bation for 72 hr at J7°C, those colonies which appeared on 

either the streptomycin or colymyci:n plates were picked and 

checked furthero 

K. Grouping of Mutants According to H.esponse 

on Methionine Precur,sors 

Methionine-requiring (met mutant cultures were grown 

on nutrient agar slants, and a washed cell suspension of 

each mutant was vsed to inoculate 15 ml of glucose minimal 

agar ( 1. 5%). The tubes were mixed thoroughly, poured into 

sterile petri dishes and the agar allowed to solidify. 

Crystals of DL-homoserine, DL allo-cystathionine 1 DL

homocysteine thiolactone hydrochlor.ide (Mann Research Lab

oratories, Division of Becton, Di~kinson & Co., New York, 

N. Y.) and L-methionine (Nutritional Biochemicals Corpora

tion, Cleveland, Ohio) were placed at marked points on the 

surface of the plates. After an incubation of 24 hr at 

37°C, mutants were scored and grouped accordin.g to presence 

or absence of growth. These same mutants were tested in 
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liquid mediu.m by adding 0.1 ml of the washed cell suspen

sions to 6 ml of glucose minimal mediurn 9 and glucose plus 

JJ mg/1 of a specific biosynthetic intermediate or 

methionine. Optical density readings were taken at 12, 24, 

and 48 hr. Again mutants were grouped according to growth 

response on i,ntermediates. The results of the two tests 

were compared. 

L. Phage Titration 

The Pse1,1domonas phage broth (20) used was compos1d of 

the following amounts per liter in distilled water: Difeo 

nutrient broth, 8.o gm; Difeo yeast -extract, 5.0 gm'; NaCl, 

5.0 gm. For platings, the bottom layer was made by adding 

11 gm of Difeo agar per liter of broth; plates contained 

~O ml of agar. The top layer was semi-soft and cont.ained 

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-a,, 10 .... 4 , 10 ... 6 9 10-7 , 10- 81 ) 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 layero 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: 0.1 ml of a 
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phage suspension containing approximately 1 X 106 pla,que

forming units (PFU) per ml was plated w~th the desired cells 

as described above. After incub~t:i-cm forr al:;>out 16 hr, 5 ml 

of phage broth were added to each pla~e and allowed to soak 

for JO minutes. This was pipetted off and ce:q.t;i;-ifuged to 

remove the cells-. The supernatant was f:i..ltered through a 

;Millipore filter (HoAo, Oe45µ pore size), and titered on 

wild type cells. This method yields plate stoc~s of F116 

with a titer of tcf "- 1011 PFU/ml. 

N. Transduction 

The transduction technique of' Murphy and Rosenblum (47, 

for Staphylococcus aureus was used with sl~~ht mQdification. 

The plating medium was glucose min:j.mal agar. ceils were 

washed from a fresh nutrient agar slant with 2 m~ of saline 

arid 0.1 ml of this suspension was spread on the a$ar. One 

drop of a phage plate stock was then placed on the surface 

at a marked point~ At least six diff,rent pla~e stocks 

could be testeq on each plate.a Growth was ~cor~d after 

72 hr at J7°C. 



CHAPTER III 

EXPERIMENTAL RESULTS 

A. Conjugati~n Stud~e~ 

1. Amino Acid AuxotroEhs 

Amino acid mutants of PA-1 were obtained through 

treatment with nitrosoguanidine and iden,tified using the 

methods described in Chapter II. (See Appendi~ f~~ a list 

of mutants.) 

2. Conjugation With Donor Strain 1~36~8c 
I 

Using the above mutants and two FP'"" aipino acid mutants 

~upplied by B. W. Holloway, conjugation studies were per

formed with an FP+ strain, 1-J6-8c, a;:l..so donatep. by 

Holloway. Various modifications in Hqlioway's Rrocedu~e 

we;re tried. Since 1-36-Bc required bqth adenine and 

leucine, it was necessary to add aden:,i.ne o;r lel.}.~t:ne to the 

medil,lDl to prevent loss of recombinants due to; the tr1;1.nsfer, 

o:( <;1n adenine or leucine requirement, O;pti,rial, ~rowth of 

1-J6-8c was achieved with 0.05% ade:p.ine and 0.2% 1el.Jcine. 

Time of plating, temperature of incubation, a;nd plating 

medium were varied, but numbers of recpml;>inan,ts were 

extremely low and variable. Such frequenc~es of 
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recombination were consistent with H9lloway's work 

(3, 4, 5, 7). 

J. Antibiotic Senf,\;i..tivity of Strain 1-J6 .... 8c 
;. ' 

Eiince antibiotic seni:d tivi ty is pr,efepa~le for elim:i,.n8r-

tion of donor cells in a cross (as com,aped to n~tritional 

requirements), an attempt was made to find al:'l a:p.tibiotic 

whicb was effective against!· aerugiJ:1.osa f9r Uliie in subse

quent studies. The FP+ strain, 1-~6-,8c, was used to test 

various antibiotics. Cells were grown in nut~ient broth 

for about 4 hr; 0.1 ml of the cell suspensiQn ~as added to 

2.5 ml of Pseudomonas phage soft a:ga,r. Tl';te cells and, agar 

were thoroughly mixed and poured over 10 1111 of solidified 

Pseudomonas phage bottom layer agar~ The top layer was 

allowed to solidify, and commercially prepared antibiot~c 

di,_scs were placed on the S"Q.rface (disc;s were 9btained !from 

the Stillwater Municipal Hospital). As P~J;l. be l!leen f;rom 

Table I, only colymycin definite;l:y preve:p.t~d irowt:ti of the 

FP+ cells. 

Colymycin was obtained, and the confent~at~on necessary 

to inhil;>i t male cell.El was determined first :i,.:q. ;Liquid media 

and then in an agar mediWll. The FP+ ~tra~n used, 1-J6~8f, 

is ade - , l.eu - and chloramphenicol-resista.nt ( chl J;l). When 

testing this organism in liquid defined ~edi~, each tube 

contained M-9 salts plus 0.5% glucos,, 0.05% aden~ne, and 

0.2% leucine. Tab-le Il (a) indicates that 50 µ$ o:f 

colymycin · per ml was sufficient to inh;i.bi t gro.wth 



-TA1lLE I 

11IB EFFECTS OF. VARipUS . AN'rIBIOTIC_S ON PSEUDOMONAS. AERUGINOSA · 1·)6-Bc: 

No Clearing 

1. Altafur·- 50 mcg 

2.. Erythromycin estolate 
(ilosone) - 2 mcg . 

j. .Furazolidone ( furoxone) -
100 mcg 

4. ·Kanamycin (Kantrex) -
10 mcg 

5. Methicillin 
(staphcillin) - 5 mcg 

6. Nitrofurantoin 
(furadatin) - 100 mcg 

7. Nitrof'urazone 
( f'uracin) - 100 mcg 

8. Novobiocin- )0 mcg 

9 •. ·Nystatin (myos:tatin) -
25 units 

10. Oleandomycin 
(matromycin)- 15 mcg 

11. Oxacillin (prostaphlin) -
4 mcg 

12. Penicillin .G - 2 units 

1). Sulfamethoxy-pyridazine 
. (madribon) - 50· ~ 

14. Triacetylol.eandomycin (TA0) -
15 mcg 

15~ 'l'ri:ille Sulfa (sulfadiazine, 
.sul_famethazine · 
sulfamerazine)-- 50. mcg 

16. Vancomycin _(vanococin) -
5 mcg 

Slight Clearing_ 

1 •. Demethylchortetra
cycline (declomycin)

·. jo mcg 

·. 2. Oxytetracycline 
( terramycin) ".'" ,0 'lilcg 

3·. Tetracycline 
(tetracyn) - )0 mcg 

·Mod~ate Clearing 

·1. Sulfamethizole 
(thiosy.lfil) -: 
1 mg. 

~cg: micrograms 
_mg·= milligrams 

Complete Clearin_g: 

1. Colistin (colymycin) -
10_ mcg . · 

units. ,i the __ measured amount of antibiotic 
necessary to cause destructi.on of 
the bacteria 

1st name 
2nd name 

common name. 
·trade name 

N 
~ 



a) 

b) 

c) 
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TABLE II 

DETERMINA'rION OF THE CONCENTRATIQN OF COLYMYCIN NE(ESSAJW 
TO INHIBIT GROWTH OF SENSITIVE.FF+ CELLS 

Colymycin 9 µg/ml 
in M~9 1 ade 2 leu 

0 

5 

10 

50 

100 

Colymycin 9 

in glm::::c"se 
agar, ade 9 

0 

25 

50 

75 

100 

200 

Colymycin 1 

in nut:rdent 

0 

50 

100 

200 

µg/ml 
minimal 
le1.ll 

µg/191 
broth 

Appearance of 
plate at 24: hr 

Heavy growth over ptat~ 

Heavy growth over vlate 

Moderate growth over 
plate 

Isolated colonies ov~v 
plate 

No growth 

No growth 

O.D. Reading 
at 24: l).r 

o.886 

0.54:2 

Q.395 

0.008 

0.009 

Appearance of 
pl,ate at 4:8 h:r 

Same 

Same 

Same 

S1;1.me 

I1;1oiated 
colonies 

No growth 

O.I). Reading 
at 24: hr 

0.653 

o.ott 

0.009 

o.o·u 

O.D. (optical density) rreadings were· taken at 54:o nm. 
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completely. However, when tested in an agar medium a four-

fold increase in the minimal inhibitory concentration was 

required. A washed cell suspension of 1-J6-8c was spread 

on a plate of glucose M-9 ag~r containing adenine, leucine, 

0.005% nutrient broth, and varying amounts qf colymycin. 
I 

Results are given in Table II (b). 

Next, growth was checked in nutrient broth containing 

varying amounts of colymycin to determine whether the 

nutrients or the agar itself were responsible for the in-

crease in inhibitory concentration. Table II (c) indicates 

that 50,µg of colymycin/ml was sufficient for inhibition of 

growth. Apparently, the agar is responsible for the lowered 

effectiveness of colymycin. 

4. Selection of Prototrophic Streptomycin-

S enl5ii ti ve Cul t.ure s 

Since 1-J6-8c gave poor·recombination freq-uencies 1 an 

attempt was made to find a new prototrophic F'P+ strain of 

P. aeruginosa. 

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

tained from Dr. Glen Bulmer, were tested for ab~lity to 

grow on glucose minimal medium; 41 strains grew. 

Before checking for the fertility factor, the strains 

found to be prototrophs were tested for sensitivity to 

streptomycin so that the males would have a contraselective 

marker for conjugat:ton 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 

s Those strains which were streptomycin-sensitive (str) 

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 

s presence of Hfrs in the str strains. The procedure used 

for conjugation studies was as follows: The two parental 

strains were gro'fll separately overnight on a shaker in 

nutrient broth at 37°c. s One ml of a str' culture was added 

to a flask containing one ml of a strR amino ac.:i,.d mutant 

plus 2 ml of nutrient broth. Control flasks contained one 

ml of a strS or strR culture plus 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 µg 

streptomycin/ml and 0.005% nutrient broth. Five days later 

the plates were scored. From the data shown in 'fable III 1 

it appears that E-4 is an FP+ strai.no Conjugation with 

PA-1-54 (arg-) and PA-1-76 (trp-) gave rel,atively high num-

bers of recombinants. With PA-1-1, -27 9 -56 1 -73, and -75 1 

there may have been a low frequency of recombinationo 

Strain E-3 appeared to be inactive as a donor. The one 

amino acid mutant 9 PA-1-1, with which E-J appeared to give 

recombinants had a relatively high rate of back mutation, 



TABLE III 

RECOMBINATION USING E-4 AND E-J AS DONORS 

FP- No. of No. of No. of No. of 
·colonies on colonies on recombinants colonies on 
FP- control E-4 x FP- FP- control 

PA-1-1 17 27 10 

I 
81 

PA...;1-17 2 0 0 2 

PA-1-2J R R - I R 
I 

PA-1-27 11 17 6 I 18 
I 

PA~1-41 R R - I 12 

PA-1-54 1J 40 27 

I 

25 

PA-1-55 0 0 0 0 

PA-1-56 2 11 9 16 

PA-1-6o 0 0 0 ! 0 

PA-1-6J .62 25 0 

PA-1-64 20 10 0 I 8 

PA-1-72 1 1 0 I 1 I PA-1-73 5 14 9 I J 
I 

PA-1-75 1 8 7 I 11 i 
PA-1-76 JO 168+ 138+ 39 

PA-1"'.8J R R - R 

PA-1-555 R R - R 

PA-1-586 R R - l R 

E-4 and E-J controls gave no growth. R indicates reversion of recipient. 

No. of 
colonies on 
E-J x i,p-

105 

2 

R 

19 

0 

25 

0 

9 

0 

5 

J 

1 

7 

20 

R 

R 

R 

No. of 
recombinants 

24 

0 

1 

0 

0 

0 

0 

0 

0 

2 

0 

-0 

0 

{\) 
\;R 



therefore the results were questio:q.al:;>le. 

Strain E-4 was used for further c9njugation studies, 

but to eliminate possible interferen~e l:;>y mutation of E-4 

to streptomycin resistance, another coDrtrfase.;Lective marker 

was necessary. The minimal inhibitory ~pncentration of 

colymycin for this strain was determ:i,ned on ;t1-utr:i,e111,t agc;lr 

plates and found to be 200 µ.g/ml. 

6. Isolation of FP Colymycin-Resistant $trains 

and Doubly Resistant Strains 

At the same concentration of co:I.,ymycin ( ~00 µ .g/m.J..) tJ;iat 

R inhibited growth of E-4 1 coly FP straip.s were isol~ted 

using the method described in Chapter JI. These were then 

used to obtain double resistance (strR coJ,.yR) ;t.n the FP 

cells. The procedure used was given in Chapter II. It was 

necessary to modify this procedure to obtain tqe desired 

mutqnts of Holloway's strains 1-3 and 1-60, i.e., ml;ltants 

resistant to 200 µ g/ml colymycin. The ce.l,l~ w~re tPeated 

with UV radiation prior to plating since no ~po~taneous 

mutants resistant to this level of antibiotic were {ound. 

Doubly resistant mutants were obtaine~ for the following 

amino acid auxotrophs: 

1-3 (ser-) 

1-60 (ilv-) 

PA-1-1 (?) 

PA-1-17 (arg-) 

PA-1-23 (his-) 

PA-1,27 (met""') 

PA-1,-41 ( pi:-o ,- ) 

PAcl-54 (arg-) 

PA-1 ... 55 (arg-) 

FA-1,...,.56 (bis"") 
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PA-1-60 (arg-) PA-1..-75 (bis-) 

PA-1-63 Carg -) PA.-1-76 (trp-) 

PA-1-64 (met-) )?A-1.,..83 (his-) 

PA-1-72 (arg-) ];>A..-1-555 (leu-,, ilv-) 

PA-1-7.3 (arg-) PA-1..-5l;\6 (leu-, val-) 

7. Optimal Conditions for Conjugatiqn 

Conjugation studies were done with E-4 and strR colyR 

amino acid auxotrophs using the procedure des~ribed pre-

+ viously, i.e., placing one ml of a fresh~y grown FP culture 

with one ml ofl a freshly grown FP- culturie plus 2 ml of 

nutrient broth in a flask in a gently ~baking water bath at 

J7°C for op.e hr. A 0.1 ml volume of each tpi;x;tu:rre was spread 
j 

on a plate of glucose minimal agar containing 100 µ~ 
I 

streptomycin/mli 200 µg colymyci;n/ml, and 0.005% nutrient 

broth. (Hereafter, all media containing streptomyci~ and 

colymycin will be at these concentrc:1.tions.) ;I:nitia~ly, 

optimal cell concentrations were cbecke<J. alon.g w;i.,th the 

effect that different ratios of FP+ to fP'"" cells mig",l:l.t pro ... 

duce on recombination frequencies. Strai~s E-4.and PA-1-54, 

a combination known to produce recom'binants (Tabl,e J;I;I) were 

grown in nutrient broth, and ec:1.ch was diluted to 1 X 1010 , 

5 x 109 ' and 1 x 10 9 cells/ml. The latter two coneentra-
' 

tions were tested at male to female ratios of 10/1, 5/1, 

1/1, 1/5, and 1/10; however, the first cqncentration, 

1 X 1~0 cells/ml, was tested only at~th• ~atios J0/1 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 TV, it appeared that a cell concentration of 

1 x 109 with 10 times more females than males gave the best 

recombination. This is in agreement with Loutit and Pearce 

(9); however, tµey 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 1 diluted both 

parents to 5 x 109 cells/ml, mixed equal volumes of the 

parental suspensions, and immediately plated 0.2 ml of this 

suspension. 
. I 

However, in later work (published after com-

pletioµ 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 worthwhile 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 overnight. Each plate of E-4 was replica 

plated ont~ an amino acid auxotroph freshly spread on 

glucose minimal agar plus streptomycin 9 colymyc.in 9 and 

0.005% ~utrient broth. Twenty different auxo·trophic 

strains were used. The pli;'ltes of E-4 used in .replicating 



TABLE IV 

CONJUGATION WITH VARYING CELL CONCENTRAl'IONS ANQ DIFF;ERI;NQ 
RATIOS Of FP+ TO FP- CELLS 

29 

No. of Coloni!:!S 

E-4: control ( 0 .1 ml of 1 X tol Q eel i cone.) 

PA-1 ... 54: control (0.1 ml of 1 X 1o1° ceU cone.) 

Both Cultures Diluted to 1 X 1oi 0 cells/ml: 

FP+/fp- ratio 

10/1 

· 1/10 

Both Cultures Diluted to 5 X 109 cellEi/ml: 

10/1 

5/1 
1/1 

1/5 

1/10 

Both Cultures Diluted to 1 X 109 cells/ml: 

J;i'P+/FP"" ratio 

10/1 

5/1 

1/1 

1/5 

1/10 

0 

0 

0 

85 

117 

0 

21 

7 

94 

58 

4:7 

78 
TN'IC 
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were stored at 4°c. From Table V, it can be E1een that re-

combination took place between E-4 a:q.d the FP strains 

PA-1-4:J., -55, -60, and ---72. When rei;ombinant colonies were 

found on the amino acid mutant plat~s, th~ co.rre~ponding 

areas were located on the E-4 plates used for replicatin~, 

and a portion of the growth was removed·· tQ ma~e fresh cul..-

tures on nutrient aiar slants. Tllese culturel;! sho-uld have 

higher concentrations of Hfrs since ttfrs ~re required for 

genetic transfer (49). To test for increa~ed numbe~s ~f 

Hfrs, the mating procedure in nutrient broth was repeated~ 

However, using the information gained earlier, the Ji'P+ and 
. I 

FP- cultures were first diluted to 1 X 109 cells/~! an(! a 

10/1 female tq male ratio was used. Results are shown in - . .\' 

Table VI. Recombination occurred when ":Elfr" 1- was combined 

with Holloway's. strain 1-:-3 or with PA-1-54; "~fT" 5 with 

PA .... 1-54 and -72 (the latter was questionable due to a heavy 

background of very thin growth); "Hf:rr" 9 with PA ...... 1-54; 

"Hfr" 13 with PA-1-54; '1Hfr" 21 with PA-1,-'72 ( c:1,gain 

questionable); "Hfr" . .3.3 with PA-1-23 and .,,..54; and ":Elfr" 45 

with !'A-1-23. (See Table VII for a summary.) It is ;inter-

esting that the ''Hfr1;1" were picked from areas that indicated 

a high frequency of recombination with mutants PA-t-4i 

(pro-), -55 (arg-), -60 (arg-), c;tnd -72 (arg-) in an earlier , . 

testj yet when these !!Hfrs". were tested furth~r, no recombi-

nation with these particular amino acid mutantE1 was found. 
. ' 

However, the marker transferred most frequently in all 
\ ' 

experiments was arginine. 



TABLE V 

CONJUGATION BETWEEN E,..4 AND FJ?'"" AMINO ACIP .MUTAN'l'S IN SEARCB 
FOR Hfr MUTANTS OF E-4 

No. of colonies No. of qQlonies No, 

31 

of 
Mutant on FP;.;.; control E.,.4 X FRi- re~oml;>:ij.nants 

PA-1-1 (?) 0 0 0 

PA ... t-17 (arg-) 0 0 0 

PA-1-23 (his.,.) 0 q 0 

PA-.1-27 (met-) 2· 0 0 

PA-t-,.41 ( pro-) 0 40 40 

PA-1-54 (arg-) 0 0 0 

PA-;1..-55 (arg-) 0 15 15 

PA .. 1 ... 56 (his-) 0 0 0 

PA-.1-60 ( a;rg"'") 0 18 18 

PA .. :1..,..63 (arg-) 0 0 0 

P.f\.-1-,64 (met-) 0 J 3 

PA-1-72 (arg-) 0 1-5 15 

PA.,.1-.73 (arg-) 0 0 0 

PA ... 1 ... 75 (his-) 0 0 0 

PA-1-76 (trp-) 0 0 C) 

PA-1-83 (his:"") 0 0 C) 

PA""1-555 (leu-, ilv-) 0 0 0 

PA-1-586 (leµ-, val-\) '! R -·. 
1,.3 ( ser"") 0 0 0 

1-60 (ilv-) 0 0 a 

E-4: control had no growth. R indicates reversion o;f the :n~cipi!;mt. 
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TABLE V:): 

REPEATED CONJUGATION IN SEARCH QF E-4 Hfr MUTANTS 

"Hfr" -
1 2 5 9 13 17 21 25 ~9 33 37 41 45 47 

I IJ! I I 

PA ... 1 -
1 0 0 co 0 0 0 0 0 0 0 0 0 0 0 

17 0 0 0 0 0 0 0 0 2 0 0 0 0 0 

23 0 0 0 1 0 0 a 0 0 114 6 0 ~o 0 

27 0 0 ·o 9 7 0 () 0 0 (') 0 0 0 0 

41 0 0 0 0 0 0 5 0 0 0 0 0 0 0 

54 20 0 102 60 '.1,6 6 0 0 9 2~ 3 0 0 2 

55 7 6 0 0 0 0 0 0 0 0 0 0 0 0 

56 0 0 0 0 ·O 0 0 0 0 0 0 0 0 0 

60 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

6) 0 0 0 0 0 Q 0 0 0 0 0 0 0 0 

64, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

72 0 0 15 0 0 0 t5 0 R R R p 0 0 

73 0 0 0 11 0 0 0 0 0 0 9 0 0 0 

75 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

76 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

83 0 0 0 0 0 0 0 0 p 0 0 0 0 0 

555 0 0 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 

1 ... , "'' 0 0 0 0 0 0 0 4, 0 0 C) 0 4 

1-60 0 0 0 0 0 R R R R R ;R 0 0 0 

The numbers above are corrected for cont:irC!>l s ~ R indicate~ 
reversion of the recipient. 
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TABLE VII 

ATTEMPTED ISOLA'rION OF Hfr STRAINS 

11Hfr11 Marker Transf~rred Np~ 9f Recombinants 

1 ser ( 1-J) li:5 

1 arg (PA..,.1-54:) 20 

5 arg (PA-1-5li:) 102 

5 arg (PA-1.,.72) 15 

9 a.rg (PA-1 ... 5lt) 60 

13 arg (PA-1-54:) 16 

21 arg (PA-1-72) 15 

33 his (PA-1-23) 114: 

33 arg (PA-1sa-54) 22 

li:5 his (PA-1-23) 30 



Since "Hfrs" 5, 9, and 1.3 gave relatively high fre-

quencies of recombination, an attempt was made to purify the 

"Hfrs" further, aga'in using indirect selection. The proce-

dure was repeated, replicating the "Hfrs" 5, 9, and 13 onto 

freshl~ spread,plates of PA-1-54. With each isolation from 

a plate and r~plication onto FP cells, progressively higher 

numbers of recombinants should be obtained. Results after 

incubation for one week are indicated in Table VIII (a). 

"~frs" 5 and 9 gave greatly decreased numbers of recombi-

nants in comparison with the previous test, while "Hfr" 13 

proqu~ed about the same number. Nevertheless, corresponding 

recombinant areas on the E-~ plates were again picked, the 

cells grown, and the proqedure repeatE)d. It can 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 incubated in the dark. Later, these cultures 

were replica pla,ted onto those amino acid mutants which had 

given relatively high numbers of recombil;lants in a previous 

experiment. (See Table VII.) No colonies were found on 

the plates w;Lth the exception of one on the "Hfr" JJ X 
I 

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 STRA::t;NS 

a) Recombination After First Replica Plating 

11Hfr11 No. of colonies on Np. of Recombinants 
HHfril x PA-:1,-54 

5 0 0 

5 i i 

9 1 ;I. 

9 2 ? 

13 9 9 

13 12 12 

Control plates for Hfr strains and PA-1-54 hjicl no co],oni~s. 

b) Recombination After Second Replica Plating 

"Hfr 11 No. of colonies on No. o:f Recoml;>inants 
VVHfrH X PA""'i-54 

51 1 1 

91 4 4 

92 1 1 

93 1 1 

131 2 ? 

132 0 0 

'!33 0 0 

134: 1 1 

Control plates for Hfr strains and PA~i-54 had no coloni~s. 
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was concluded that Hfrs, if present, may be highly unstabl~ 

relative to those in the E. coli system. 

B. Transduction Studies of Methionine Bio~ynthesis 

Since Hfr strains had not been isol-ated 1 detailed 

mapping studies could not be performed using ~o~jugation. 

Therefore 1 it was decided to employ a different system of 

ge;netic transfer 9 transduction, and the methio~ine bio-

synthetic pathway was chosen for fu~ther study. 

1. Isolation and Classification of Mutant~ 

Additional methionine auxotrophs were isolated, u~ing 

a different mutagen 9 ethylmethl:lne sulfonate, foJ:' wni~h the 

procedure was given in Chapter II. Thesf;l mutants an(\ the 

previously isolated methionine auxotrophs (a tqtal of ~7) 

were then grouped on .the basis of $rowth, on methioni;ne ancl 

intermediates in the synthesis of methioni~e. Mutants were 

grown on nutrient agar slants, and o •. 1 ml- of a washed cell 

suspension of each mutant was used to ino~ulate 15 ml of 

melted glucose minimal agar. These were mixed well., poured, 1 

and allowed to'solidify. Crystals of hom~serine, 

cystathionine, homocysteine, and methionine were pl.aced in 

marked areas on the surface of the plate. From the results 

shown in Table IX, there appeared to be two groups. 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 1 PA-t-506, 
j 

PA-1-521, and PA-1-553 with blocks before homocy~teine. 



TABLE IX 

GROWTH OF MUTANTS ON METHIONINE AND '.IN'.l.'ERMEDIATES 
(SOLID MEDIUM) 

Mutant Homoserine 

PA-1;..27 ~~ .... 

PA-1F'64: 

PA-1-91 

PA-1 ... 93 

PA .... 1-95 

PA-1.-503 

PA ... 1 ... .506 

PA .. 1-521 

PA-1-553 

no gri;:iwth 

+ slight growth 

++ moderate g~owth 

+++ heavy growth 

Cystathionine 

+ 

++ 

++ 

++ 

++ 

¥"fl' .... 

_.., .. 
...... -

Platea contained no back muta:tion 

IiomQcy~teine 

. ++ 

++ 

.,..~-

-.,.~ 

,---

++ 

++ 

++ 

++ 
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Methionine 

+++ 

+++ 

+++ 

+++ 

+++ 

+++ 

+++ 

+++ 

+++ 
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Growth of mutants o,n methionine and intermed;i.ates 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, ~nd 48 hr. Results, 

shown in Table x~ agree with those on solid medium except 

that PA-1-91~ PA-1-93 1 and PA-1-95 appar~ntly Jr~w s\ightly 

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 sam~ inf· 

aeruginosa, but from the information above, the inter-

mediates appear to occur in the same order • 
. l 

Met mutants were then tested for cro$s-f'eed;i.ng. 

Several methods were tried. 

Cells were grown on nutrient agar slants, and a small 

inoculum was removed and streaked across plates of glucose 

(0.5%) minimal agar containing 0.0025% CAA. One mutant Wi:\S 

streaked vertically down the plate, while ~he other mutants 

were streaked horizontally with care taken not to touch the 

inoculum of the other mutants. This method was described 

by Hayes (50). All mutants were tested in all possible 

combinations using the following pattern. 



Mutant 

PA-1-27 

PA-1-64 

PA=i-91 

PA-:l-93 

PA-1-,95 

PA-1-503 

PA.,-1-506 

PA-1-521 

PA=1=553 

PA-1 wild 
type 

TABLE X 

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

Homo- Cysta= Homo- Meth= 
i,:erine thionine cysteine ionine 

0.046 0.233 0.678 Oa846 

0.039 '.!,0059 0.770 Oa912 

0.030 00292 0.192 0.699 

0.026 0.240 00097 0066.3 

0.026 0.308 00149 0,653 

0.016 0.032 00710 LOOO 

0.030 0.036 00688 0.969 

0.016 Op022 0.620 0.878 

0.018 0.053 Q.678 00912 

0.770 0.870 Oa886 0.903 

Incubation was at 37° c. 

*O.D.(readings taken at 48 hr at 5L.i,o nmo) 
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Control 

0.071± 

0.028 

0.036 

0~032 

0.029 

00016 

0.027 

00027 

0.040 

0.770 



S-S 
I I 

cystine 

CH=O 

~H2 
yHNH2 
COOH 

t >Pyruvate + NH3 
Pyridoxal P04, 

homocysteine 

OH-.methyl~THFA 
ATP 

r- B12 
NADH 

iH3 
I 

\H2 
CH? 

~ ,:a., 

CfH?IJ11 2 
COOH 

3 enzymes 

methicmine 

Fig1.:ore 2o Methionine Pathway in Escherichia <:;q;I.i _.,.......,.. 
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Diagram of Cross-feeding 

The theory involved is as follows: eac~ mutant may ~xcrete 

into the medium the intermediate be{ore ~ts 0¥11, block. T~e 

intermediate is then available to the ot~er mµtants, but 

only those mutants which are blocked before the intermediate 

are able to use itj and thus grow. Therefore, any mutant 

which can feed another will have a block in its pathway 

after that in the mutant which can be fed. Frpm these data, 

an idea of the order of steps in a pathway can b~ obtained. 

However 1 poor results were obtained with thi~ tephnique; 

mutants that did not show back mutation show~d no cross

feeding. 

Met mutants were again checked ~or c~os~~{ee~i~g using 

the procedure of Pearce and Loutit (38) by first ~treaking 

for isolated colonies and then emu.;t.si:fying a ~in~;te colony 

in 1 ml of saline. Mutants were st:i;-eaked as before on t;h~ 

same medium. Again no cross-feeding was obtained. 

Fifteen ml of melted glucose minimal aga~ (1.5% agar) 

containiµg O. 0025% nutrient brocth were see~ed with O .1 ml 

of a washed cell suspension 1 according to the procedure of 

Fargie and Holloway (J4). This was mi~eq thorougbly and, 
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poured into a sterile petri dish. Once it had·solidifj,eq, 

drops of washed cell suspensions of the other mutants were 

spotted on the surface. 'l'hus, feeding of o;ne mut{lnt by 

another could be detected as growth of eithpr the surf~ce 

cultures or the embedded cultures.· Again, resul. ts were poo::r ! 

D. H. Calhoun (personal communiqation) had been 

successful with cross-feeding in Pseudomonas by inoq~lati~g 

20 ml of melted glucose minimal agar (1.5%) ~ontai•ini 

0.1 µg methionine/ml, or 0.025% nutrient broth and 0~005% 

yeast extract, with 0.5 ml of washed over;ni$ht eutture, 

allowing to solidify 9 and spotting, as above, with other 

mutants. This differ~ from Fargi<'il and Hol\9way's procedure 

in the amount of nutrient broth and cell CQ~~entration 

added (both greatly increased). 'l'his proced,~re was fc;>llowe<;l 

using glucose minimal agar plus 0.1 µg methiQnine per ml to 

test met mutants. The results obtained are shqwp. in Table 

XL 

From cross-feeding data as well as gl;"owth on inter-

mediates, it is believed that the most pro~able arrangement 

of the mutants according to theirmetabol,.ic bloc~s is that 
l 

shovm below. 
I 

Homo- ) Cysta- ) Homo-
serine ._..A__ th:ionine cysteine r ·~ ~ r ___ .-A.... ___ _,...._,_,.........,, 

PA-1-6'± PA-1-27 PA-1-553· PA-1-503. 
PA-1-91 PA-1-506 
PA-1-93 PA~t-521 
PA-1-95 

I I ) 
Meth

ionine 

Growth response to the available intermedia~es i;n the 

pathway is the most unequivocal basis fp:i; qlassif:i,.cation o:f 
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TABLE XI 

CROSS~FEEDING OF METHIONINE AUXOTROP~S 

Fed By PAr1.'T" 

50.3 506 521 553 27 64 91 93 9.5 

503 .... 

506 !"" 

521 + '!" ,.. 

553 + + + ,.. ,,. 

27 + + + + .,. ... 

64c :t ± -. + -!,- 'T" 

91 + + + ::!; . ;!. .,. 

93 + + + ± ± .... 

95 ·+· + + ± ± 

- no g:irowth 

;±; sl.ight growth 

+ moderate growth 

No baci~ mutation occurired on plates 
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mutants requiring methionine for gro¥th. These d~ta (given 

in Table X) al.lowed separation of the mutants iso!~ted and 

used in the present study into two groups, one capaple of 

growth on cystathionine, homocysteine, and methipnin~ and a 

second which grew only on cystathionine a~d ~~thionine. The 

first group is 9 therefore, blocked in the conversion of 

homoserine to cystathionine and the second group in ~he sue~ 

ceeding step 9 the conversion of cystathionine to 

homocysteine. 

The cross-feeding data are in complete a~Feement with 

the division of the mutants into the two ~E!.jq:r groups. 

However, cros~-feeding data indicate further division of 

these groups into sub-groups. Within the gpoup blocked 

after homoserine 9 PA-1-27 feeds the other ;four muta:rits, 

PA-1-649 -91 9 -93 9 and -950 Within the secend group, only 

the position of PA-1-521 is questionable, due to ;its appar

ent ability to be fed by PA-1-506. HoweveT, sinf~ PA-1-503, 

-506, and -521 all feed PA-1-553, it seems most re~so~able 

to place PA-1-521 with the other two (i.e., with PA-t~50J 

and -506). 

2. Grouping.of Mutants by Transduction 

As has been stated earlier, transductioµ is one method 

of genetic exchange in bacteria. Since it transfe~s only 

small segments of bacterial DNA, it can be used i~ f:i,.l).e 

structure mapping and elucidating metabolic pathways. 

Plate stocks of F116 phage were prepa~ecl pn the v~r:i,.ous 
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mutants. However, several mutants (PA-1-64, ..,91, -93, -·95) 

did not produce plaques. The experiment was run repeatedly 

with the same results. Another phage know.n to produce 

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

mutants with no plaques resulting. Tranf:,duction was carried 

out with all the possible combinations of the phage

sensitive mutants, using each as donor and as recipient. 

Each mutant was also treated with phage from the wild type 

stra;i.n. 

The transduction technique, 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 crosses (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 corresponds to cross·-feeding data. 

It is unfortunate that transduction studies could not be 

done with the other met- mutants (PA-1-64, -91, -93, and 

-95) for which data on cross-feeding and growth require

ments were obtained. 
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TABLE XII 

TRA.NSDUCTION IN METHIONINE MUTANTS 

· PAia.i-27 PA=1.-50J PA-1-506 :PA-1.,..521 PA-t..,553 

Dono:r 

PA-1-27 0 0 0 0 0 

PA=l-503 6 0 0 0 0 

PA-1-506 5 0 0 ('.) 0 

PA-1=521 0 :!. 0 0 0 

PA-1-553 0 0 0 0 0 

PA.-1 wild 50 57 5~ 75 44 
type 

No bac..J.\': mutation occurred on plates. 

Numbers given are ave:ir'ages of several tests. 



CHAPTER IV 

DISCUSSION 

Present concepts of genetic exchange systems and 

genetic control ~echanisms are based primarily on the work 

done in Escherichia coli. It is of importa:p.~e to investi-

gate and develop efficient genetic i:raµsfe~ systems fqr 

Po aeruginosa. With these, the linkage relat~pnships qf 

genetic markers and the corresponding Gontrol ~echanisms 

can be investigatedi thus allowing a comparisq~ ~~tween mem

bers of two unrelated bacteri.al families. 

Conjugation studies were first underta~en using 

Holloway's mating strains and several aminq acid 

auxotrophic FP- strains in hopes of improving techniques. 

Temperature and time of incubation as well as plati:p.g media 

were varied with extremely inconsistent results. When 

colonies did appear 9 they frequently were revertant~. When 

using the same procedures and strains as Holloway, res1,1lts 

similar to his were never obtained. For this ~eason, it is 

felt that either the strain was incorrectly ident~fied as 

FP+, or had lost the FP factor. Several strain~ weFe then 

tested wit;h known recipient strains for ability to trc;1.nsfer 

prototrophic markers. 

Modifications of methods of conjugc;li:;:i.on wel;'e u:p.derta~en 

47 
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and it was found that diluting the parental cells to 109/ml 
I 

in a ratio of 10 females per male gave the greatest number 

of recombinants. 
.. I 

A comparison of the f~equencies of re-

combination during conjugation in P. aeruginosa obtained in 

the present study with those reported by Holloway and Loutit 

is as follows: 
I 

lfolloway ( 3) reported 125 recombinants/10 9 

parental cells in a strain 1 X strain 2 cross which is 

~ + -equivalent to one recombinant/4 x 1v" FP or FP cells. 

With st:rain E-4, in the present study, one recombinant was 

formed per 8 X 104 FP+ cells (using figures taken from Table 

VII). This is, at best, ~O times greater than the frequency 

reported by Ho.;tloway. When crossing strain 1 with strain 1 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 X strain 1 cross) with one recombinant/500 FP+ or 

FP cells. Thi,s is much greater than the frequency for the 

+ . -
F X F crosses in E.coli which has been reported as one 

recombinant per 101 or 10 6 parental cells (8). Loutit; 

et al. (51) further increased the recombination frequency 

to a ma~imum 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 P. aeru~inosa mating system is very low rela-

tive to the maximum frequency for crosses employing an 

Hfr in E. coli (one recombinant/10 Ilfr)o Until strains 

comparable to the Hfr strains are isolated for 
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P" aeruginqsa, efficient mapping of large seg'1tents of the 
I 

genome will not be possible. 

In the course of this investigation, several observa-

tions were made which are of particular interest because 

most strains used in screening for donors were clinical 

isolates.. Wben ,searching for a.n antibiotic contr~selective 

marker, it was observed that a fourfold increase in 

colymycin concentration was necessary in nutrient aga~ to 
.J. 

obtain absolute killing of the donor cells. A possible 

explana·tion for this phenomenon came throqgh tbe work of 

Hanus, Sands, and Bennett (52) who tested antibiotic activi-

ty in the presence of w~shed and unwashed agar as c9'1\pared 

to activity in nutrient broth. The minimal inh;i.b;i,.toTY con-

centrations of certain antibiotics, such as ,treptQmycin, 

were found to be adversely affected by agar. 1bis inhibi-

tion of' antibiotic activity was believeq. to be caused by 

negatively charged acid and sulfate groups in agar which 

:reacted with the basic gro·ups of the antibiotics, Other 

f~ctors which were shown to reduce antibiotic effe~t, were: 

divalent meta~ic cat:io:n.s such as calcium and 11\P.gnesipm 

bo1uid to aga:r, and t.rac es of growth and stimulating tac tors 

in agar which alter the sensi'!;ivity of an org~n;i.sm ~o an 

antibiotic. '!'he use of washed agar often produced minimal 

inhibitory ,H,nce:n:t:rations of antibiotics approaching those 

in nutrient broth. In a recent paper by Kunin and 

Edmondson ( 5.3) ~ zones ip:f i.nhibi tion by colymycin and other 

antibiotics in various media were increased by replacing 
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agar with agarose, a neutral polysaccharide extra~t of agar 

which contai;ns less than 0.5% sulfate. Protamine and 

toluidine blue were also found to reverse the binding of 

constituents in agar to antibiotics. 

When checking for prototrophic cultures in P. 
-,-

aeruginosa 9 it was found that o,f 49 strains tested, 41 were 

prototrophico Only 6 of these were str5 while the other 35 

R R were str" The high number of str cultures was not sur .... 

prising since all were isolated in hospital~ or clinics. 

Evaluation and interpretation of data relev~nt to 

linkage of methionine loci obtained in this study is diffi-

cult because the methods employed for obt~ining data are 

variable in their rel.iabili ty o Cross-feed:j.ng ,in P. 
I .,.... 

aeruginosa was difficult to obtaj.n (as shown by the man,y 

techniques studied), and 9 once obtained, was difficult to 

score re1.iably. For this reason, PA-1-521 coulQ. be .$rouped 

either with PA-1-553 or PA-1-503 and -506. It was f1elt 

that PA-1-521 appeared to constitute a third, sul:;>-g:rroup in 

the cystathionine-homocysteine block only because of t~is 

scoring difficulty" The inabil.i ty of the a,uxotropbs to 

cross-feed may be due to slow excretion couplijd wj_th a 

sensitive feedback inhibition control mecha:Q.ism i;iuch that 

a low internal level of the intermediate woul4 ~e ~eached 

rapidly and would immediately inhibit furthez: produ~1;ion. 

Autolysis ot the cell may be essential fo~ release of 

intermediates0 

No difficulties were encountered with growth stud,ie~ qn 
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inter:medi.ates or with tra:nsduction and the resulting data 

are felt to be more reliable than those obtained with 

crqss-f'eedi.ng. 

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 detailed look at all the informa-

ti.on gathered on this pathway in P. aeruginosa would be 

helpful; howeveri due to the difficulties in methods and 

mutants studied, only limited comparisons can be made among 

the results reported here 9 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 metabolic 

block for groups of mutants identifi.ed by growth response; 

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

the block. 

homo
serine 

cysta
thionine 

3 
- ~ 

homo
cysteine 

.~,4-~ meth
ionine 

In the present study, two cross-feeding sub-groups 

were found for both group 2 and group J. Calhoun and Feary 

(37) identified mutants belonging to groups 2 and .3, but 

reported no cross-feeding data for them. Fargie and 

Holloway (J4) reported cross-feeding of mutants within a 

single group which 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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Calhoun and Feary (37) reported a sin~le li,nkage group 

for mutants of'· group 3. Th.is agrees with the f;i.ndtng of 

linkage between the two sub-groups.with this group~ 

Holloway found no linkage between mutants of bis cross-

feeding sub-groups. Holfever, these were not su:f:f;l<;iE;lntly 
. . . ' 

identified to determine whether they correi;;vor,i.d to other 

reported groups" Calhoun and Fea:t'y (37) report~d that 

groups 1 and 2 are not linked,. This author's data i;;ho.w 

li.nkage between one sub-group of group 2 an,d bqth sub.-

groups of group Jo Calhoun and Feary (37) founq. n,.o linkage 

betwe,en group 2 and Jo All these data may be consistent if 

Holloway's sub-groups correspond to Calhoun and feary's sub-, ,;· 

groups t and 2 and .i.f all the mu,tants of Calhoµn and Feai;-y' r3 

group 2·correspond to one of the i;;ub-groups fou;n.d ;i.n the 

present studyo Tn the absence of more complet«r dilta on the 

location of mutants studied by others, it i~ im:possibl,e to 

compare results more closelyo 

The, occurrence" of' two1 sub-groups with a bl~ck between 

homoserine and cystathionine ~ wi,th one cross1:""feed;i.p.~ the 

other, would seem to suggest the presence ~.f ~t l~ast two, 

enzymatic stepso More than one enzyme concerl}ed with the 

formation of cystathioir.dne :from homoserine and cysteine have 

been indicated in S. typhinmrium (54) and E. coli (55, 56). 
.,~. 

Strong evidence has been produced that 0-succinylhomoserin,.e 

is the intermediate formed in E. ~ (56, 57). ($ee 

Figure 2.) The reaction involving two steps i 1s as follqws; 
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homoserine + Succinyl O . lh . _cysteine 
CoA ~ -succiny orposerine 

glµcose, ATP 

cystathionine + succinate. 0-acetylho•oserine is the 

intermediate formed in N'eurospora at this step ( 57 • 58). A 

similar reaction could be involved in P. aeruginpsa with 

either of these or a related compound as c1-:q. :;i.:q.term(;ldiai,e. 

Transduction data indicated that a minimum, of two 

enzymatic steps involving the conversion of cystath,:i,o;nine to 

homocysteine are coded for by closely linked l<;>c:i, or a 

single locus. In E, coli 1 one enzyme, cystath;l<;>n;i.ne sy:q.the-

tc;lse, sipiu.l taneously cleaves the link betwee;n the ~ulfur 

atom and the carbon atom of the three carbon chailil of 

cystathionin.e and deaminates the thr~e carbo~ fr~gment to 

forlr/' homocystei:ne 9 pyruvate 9 and ammonia (59). How~ver, 

before the prese:nce of one enzyme was conf:i,rmed, th,f;l possi-

bility of two other pathways involving two e:qzymes each wci:s 

studied. These possible pathways of cystath:i,o;nine degrada-

tion were: 

cystathionine 
synthetase 

cystathio:nine 

serine 
deaminase 

homocyste;i.ne + ~erine 

serine -------- pyruvate + NHJ 

or 

cystathionine 
synthetase 

cystath4-onine 

oxidative 
deaminase 

alanine ---> pyruvate + NB:3 



The cross-feeding data obtained in the present study indi-1 . 

cate that in P. aeruginosa this rather complex reaction may 

involve more ~han one enzyrJ1.e. 

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 number~ of mutants used in each case. It would be 

desirable to attempt isolation of additional mutants using 

various ~utagenic treatments to increase the probability of 

finding mutants from other growth response grqups. Mapping 

might be possible using recent advances in conjugation 

techniques (36, 51, 60). 

The marker for F116 sensitivity may be closely linked 

to the methionine marker, or the proposed intermediate may 

be essential in the synthesis ofl the F116 attachment site. 

If F116 sensitive mutants analogous 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 of the various mutant groups would aid 

in classifying the mutants as defective in structural genes 

or in control gene~ since these may or may not map in the 

sam~ region. All of this would be relevant to gaining an 

understanding of the linkage relationships and control 

mechanisms in P. 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 if Jacob and 

Wollman (49), however, were fruitless. Optimal conditions 

for conjugation using the double antibiotic-sensitive E-4 

dono:r and do~ble antibiotic-resistant amino acid 1:1:uxotrophs 

were found to be; overnight growth of the two parental 

·O 
strains in nutrient broth at 37 Con a shaker; dilution of 

9 each parent with nutrient broth to 1 X 10 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 o.i ml 

of the mixture on glucose minimal agar containing 100 µg 

streptomycin/ml, 200 µg colymycin/ml, and 0.005% nutrient 

broth. 

The frequency of recombinatio~ without an Hfr strain 

was felt to be too low for detailed mapping studies; there-

fory? the transfer of genetic material by transduction was 
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i:i;ivestigated with emphasis on the methionine biosynthetic 

pathway. Methionine mutants were obtained by treating the 

wild type parental organism, P. aeru~inosa strain 1, with 

nitrosoguanidine or ethylmethane sulfonate, and subsequent 

screening with penicillin or carbentcillin 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, cy~tathionine, and homocysteine thiolac-

tone hydrochloride. The gl;'ouping obtained by griowth 

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 cystathionipe. 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 homqcysteine and methionine 

oµly and, therefore, must be blocked at 

the cleavage of cystathionine to form homo-

cysteine. Cross-feeding studies subdivided 
! 

this group w.ith PA-1-553 being fed by PA-1-503 

and -506. The placement of PA-1-521 is 



que~tionable due to ambiguous cross,... 

feeding data. 

Transduction tests, using the techniqu~ of Mur~hy and 

Rosenblum (47), confirmed the groupings obta~ned by growth 

on intermediates and cross-feeding. The t~ansducing phage 

used was F116" Data for all phage-sensitive mutants 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 a These steps coul<;l be: homos~rine ) 

intermediate --t cystathionine with the interllJ.ediate l;>eing 

0-succinylhomoserine as in E. coli (56, 57), 

0-acetylhomo,serine as in .. J!a .. " crassa (57, 58), or a similar 

compound. Neither the specific defect of each ,sul;)group 

nor the intermediate has been identified. 

57 

In the second group of mutants, cross-f~~din~ and 

transduction data indicate that the cystathionine t~ 

homocysteine reaction may involve more than one enzyme 

which ir coded for by a single locus or closely linked loci. 

The biosynthetic pathway for methioninE) in P. 

aeruginosa is concluded tq be quite similar to t~~t in 

E? coli. 
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APPENDIX 

IDENTIFICATION OF AMINO ACID MUTANTS 

ISOLATED IN THIS INVESTIGATION 

Mutant Number Amino Acid Re9.u:i,rement 
I 

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) ,1 (ilv) 
l 
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Mutant Number Amino Acid Requirement 

PA-1-506 met, ( leu) , Ci.lv) 

PA-1-509 met, ( leu) , (i,lv) 

PA-1-510 met, (l~u) 

PA-1-512 leu, (met) 

PA-1-514 met, ( leu), (ilv) 

PA-1-516 .l,eu, (JUet), (ilv) 

PA-1-518 met, ( leu), (ilv) 

PA-1-520 met, ( leu) , (ilv) 

PA-1-521 met 

PA-1-524 leu, (met) 

PA-1-526 leu, (met) , (ilv) 

PA-1-528 leu, (,net) l (i,lv) 

PA-1-529 leu, (met), (his), 

(glut), (pl;"o) 

PA-1-534 leu, (met) 

PA-1-535 ilv 

PA-1-5.37 met, (leu), (ilv), 

( trp), (tyr) 

PA-1-539 leu, (met) , (ilv) 

PA-1-540 met, (leu) 

PA-1-542 leu, (ilv) 

PA-1-544 leu, ( ilv), (pro) 

PA-1-546 leu, (met) , (his) , 

(glut), (pro) 

PA-1-552 leu, (il.v) 

PA-1-553 met 
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Mutant NUlllber Amino Acid Requir~ment 

PA-1-555 leu, (met) , (ilv) 

PA-1-556 leu, (met) , (ilv) 

PA-1-557 leu, (me~) , (ilv) 

PA-1-558 leu, (met), (ilv) 

PA-1-559 leu, (met), U.:t, v) 

PA-1-561 leu, (ilv) 

PA-1-.562 met, (le1,1) 

PA-1-563 J,eu, ( il, v) 

PA-1~565 leu, (met) , (ilv) 

PA-1-566 met 

PA-1-567 leu, (met), (ilv) 

PA-1-568 leu, (met) , (ilv) 

PA-1-570 leu 

PA-1-574 leu, (met), (ilv) 

PA-1-575 leu, (met), (ilv) 

PA-1-576 met, ( leu) 1 ( il v) ' 

(tyr) 

PA-1-577 leu 

PA-1-579 leu,, (met) 

PA-1-580 leu, (met) 

PA-1-581 . teu, (met) 

PA-1-582 leu, (isl) 

PA-1-583 leu, (his), (glut),. 

(pro) 

PA-1-584 leu, (h;i.s) 

PA-1-586 leu, (val) 
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Mutant Number 

PA-1-587 

PA-1-588 

PA-1-.590 

PA-1-593 

PA-1-597 

PA-1-598 

PA-1-599 

PA-1-603 

Amino Acid Re9.uirement 

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-1-614: 

PA-1-616 

PA-1-619 

PA-1-620 

PA-1-621 

PA-1-622 

leu, 

leu 

leu 

leu 

leu, 

leu, 

leu, 

val, 

(tyr) 

leu 

met 

leu 

l(;!U, 

qi.et, 

leu, 

leu 

leu 

leu, 

leu, 

leu, 

1 e1,1, 

leu, 

leu 

(val) 

(met) 

(isl) 

U.lv) 

(phe), ( trp) , 

(mt;!t) 

(leu) 

(met) 

(met) 

(met) 

(met) · 

(met) 

(met) 

Abbreviations used: glut, glutamic acid.; his, h;i.stidine; 

isl, isoleucine; ilv, isoleucine-valin~; le1,1, le1,1cine; 



met I methionine; phe, phenylalanine; pro, prqline; trp ,, 

tryptophan; tyr, tyrosine; val, valine~ 

Parentheses indicate amino acids which aiso allow growth. 
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